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Since its founding in 1952, the Advisory Group for Aeros
Flight Mechau. s Panel, a number of standard texts in the field

PREFACE

pace Research and Development has published, through the
of flight testing. The original Flight Test Manual was

published in the years 1954 to 1956. The Manual was divided into four volumes: I. Performance, IL. Stability and Control,
111 Instrumentation Catalog, and IV. Instrumentation Systems.

As a result of developments in the field of flight test instrumentation, the Flight Test Instrumentation Group of the ,
Flight Mechanics Panel was established in 1968 to update Volumes 111 and IV of the Flight Test Manual by the publication of

the Flight Test Instrumentation Series, AGARDograph 160. In its published volumes AGARDograph 160 has covered ‘l

recent developments in flight test instrumentation.

In 1978, the Flight Mechanics panel decided that further specialist monographs should be published covering aspects
of Volume I and Il of the original Flight Test Manual, including the flight testing of aircraft systems. In March 1981, the
Flight Test Techniques Group was established to carry out this task. The monographs of this Series (with the exception of
AG 237 which was separately numbered) are being published as individually numbered volumes of AGARDograph 300. At
the end of each volume of AGARDograph 300 two general Annexes are printed; Annex 1 provides a list of the volumes
published in the Flight Test Instrumentation Series and in the Flight Test Techniques Series. Annex 2 contains a list of
handbooks that are available on a variety of flight test subjects, not necessarily related to the contents of the volume

concerned.

Special thanks and appreciation are extended to Mr F.N.Stoliker (US), who chaired the Group for two years from its
inception in 1981, established the ground rules for the operation of the Group and marked the outlines for future

publications.
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RESUME

Ce volume parsissant dans la série Technique des Essais en Vol ' AGARD traite des casals de siparstion des charges
en fonction de l'ensembic des systémes. Tous les aspocts des essais, portant sur la période d'identification d'un besoin
particulier avion/charge sont décrits, étape par étape, conduisant i I'éuablissement d'une enveloppe d'emploi satisfaisante.
L'sccent a été mis principalement sur le planning et I'exécution de ia phase d'essais en vol du programme autorisé d'emport
de charges, y compris la définition d'une structure de base, et sur 'ensemble des procédures qui augmentent la sécurité et
I'exécution efficace d'un tel programme.

Cette AGARDographie & ét publié A la demande du Panel de la Mécanique du Vol de 'AGARD.
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1.0 SUMMARY

The separation of stores from aircraft is an 0ld story - the accurate prediction of the store
trajectory during separation from the aircraft is not. Prior to the 1960's, there were virtually no
widely uscd or generally accepted methods available for pre-flight prediction of store separation
trajectories other than wind tuanel testing techniques. With the sdvent of modern high-speed attack or
fighter-bomber jet powered aircraft, the requirement to carry more and more stores, and to release them
at hgher and higher speeds emerged. High transonic, and even supersonic, release speeds became common-
place requivements. It became obvious that the classic oid wind tunnel store separation techniques ware
no tonger adequate. With the serodynamic sophistication of new aircraft come a better understanding of
transonic serodynamics and 4 more morou?h knowledge of the complex asrodynamic flowfield surrounding
the aircraft. Not uatil the virtual explosion in high-speed digita) computers, however, did advances in
both wind tunne) and theoretical prediction of store separation trajectories occur. Today, there are
literally dozens of wind tunnel, wind tunnel/snalyses, and purely theoretical analytic methods of store
prediction available to the separation analyst or angineeer. The litorature shounds in technical reports
and descriptions of these techniques. The prodblem is which of the new techniques applies best to the
problem at hand. Eich method has iis advantages and uisadvantages, when it can be applied and when it
can not, and its accuracies and insccuracies. In nine out of ten cases, the engineer finds that severa!
of the techniques could be used, and that the best method for the task must be selected using non-
engineering criteria - usually cost or time available. For this reason, various companies,
organizations, and government agencies have picked a set of methods which generally serve their needs.
There is no set technique, or group of techniques, that one could describe as preferable for all users.

The purpose of this report, then, is to document the various aspects uf a store sepatation
program - what they are and what methods are being used by the US and other NATO nations to address
these phases. The report is primarily intended for use by managers and new engineers to the field,
both in goverwment and industry, who are responsible for the planning or execution of store separation
programs. For this veason, this report provides the reader with an overview of store separation
prediction, testing, and analysis techniques currently in use in the US and other NATO nations. It also
provides a ready referance listing for the resder's further investigaticn, if desired, to learn more
about the advantages and disadvantages, as well as the applicability, of each technique, It is
intended to assist the reader in determining the best technique to be used on a particular probles,
given a specific set of circumstances.

The authors have many years of experience and are thoroughly femiliar with the store
separation techniques in use in US government agencies and industry. Canada and several furopean
countries were visited to determine how the problem was being handled there, why specific techniques
were being used, how effective were these techniques, and why & specific technique was chosen in the
first place. A further abjective was to determing how well the other nations understood some of the
basic store separation prediction and testln? techniques, whether they had made any changes or
improvements to these basic techniques and, if so, why. From this, this report has been prepared which
hopefully provides the resder with an understanding of store separation problems, the techniques used to
treat these problems, and the set of circumstances (such as time or funding constraints) that govern
the selection of the technigues used. Throughout the report, the authors have made maximum use of
experience by the inclusion of examples from specific tests.

2.0 INTRODUCTION

2.1 Historical Perspective

The separation of stores from aircraft goes back to the early days of this ceatury - prior to
World Mar I, Even up to the post MWorld Mar 1l period, the ofiy reasons stores were dropped during
testing were to test the store itse)f or to cbtain sight setcings needed for accurate stoes delivery.
The rapid development of the jet engine follou\ng world War 11, however, allowed fighter type aircraft
to carry large payloads of stores externally on their wings and/or fuuion. Store delivery speeds

in to approach Nach One. Suddenly, it was no longer possible to meraly drop stores and cbtain

ballistic data. The very art of separating the store from the aircraft beame a problem in itself; one
worthy of careful preflight consideration and in-flight caution.

The compatibility of stores with aircraft requires several types of ineering analyses and
flight testing; structural, flutter, performance, stability and control, ballistics, electromagnetic
compatibility, and separation are primary disciplines. B8y far the most visible of these - and one of
the most critical from a flight safety standpoint - is store separation. It may also be the least
understood of all the disciplines. Virtually every university that offers a course in asronautical
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engineering covers thoroughly the cisciplines of serodynamics, losds, stress analysis, flutter,
performance and stability and control, and so forth, To the suthors' knowledge, none of fer courses

in store separation at the undergraduate tevel. A few, however, do offer courses at an advanced degree
level., Because of the above, the Afr Force's Office of Alrcraft Compatibility (OAC) at Eglin Afr
Force Base, Florida has developed its own training progrem. The sy!labus outline it contained in
Table 1. It is recommended that every organization performing store separation work have a forma!
training program,

Store separation is of major concern to all Atr Forces today, and 13 & mejor sub-speciaity
of m?hmring. Despite this, engineers and scientists working on problems of store separation have
largely developed their own tools (both acedemic and empirical) and hove achieved success through
experience on the job. It is in the hope of dssisting the managers and engineers in rapidly acquiring
this on the job experience that this report 3 written. The report will not provide the resder with the j
proper wiy of performing store separation analyses of flight tests, Rather, it wil) attempt to explain t
the problems and discuss the ways in which the USAF, and particularly the way the OAC has deslt with the
problems over the years. In addition, and perhaps more importantly, the reasons why particular methods
are 9ood in a certain particular set of circumstances will be discussed. The overall iIntent is to
provide some "lessons learned” and an cutline of successfully used methods and guidelines on how to
choose the method that best meets the user's meeds .

2.2 Safety of Flight Hazards

As mentioned previously, prior to the 1960s, stores were placed on atrcraft with little or no
thought of eventual store separation. Store bays of heavy bombers were cesigned to pack as many stores
ingide as possidle. When released, the stores were expected to fall out properly. External carriage of
stores on fighter-type atrcraft was generally limited to two or four stores per aircraft - each carried
on {ts own separate pylon (single carrisge). As aerodynsmic design and available Jet engine power
a1lowed larger and faster atrcraft, store separation became more and more of a problem, particularly as
relesse speeds became transonic (above 0.8 Mach). The old standby of gravity release of stores became
unacceptable and the first store Ejector Release Units (ERUS) were incorporated into afrcraft. Ejecting
4 store from an atrcraft with pneumatic or gas power, rather than merely releastng it, solved the store
separation problem for a short time. As engine power available grew rapidly, so did the stie and
payload of fighter atrcra®t, Again, however. stores were carried largely on the basis of how many could
be physically installed. With the Targer number of stores came more complex arran nts for carrying
the stores (such as on multiple, triple, or twin ejector racks). Virtually every fighter atrcraft in
use today by the NATO Air Forces uses forced ejection of stores and some sort of muitiple ejector
rack,

When the complex schemes for the carriage of large numbers of stores external 1y on fighter
aircraft are mined with the equal 1y complex serodynamic flowfield surrounding modern swept wing
fighters, seiious problems in store separation can occur. But it should be stressed that store
separation problems may occur throughout the aircraft's flight envelope - not just at the high
spud/hi*ﬁ Mach points, The aerodynamic flowfield around the aircraft dictates when these problems
occur. They may occur at low speed/high angle of attack, high speed/low angle of attack, high dive
angle/low “g", or where sharp chanrs in the flowfield occur rapidly (such as when a shock wave forms or
when critical Mach for the particular wing airfoil shape is reached), Generally, store separation
problems fall into three distinct aress: store-to-pylon/rack callisions, store-tu-aircraft collistions,
and store-to-store collisions.

2.2.1 Store-to-Pylot/Rack Collistons:

When a store is ejected or released, the most 1ikely problem that ceuld occur is that the
store might pitch, yaw, or roll more raptdly than it displaces away from the atrcraft. If this occurs,
the store will usually collide with the closest part of the adjacent structure - the pylon or rack from
which 1t was released. Store-ta-pylon/rack collisions usually occur within 200 milliseconds from
release and may result in some bending or breakage of portions of the store or pylon rack. Aside from
the fact that any such collision is undesirable and unacceptable operationally, store-to-pylon/rack
collisions are not usually in and of themse!ves dangerous or serious. If, however, a store suffers
breakage or bending of a fin, or becomes unpredictab e, more serious collisions with the aircraft or
with other stores may occur. The most common scenario for this type of collision is where the store
pitches violently nose-down immediately after release causing the stores's tatl to rise upward, striking
the pylon or rack. Generally, after sustaining some bending of the store's tail, the store will fal)
awdy and assume 3 violently erratic ballistic trajectory. Although the store will not further endanger
the aircraft, it may, due to its high drag erratic movements, impact the ground as much as several
thousand feet short of the intended target. This could pruve disastrous if the sircraft were operating
in close support of friendly ground troops. The over-rotation, or violent pitch-down, of the store
generally occurs when there is a large nose-down moment on the store while it is in the carriage
position. When the store is released, this moment Cduses an immediate nose-down pitch, This sitcation
could be caused by a large upward flow on the tail of the store, ceusing nose-down pitch at separation,
but this 1s not as common in our experience. Usually, it is either a pure nose-down load on the store
nose or a combination of nose-down load on the nose and tail-up load on the tail. Rarely is it a result
of a pure tatl-up load. The phenonomen causing this situation may appear rapidly and with little
warning, or it may just get worse as Flight 1imits are varied. For example, violent nose-down pitch of
stores releuased from the bottom position of a Triple Ejector Rack (TER) on most USAF fighter aircraft
occurs at speeds around 450 KCAS and worsens predictadly as sirspeeds are further increased. At 550
KCAS, this nose-down store pitch may reach ninety degrees (particularly for large diameter blunt nose
stores such as the CBU-24/58 series) and this almost always causes store-to-rack collisions. Whereas
the TER problem occurs at high speeds, pitch-down By a1%0 occur at low speeds. bihen atrcraft ewp loy
thick wings with high camber afrfoi) sections, flow separation may occur at relatively low airspeeds,
and this separation will occur rapidly and with Tittle warning, On the B-57 and A-10 alrcraft,
uneventful store separation can be made at speeds up to 377 «UAS. However, if airspeed is increased to
350 KCAS, flow separation occurs (because Mach critical has been reached for the particular airfotl




section) and some stores will pitch violently nose-down when released. Detailed testing has been
performed on the A-10 and this testing corroboratas that onset of flow the separation described occur
over a 10-20 KCAS speed range.

2.2 Storg-to-Afrcraft Collistons

Although store-to-rack/pylon collisions are obviously also collisions with the atircraft, they
have been broken Out separately to distinguish them from those in this section, Store-to-aircraft
co} 1isdons, o8 used here, fnvolve collisions after release of the store with other parts of the atrcraft
such a8 wings, fuselage, or empennage. Collisions of this type are by far the most serious from sn
aircraft safety standpoint. Since they occur at some time and distence from the initial point of
release, the stores are moving rapidly, and their mass, impacting the atrcraft at high energy and high
speeds, can ciuse serious atrcraft demage.

Ideally, when a store is separated it should pass through the aircraft's serodynemic flow-
field into undisturbed air as quickly as possible. 1f this does not occur, and the store remains in the
atrcraft flowfield, the flowfie)d forces begin to dominate and to determine the store's movements.
When this happens, a store/aircraft collision is highly 1ikely. There are severa) reasons for 2 store
remain.ng in the aircraft. flowfield too long. The primary reason is not enough store ejection force.
This may occur because the ejector rack cannot produce enough force, or 1t may occur because the
flexibility of the rack or aircraft supporting structure reduces the effactive force pushing the store
away. In effect, the aircraft pylon or wing is pushed upward while the store is N!n, pushed downward,
resulting in less separation between the sircraft and the store. Effective sjection force may also be
reduced by releasing the store at low "g* levels. Since gravity usually assists in store separation,
lowering the gravity force lowers the total, or sffective, separation force.

When 3 store is released at high speeds and remains in the aircraft flowfield too long,
enormous forces .,y be generdted which can drastically affect tue store's separation trajectory.
Viewers of store separation films are ofton amazed to et d 500 or 1000 pound store start its separation
downwar<s only to later rise back up into or even over the releasing aircraft. Figure 1 shows an
example of the above. In this sequence, 3 BLU-1 firebomb is ejected fros an F-105, 1. starts downwird,
pitches nose-up due to flowfield effe:ts, an¢ is then swept upward by the flowfield, tmgacting the
aircraft's horizontal tail. Figure 2 shows an identical occurrence on an A-7 ajrcraft with a MR-77
firebomb. Figure 3 shows a sequence which ends with a spectacular collision between an empty fuel
tank and pylon on an FB-111. What starts as a good separation soon becomes 4 serious collision as the
fuel tank rotates ninety degrees, picks up lift from the pyton {now scting as a wing), and rises to
collide with the atrcraft's aft fuselage. Figure 4 shows the gravity release of an empty fuel tank
from an A-37 aircraft. Although this relesse was mde at less than 250 KCAS, the espty fuel tank is
Targe and 1ight (low density). The alrcraft flowfleld tmmediately causes a nose-up pitch of the fuel
tank, and it remains in contact with the atrcraft wing until it has scraped the wing from the leading to
the triiling edge. A final sequence, Figure 3, shows store-to-aircraft collisions which occurred when
NK-20 Rockeye cluster bombs were separated from an A-7 aircraft. The MK-20, being marginally stadle
until {ts fins open, remained in the flowfield because of 2 low effective ejector force and because its
fins did not open properly, This allowed the flowfield aerodynamic forces to sweep the store inwards
towards the atrcraft. This condition was initially aggravated by the stores being released in a high
dive angle (sixty degrees) at low "g*, further reducing the effective ejection force.

2.2.3 Store-to-Store Collisions

When released, stores may collide with other stores stil) attached to the aircraft, or they
way collide with others that my have al50 been released. When the col'ision is with other stores not
yet released, the comments of the previous plravaph apply. However, when the collision is between
stores which have already been released, several things may occur: one or both could explode, one or
both could sustain damage, or one or both could be knocked into an unstable trajectory thereby affecting
accuracy. Of the three, the least 1ikely to occur is explosion, particularly if the collision is
immediately after release. Generally, the store fuze will not have has time to arm (normal setting is
saveral seconds after release) and a side-to-side collision (the most 1ikely) will not be of suffictent
force to cause explosion or fuze function. While not desiradle, side-to-side colliizion of stores
{mmediately, or shortly after, release is sometimes inevitable and must be expected, particularly when
1arge numbers of stores are released simultaneously or in a short interval ripple re lease mode.
Photoﬁrnphs of the release of eighty-four MX-82 500 pound stores from the bomb bay of the B-52, for
example, Show many low energy, side-to-side collisions of stores, but they do not aiversely affect
safety or the ground pattern. If the collisions occur apprectably after release, they sdy be of the
high energy type, again because the time period has allowed their speed relative to one another to be
high, 1f this type of high energy collision occurs, 1t wil) ganerally result in damage to one or both
stores. MWhat happens thereafter is a function of what damage occurs. Store-to-store collisions are not
usually a safety hazard to the releasing aircraft, but as descridbed in the previous section, they can
ca:}o serious safety hazards to friendly troops on the ground by affecting the stores's ballistic
trajectory.

One type of store-to-store collision can be a hazard, but usually occurs well away from the
releasing aircraft. 1f a number of stores are veleased simultaneously, or at very short intervals,
stores may "draft® on one another. Specifically, if two stores are in ballistic flight, one directly
behind the other, the rear one wil) be in the wake of the lead store and the drag of the rear store will
be lessened. This can a)low the redr store to speed up and collide with the lead store. If this
occurs, an explosion is highly 1ikely since the fuze on both stores will usually have had tise to arm
One remedy to this "drafting® is to increase the interva) betwesn stores, particularly for stores
released from tandem carriage positions. "Drafting® has proven to be quite predictable for the same
type of store released from specific carria vacks. For example, Figure 6 shows the time it takes for
MK-82 SNAKEYE bombs to collide (nose-to-tail) with one another when released from tandem stations on a
Multiple Ejector Rack (MER-10) at 450 KCAS., This plot was formilated based on literally hundreds of
bomb releases. Note that for a stmiltanecus release (zero relesse interval) the bombs co)lide almost
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jmmedistely. If the bomb fuzes were set o arm immediately after release the bombs would explode, At
the other end of the scale, note that with an interval of 240 mi 11iseconds, the bombs never collide.
The reader may believe at this point that the solution to the problem would be simply to Vimit the
minimum release interval to 240 miliseconds. Unfortunately, in most instances users desire much lower

t intervals. Another way around the problem, if the aircraft has several store carriage pylons, is to

: sequence stores release from pylon-to-pylon thereby increasing the {nterval between tandem stores off

the same rack. Store-to-store collisions can under certain circumstances be accepted so long as they
occur outside the aircraft's fragmentation envelope. Incidentaly, as airspeed is increased, the time it
takes for stores 10 collide decreases. That is, at 500 KCAS, 300 miliseconds may be required to
preciude drafting instead of 240 milliseconds at 450 KCAS. In addition, the time it takes for stores to
collide is a function of the stcres themselves, For example, stores released in a high drag mode such
as the MK-82 SNAKEYE will clearly require higher intervals to preclude drafting than a MK-82 SNAKEYE
released 1n the low drag mode.

Bad L0

To conclude this section, Figure 7 shows an example of multiple store-to-store collisions
when BLU-80 stores were released from an A-4 aircraft. Note that-one store contacted the centerline
mounted fuel tank causing it to break off the aircraft. The tank then contacted another BLU-80 released
from the other side of the aircraft breaking off the store fin. Obviously, not a satisfactory situation.

2.3 Historically Difticult Store Separation

Over the last two decades, many different kinds of stores have been separated from many
different kinds of aircraft. Although each aircraft/store combination provides its own problems there
have been several types of stores (and release conditions) that have historically been problems no
matter what aircraft was used. These are:

- Low density unstable stores

- Stores with folding fins

- Liquid filled stores

- Jettison of fuel tanks, pylons, and racks
- Ripple release of stores

Low density unstable stores, that is, those whose static margin is either negative or near
2ero and whose aerodynamic loads are large in comparison to their weight, have always been a problem no
matter what the release a‘rspeed. Examples of this type store are empty vocket pods (such as a LAU-3)
and training dispensers (such as a SUU-20). Being unstable, even a small aerodynamic disturbance will
cause large deviations in store separation trajectories. Also, being 1ight in weight, the store mey be
moved with small disturbances. The result {is, usually, extremely large angular and displacement
departures during separation, and a highly unpredictable separation trajectory. Most of the spectacular
store-to-aircraft collisions seen in films have been of this type, Also, because of the extremely large
angular movement of the stores - sometimes resulting in tumbling - m&ty store separation prediction
meth:d? will not arcurately simulate the store's trajectory so flight testing should proceed very
carefully.

Almost as dangerous as low density unstable stores are those which have fins that open after
release. Such stores (11ke the MK-20 Rockeye and many of the guided stores series like the GBU-10 and
GBU-12 are almost always high density (aerodynamic loads are not as high as inertial loads) but, because
of their folding fins, they are also almost always unstable, or nearly so until their fins open.
Therefore, immeoiately after release these stores sometimes start to move with large angular or linear
motions. Even when the fins open, the additional stability often cannot correct these motions quickly
enough to prevent the store from moving and striking the aircraft or other stores. Such problems are
greatly aggravated by slow opening fins. Consider the following examples:

- The MK-20 store, used by several NATO Air Forces has four fins which are supposed to open
independently (each fin has its own spring) in less than fifty milliseconds after release. However,
because of different aerodynamic forces acting on each fin and because some springs are more powerful
than others, the fins almost never open simultaneously. As a result, this store 1s one of today's most
unpredictable and dangerous stores to separate from any aircraft. Recall Figure 5 which shows MK-20's
released from an A-7. On this mission, MK-20's collided with the aft fuselage of the A-7 causing
substantial damage. MK-20 separation trajectories did not match predictions because the fins did not
open equally as can be seen ir the second frame. Unequal fin opening was directly responsible for the
erratic and unacceptable separation shown in this figure. It may be noted that at the time of this
writing, the USAF was considering a modification to the MK-20 which consists, among other things, of
stronger springs. While these springs are expected to speed up fin opening there is still no guarantee
that the fins will open simultanecusly since the firs still will not be interconnected.

- The 68U-10C/B and G3U-12B/B consist of 2000 and 500 pound bomb bodies respectively with
nose and ta1l assemblies which convert the general purpese bombs into 1zser guided bombs. Like the MK-
20, the fins are designed to open very rapidly, but in flight they do not. However, on the positive
side, the fins are interconnected with one another so they at least open simultaneously. The fins on
the GBU-10C/B are particularly slow in opening. In fact, they open so slowly that store separation
analyses and f 1ight testing has been structured assuming that the fins do not open at all ir the near :
vicinity of the aircraft, This aoproach was used in certifying the GBU-10C/B on the A-10, A-7, and t
several other aircraft. ‘

In short, stores with opening fins should be tested very carefully if the fins do not open
simultaneously or if they do not open rapidly. Ideally, stores should be designad with a mechanism to
insure rapid opening of interconnected fins. Explosive cartridges used to power the fin o aning

. mechanism is an example of one successful approach. ,

Liquid filled stores (such as fuel tanks and firebombs) pose a unique store separation
problem. Sloshing of the 1iquid £111 can radically change the inertial characteristics of the store and
H cause an extremely unpredictable, erratic separation trajectory. Sometimes these changes in inertial

L O OW S s e e e e




0

sp e g

properties can act as a damper on the serodynamically produced loads and result in a very flat,
uneventful separation. At other times they will add to the aerodynamic loads and produce drastic store
displacements and angular rotations. There are no easy solutions to the problems associated with this
type store. Ideally, the store should be designed with internal baffling to prevent all the ligquid from
running tu the store's nose if the atrcraft were to approach the target in a dive angle. At best,
liquid filled stores are unpredictable and erratic and, therefore, dangerous and should be tested with
extreme caution. One word about testing 1iquid simulant filled stores. The authors have found that it
is virtually imrossible to simulate most liquid fills. For example, for years the USAF filled firebombs
with Vermiculite (a low density water absorbing material) and water to the proper weight and center of
gravity as a simulant for napalm. The Vermiculite absorbed the water and prevented slosh. Others in
the United States used a dessicant (such as floor sweep) and water in a similar manner. It was later
discovered that firebombs released with these simulants did not follow the same store separation
trajectory ac those filled with real napaim This was proved during A-7 testing when live firebombs
(real naralm with inert fuzes) were released from one wing and simulant filled firebombs were released
from tie other wing in the pairs mode (that is, one from each wing at the same time). Firebombs filled
with simulant separated with slow nose-down pitching motions whereas the live firebombs separated with
minimal pitching motions but large yawing motions. As a result of this experience, and others, the USAF
now only allows real napalim in all separation testing of firebombs.

Using real napalm fi11 and inert bomb fuzes does not pose a flight safety problem. Even if store
collisions occur, no ignition of the napalm will occur. In this regard, it may be noted that for a
recent test of a firebomb on a aircraft, 1ive napalm was used. The stores had to be used within a
specified period of time after they were filled because the napalm mixture decomposes with time and that
could change its slosh characteristics. In addition, the largest source of error comes from the machine
that mixes the napalm. When the machine is clean, the first firebombs filled will be of proper weight
and center of gravity. Later in the day, when the machine becomes partially clogged, firebombs will be
filled with a completely different density mixture. As much as 90 paunds difference has been observed
in one day for a 750 pound store. For liquid filled stores (other than napalm), it is absolutely
essential that any liquid used to simulate the liquid fi11 (when the real liquid just cannot be used for
whatever reason) not only simulate the weight and center of gravity, but also the density and slosh
characteristics of the real fill. The bottom line i{s that great caution must be used in filling and
separating 1iquid filled stores.

Jettison of fuel tanks, pylons, and racks combine all the above problems. Fuel tanks,
pylons, and racks all are unstable aerodynamically, and they also ave usually of low density. Fuel
tanks, even if supposedly empty, usually contain some residual 1iquid. Pylons and racks are of such
irreguiar aerodynamic shapes that their separation trajectorv is almost impossible to predict. At best,
they may be simulated in a wind tunnel. The word jettison is usually defined as getting rid of
something no longer wanted. So it is here. Jettison of fuel tanks usually means an empty or partially
full tank. Jettison of pylons and racks is usually done in an emergency condition and may mean with or
without some or all of the stures still attached. The combinations one would have to analyze, for
example, on an A-7 aircraft with six pylons {or the A-10 with eleven pylons), many of which are capable
of carrying a multiple ejector rack, are enormous. Since jettison is used in an emergency condition,
and since such testing flight can be very dangerous, fuel tank, pylon, or rack jettison is normally
studied extensively in a wind tunnel (and most frequently using the drop model vechnique). Even then,
remembering the F-111/fuel tank sequence in Figure 3, dangerous Store separation can still occur.

Ripple release of stores in very small intervals can also pose another very dangerous
separation problem. When store separation is studied in a wind tunnel, the aircraft model may have many
stores loaded, but only one is released at a time (except when the drop model technique ts used). The
airflow around, say, twelve stores released in a ripple sequence at a smal( interval, will be
considerably different because the individual stores disturb the atrfiow of the other stores. Thus,
wind tunnel and computer predictive methods are marginally effective at best. Ripple release, however,
is a very common operational requirement and must be cleared. Such multiple releases are normally made
ir flight using "brute force" methods. That is, a multiple or ripple release is made at a safe airspeed
in level flight using a high release interval (intervals in excess of 200 milliseconds). If stores
separate without store-to-store collisions, the interval is lowered, and the flight conditions are
increased until flight 1imit goals are achieved or store-to-store collisions occur (presuming thkese
collisions occur well below the afrcraft so that they do not pose a safety of flight Mzurdsg. Another
reagon why analytical and wind tunnel methods are not always successful in predicting actual stores
separation is rack flexibil.cy. The ejection force imparted to stores carried on the various stations
of a MER are all different due to rack flexibility. As stated earlier, there i5 no substitute for

ﬂ:‘grt testing when it comes to estabiishing safe separation envelopes for stores released in the ripple
mode.

2.4 Accuracy Consideration:

In pursuit of safe store separation, the point must not be overlooked that stores are being
separated for the purpose of hitting a target. 1f the store clears the aircraft safely but then, due to
collisions, unstable motion, or other problems, does not follow its expected. ballistic trajectory, that
is often just as unacceptable as a store-to-aircraft collision. There are always certain factors
present that can cause inaccuracies in stores delivery; wind conditians, optical sight error, pilot
error, store manufacturing tolerances, and so forth, Some of these factors may be compensated for;
however, there are other factors which cannot. If the store 1s murginally stable or unstable, its
trajectory is erratic and not repeatable. Likewise, 1f a guided weapon is released and experiences some
severe angular pertubattons, the store control system may not be able to return the store to a trajectory
that will allow it to hit the target. One can imagine the pilot's reaction when the AIN-7 missile
depicted in Figure 8 was launched from the F-15. This missile certainly did not hit its intended target.
The problem was caused by the aircraft flowfield generating more nose-up pitch than the missile's control
system could correct for.
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3.0 REQUIREMENTS FOR A STORE_SEPARATION PROGRAM

il Determining Operational Requirements for Certification

In the United States, operational users (such as the Tactical Afr Forces) generate
certi fication requirements. Requirements are transmitted to higher headquarters under the auspices of a
Certification Request (CR). If the CR is approved (validated), then the cogizant Aircraft Program
office (APO) on which the store is to be certified is responsible for arranging and wanaging analyses
and testing necessary to estabiish aircraft carriage and store employment envelopes. In addition, the
APO is responsible for insuring applicable Technical Orders (T.0.s) are amended so the store may be
carried and empioyed operationally, Typical T.0.s fnclude the aircraft -1 series which contains
aircraft/store carriage and employment limits and other operational restrictions, the aircraft -33
series which contains aircraft/store loading and functional procedures, and aircraft -34 series which
contains store delivery and ballistic tables and procedures.

Because of constantly changing user requirements and the large number of CRs that are
generated, the USAF instituted a management program to process and approve/disapprove CRs from users,
and to track the status of validated CRs. This program is called "SEEK EAGLE" and has worked
extraordinarily well over the last eighteen years its has been in use. Therefore, additional discussion
on the SEEK EAGLE program and how it fits into establishing a store separation program is in order,
Although the SEEK FAGLE program was established for the USAF, the authors feel that the reader will
gain_from the knowledge of aow and why this program was begun. Authority for the SEEK EAGLE program
rests with Program Management Directive tms;. Ee?erence (i). established by Headquarters (HQ) USAF.
This PMD defines the specific procedures for submitting CRs to HQ USAF and cognizant APO. For each CR,
the user must provide the following information:

Aircraft/Store Configuration

The user must specify each type of store desired to be carried on each aircraft pylon station
and whether the store is to be carried on parent pylon or miltiple carriage racks. There s a huge
number of possible aircraft/store configurations and the configuration actually required drives the
scope, cost, and schedule of compatibility analyses and testing. For example, it would be
unsatisfactory for the user to state a requirement to carry MK-82 bombs in combination with CBU-58
dispensers on the A-7. The A-7 has three pylons on each side of the wing and it should be obvious that
carriage of a pylon mounted MK-82 on the center pylon and a fuel tank on the inboard pylon (Figure 9)
would require far jess analyses and tests than if these same stores were mounted on multiple cariiage
racks as shown in Figure 10.

Specific Store Type Required

Because there are so many versions of some stores, it is mandatory that the user define the
specific store type required. For example, it {s not satisfactory to Jjust specify a requirement to
certify the MK-82 because there are MK-82 LDGP (low drag general purpose), MK-82 SNAKEYE (retarded fin
assembly), MK-82 Air Inflatable Retarder (airbag retardation device), and even other versions with an
array of fuzing options. Another example is the GBU-10. The GBU-10 consists of a MK-84 (2000 pound)
general purpose bomb body with nose and tail assemblies which convert a “dumb® bomb into a "smart* laser
guided bomb. However, there are many nose and tail assemblies each of which give the GBU-10 a different
designation. For example, the GBU-10A/B has a fixed tail fin assembly whereas the GBU-10C/8 has a tail
fin assembly which opens immediately upon release from the aircraft (see Figure 11). Clearly, the user
must specify in detai) which version, or if all versions, are required for certification.

Carriage and Employment Limits

The user must specify the limits required. Typically, users ask for more than they need.
For example, if the aircraft's maximum carriage speed s 600 knots and a carriage speed of 500 knots is
actually required, 600 knots is often requested. Users have toid the authors that they fear that if the
true carriage requirement were specified, the technical community might only perform analyses and
testing to even a lesser speed to reduce time, cost, complexity and so forth. This is, of course, not
true. If any event, users are required to specify required carriage speeds, load factors, maneuver
Vimits, employment speed, dive angles, release intervals, and other applicable informatton.

Justification

The user must explain why the CR 1s required. Usually, the user explains that the mission
cannot be accomplished, or will be adversely affected, unless the new store configuration is certified,
or if present limits for a certified store configuration are not expanded. Certainly the USAF will not
agpr]-o]:ve ldCR unless a strong justification is provided and it must be defended by the user if
challenged.

Priority

The user must specify (in terms of the USAF Precedence Rating System) the priority attached
to the CR. This forces the user to let HQ USAF know how badly the CR {is really needed. In ffect, {f
the user has 100 outstanding CRs and APO funds are limited, and {if the new CR is assigned a priority of
101, the new CR would probably never get acted upon even 1f it were to be validated by HQ USAF. If on
the other hand the new CR was assigned a high priority, a lower priority CR would get postponed, perhaps
indefinitely. Obviously, the priority of the (R will ultimately impact schedv1ing of analyses and tests
performed by the engineering organization, particularly if the engineering organization is already
working on several other CRs.

Required Certification Date
The user must specify when the CR is required in the field. Clearly this date ties in




et

closely with priority. A long lead time enables the APO to smoothly integrate new CRs into ongoing
workload activities. Short lead times are highly disruptive to ongoing activities.

It is clear that with the above information, HQ USAF has the necessary information to assess
the user's CR in terms of ov.rall USAF requirements. In addition, the APO has the necessary information
with which to formulate a cost estimate for the enginzering organization to perform analyses and tests.
HQ USAF makes the final decision as to whether or not the CR should be validated hased on meshing
overall operations] requirements with cost considerations. If the CR is validated, the SEEK EAGLE PMD
is amended, and once amended, the cognizant APO is responsible for effecting certification, After the
store has been certifiea (al) T.0.s amended) the APO advises HQ USAF who then deletes the CR from the
PMD, thereby completing the SEEK EAGLE process.

It should be noted that the above management procedure is used for CRs which involve
inventory stores (such as a MK-82 LDGP bomb) on inventory aircraft (such as an A-7D). The management
process is essentially the same for developmental stores. Validated CRs for developmental stores are
placed in a separate annex of the PMD, So long as the store remains in this annex the APO is not
required to take certification action. Instead, the APO is required to monitor store development (such
as ongoing analyses and tests), and take necessary actions to plan for certification (such as the need
to fund for aircraft softwace modifications to function and employ the store). Once, and if, a
production deciston is made for the store, it is removed from this annex and placed in the inventory
store annex. At this point, the APO must toke action to effect certification. There are many cases
where developmental stores do notqo into production. In these cases, the store is deleted from the
PMD. One last point on the SEEK EAGLE process. The SEEK EAGLE PMD is an unfunded document. Thus, if
a high cost, short notice, CR is validated by HQ USAF and the AP0 does not have the funds required to
effect certification, no action is taken until the APO requests and receives supplemental funding.
Usually, some funds are available to handle short notice CRs but these are reserved for high priority
efforts.

3.2 USAF_In-House Compatibility Analysis and Test Capability

Once a CR has been validated, analyses and testing required to establish captive carrtage and
employment envelopes may begin, But who is to perform this work? In the United States the questicn
narrows down to industry or the USAF.

In the mid 60's, USAF engineering personnel were not oriented or trained to support
aircraft/store compatibility efforts. During this period of time there was a tremendous quantity of CRs
being requested and approved by HQ USAF. Most of these CRs were required yesterday. That is, there was
an immediate operational requirement. Yet, because the USAF did not possess its own in-house
capabi 1ity, all analyses and tests required for certification were performed by industry (usually the
prime aircraft manufacturer) under contract. Because of the long lead time required to award a
contract, stores were frequently not certified in a timely manner which adversely impacted combat
operations. Another problem was that as soon as the contract was awarded, user requirements frequently
changed, This required a contract amendment which took more time and funds. Because of these problems,
the USAF perceived that they could perform compatibility analyses and testing more cheaply and quickly
with their own personnel, To quantify perceptions, the USAF commissioned several independent studies
which corroborated that compatibility analyses and tests for follow-on certification efferts could be
performed in-house more responsively and at less cost than by contracting with industry for such
support. Reference (2) documents results of such a study. The term follow-on is of significance in the
study findings. It was, and is, acknowledged that the prime aircraft manufacturer is best able to
establish the aircrati's basic structural and aerodynamic limitations for carriage of baseline store
configurations. Baseline configurations are those which drive and influence the design of the aircraft
(such as pylon stations, hard points, electrical, mechanical, stores management, fire control and so
forth). In addition, baseline configuraticns are those that are critical from the disciplines of
flutter, loads, stability and control and store separation. Enough baseline configurations should be
analyzed and tested to correlate with predictions. HYowever, once the ccntractor has established and
demonstrated the abi11ity of the aircraft to carry and employ baseline store configurations {usually 20
or less configurations), studies were unznimous in their findings that follow-on work involving the
addition of new stores and configurations to the aircraft should be performed in-house. A complete
description of what constitutes follow-on and baseline certification programs 1s contained in Reference
(3). As a result of the above study results, in the late 60's, the USAF formed at what was then the
Armament Development and Test Center (currently called the Armament Division), Eqlin Air Force Base,
Florida, an organization dedicated to monitoring contractor baseline anmalyses and tests and performing
follow-on analyses and tests. This organization has evolved over the years and is now called the Office
for Afrcraft Compatibility (OAC).

The first major application of in-house resources was in support of the A-7D SEEK EAGLE
program. By the time the A-7D program started, the Navy had already certified an array of store
configurations on their A-7A/B. These became baseline configurations for the USAF. Many store
configurations were just what the USAF required, However, there was a large group of additional stores
(involving over two hundred configurations) which the USAF required to be .ertified. Because the USAF
was just building up 1ts in-house capabiliity, no attempt was made to perform analyses to establish
captive carriage envelopes. All captive carriage envelopes were established by the prime aircraft
contractor. However, the contractor reports which documented the basis for the captive carriage
envelopes were delivered to the USAF. USAF engineers used the data in these reports as a basis for
establishing an in-house captive carriage analysis capability. Incidentally, several government
organfizations in Europe acquired their in-house capabilities in just this same way. The number of
different store types and the variety of configuratfons in the contractor's data base was extensive.
This made it relatively easy to formulate programs to predict afrcraft flutter, loads, and stability and
control characteristics for follow-on store configuraiions which were not in the data base. By the time
the A-7D SEEK EASLE program was completed several years later, a complete in-house captive carriage
capabi11ity had been established and validated. This put the USAF in a posture to establish carrh?e
envelopes for additional follow-on store configurations without the need for contractor support. In
fact, this capability has been used extensively in just this fashion over the last 15 years. While the
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USAF did not initially undertake the job of establishing captive carrur snvelopes, the USAF did assume
the job of establishing store separation envelopes and performing all flight testing. This in itself
was & deperture from the past when the USAF had contracted for a 1 separation analyses and flight
testing using contractor aircraft, pilots, and other resources. The only contractor supvort for the
separation program consisted of two cn?‘murs who were assigned to work with USAF engineers in the OAC.
One enginesr was an aerodynamicist who helped train USAF engineers in the planning and conduct of wind
tunnel tests, analysis of test data, formilation of flight test plans, and techniques for performing
succeeding misisons based on results of data from pracesding missions, Another engineer was sn armament
specialist who helped train USAF engineers in the verification of proper store loading and rigging
procedures and establishing the functiona) adequacy of the atrcraft/store configuration from an
electrical/avionics stan. soint. The training provided during the A-70 program served as the foundation
for establishing a USAF in-house store separation capability.

A;»proximtny ten wind tunnel test entries were made at the Arnold Eng.neering Development
Center (AEDC) 1n support of the A-70 SEEK EAGLE program. Store separation trajectories were established
in the AEDC four foot transonic wind tunnel using a Captive Trajectory System (CTS). The CTS will be
described in a subsequent section. It is appropriate to state at this time that the CTS was chosen for
the A-70 program because it was, and is, the easiest method for obtaining complete trajectories from the
viewpoint of the USAF. A1l the USAF had to do, and this was important because of limited technical
expertise in the field at the time, was to specify the aircraft/store configuration, store release
conditions, ejection force, and other applicable information. The wind tunnel engineers and the CTS did
the rest. During the course of CTS testing in support of the A-7D program it became apparent to the
USA® that other wind tunnel test methods, such as drop model and grid, both of which will be described
later, were more efficient for selected applications. In short, the A-7D program opened the USAF's eyes
and offered convincing proof that it could perform compatibility analyses and tests in-house. Over two
hundred captive compatibility and store separation missions were successfully flown leading to
certification of a huge array of store types and configurations. The A-70 program also validated the
earlier mentioned commission's belief that the USAF could do follow-on compatibility work cheaper (in
terms of direct cost expenditures and faster than by contracting for supporti. In this case, the USAF
had tangible evidence because the value of the A-7D contract was reduced by over $13,000,000 (in 69
dollars) by eliminating contractor f1ight testing alone.

Because of the success of the A-7D program, in-house capabilities were soon expanded to cover
the F-4 and A-10. For both of these aircraft, the USAF initially cbtained captive carriage envelopes
from the contractor. Contractor reports were used to establish a captive carriage analysis capability
for new store configurations as was done for the A-70. However, unlike the A-70, all store separation
analyses and tests were performed by the USAF without contractor support,

In 1975, bouyed by increased responsiveness to changing operational requirements and by cost
savings, HQ USAF established what was called an Implementation Pan, This plan required the USAF to
establish in-house compatibility analysis and test capabilities for practically all inventory aircraft
to the point where most work could be performed by the USAF.

Table II shows current USAF in-house analysis and test capabilities in the major
compatibility disciplines. A few notes are in order at this point. Note that for F-111 flutter, the
USAF presently has only a partial capability. This is a result of a conscious decision to not establish
a full capability. To have done so would have been a complex technical undertaking due to the
aircraft's high speed capability, many wing sweep angles and other factors. But, there was a more basic
underlying reason. In the late 70's, it was assumed that operational F-111 aircraft would be out of the
inventory within ten years and that as a result, few additional stores would be required to be
certified. Accordingly, it was rationalized that it would be more costly to develop and maintain an in-
house capability than to contract with industry for occasional compatibility work as the need arose.
The other compatibility disciplines were not nearly as complex to develop and maintain, nor as costly,
so these were established as contingencies for future work. Basically, time has pruven that this was a
sound decision. There have been a number of additional stores certified on the F=131, but few stores
have required contractor analyses. Most stores have been cleared by analogy to certified stores.

This is an ideal time to dwell on the subject of whether the USAF, or any other Air Force,
should or should not establish an in-house compatibility capability, Each Air Force knows its own
requirements and these requrements drive the management and technical strategy. From the point of view
of the USAF, if there is only an occasional need to certify stores on a given aircraft, the cost to
establish and maintain in-house capabilities is not worth the effort. This is why such atrcraft as the
A-37, F-105, and B-52 are not shown on Table II. In-house capabiiities are only established and
maintained for ajrcraft that have contiruing, and/or projected, store certification requirements of a
significans scope. For aircraft which have few certification requirements, 1t is more cost effective,
but not necessarily more responsive, for the USAF to contract with industry for occasional analyses than
totuln“m dedicated personnel and technical programs in a ready posture to perform work that may never
materialize.

Note ‘n Table II that a complete in-house compatibility analysis cipability exists for the
F--16. Because or the F-16's very high maneuvering capability and speed envelope, and other technical
reasons, it was a major undertakin, to develop a complete in-house capability. But, as stated earlier,
because this afrcraft has a current backlog of store certification work and a large projected work 1oad
as new developmental stores enter the irventory and are requried to be certified, the investment was
worth 1t. To put into perspective how lurge the F-16 program really is, 1t can be stated that more
store configurations have been certified on this aircraft in the last several years than on all other
USAF tactica) aircraft combined, Incidentally, the USAF certification program includes the
certification requirements of the European Participating Group (member nat:ions which operate the F-16)
whenaver feasible. This saves time and money and maximizes utilization of test resources.

An F-16 instrumented for loads, flutter, and stability and control is maintained gt Eqlin Alr
Force Base to support store certification programs. The task of installing and calibrating required
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instrumentation was complex and costly. Figure 12 shows the genera) position and types of
instrumentation added to the aircraft. Because the F-16 fs sensitive to the addition of stores an
instrumented aircraft is mandatory considorin* the limitations of current prediction techniques. For
examp le, even though in-house flutter prediction programs are considered to be state-of-the-art, flutter
speed predictions have sometimes been conservative and sometimes optimistic. That is, a high flutter
speed 1s predicted when the actual flutter speed is lower and vice versa. Let the raader not take this
section out of context and conclude that the F-16 {s ovcrl{ sensitive to stores carriage. This is not
necessarily the case. NMany configurations are benign in all compatibility disciplines and are cleared
to atrcraft limits, It is just that prediction techniques are not perfect, especially when applied to
an afrcraft 11ke the F-16 which has ¢ flexible structure. An instrumented aircraft is required if every
last ounce of usable flight envelope is to be obtained for each store configuration. This 1s precisely
the opportunity an instrumented aircraft provides. When Eglin's instrumented F-16 is flown, real time
data is telemetered to a Central Control Facility. In this facility, engineers monitor actua) results
with predictions and provide the pilot with go no-go recommendations for the next test point. This
allows fitght test missions to be flown efficiently (build up points can be performed during the same
mission) and safely (resuits analyzed on the ground before going to the next test point while the
afrcraft is stil) airborne). One last point regarding the F-16. Because F-16 SEEK EAGLE activity has
been so high, and expected to remain so, every effort i1s being made to continually enhance in-house
capabi lities. For example, the original F-16A/B capability has already been upgraded to include the
F-16C/0 and further enhancements will be made as new verstions of the F-16 become avatlable. Thus,
unlike with lesser used aircraft, a complete in-house analysis and test capability is warranted.

Referring to the 8-1 in Table II, note that in-house capabilities have not been established
in a number of compatibility disciplines. This 1s because it would be premature to do so at this time.
As mentioned in the beginning of this section, the USAF only establishes capabilities to perform follow-
on store certification work after the contractor has established aircraft characteristics/limitations
for baseline store configurations. In this case, the contractor is still performing baseline work.

But, the USAF is acquiring contractor reports and the strategy is the same. At the appropriate time, a
comp lete in-house analysis and test capability will be established, if warranted, by assessing current
and future certification needs and balancing these against cost and schedule considerations.

In summary, the USAF performs as much compatibility work in-house as it possibly can because
it is more cost effective and responsive to do so in the majority of cases. Each Air Force must,
however, assess its own requirements before establishing an in-house capability for one or more
aircraft types. If the certification workload is low, and if there is no urgency to complete the work,
then contracting with industry will usually be more cost effective. It takes a certain minimum number
of personnel to maintain an in-house capability. If workload is too low, personne! will be
under utilized. That is why in the OAC the manning authorization is optimized based on a historical and
predicted number of personnel to satisfy workload requirements. If a surge in workload develops,
industry is usually relied upon as they have a greater flexibility in the ability to hire additional
personnel to support the work at hand. The creation of a technical organization to support work that
never fully utilizes personnel 1s a terrible waste of valuable resources and should not be tolerated
under any circumstance. Table III shows the major steps involved in the USAF SEEK EAGLE program.

3.3 Coordination with Operational Users

Once a CR has been validatad and the APO requests support from the QAC to perform in-house
analyses and testing, additional dialog takes place with the AP0 and the user. Requirements (such as
configurations and flight 1imits goals) are reviewed one last time to make sure that there has been no
miscommnication. Priorities for individual configurations are reviewed from the user's standpoint and
the technical community's standpoint. This is of major importance. Users always prioritize
configurations required based on operational needs. However, the technical community prefers to
prioritize configurations on the basis of expediency. For example, for some configurations on some
aircraft, it may be more cost effective and schedule efficient to analyze and test configurations
involving the Same store released from a given pylon with gifferent adjacent store loadings. On another
aircraft a different approach may accelerate and simplify analsses and tests. The point {s, once the
technical community develops a prioritized 1ist from the stancaoint of analyses, schedule, and cost
efficiency, the 1ist must be re-coordinated with the APO and the user. Usually, but not always, the
user is quite agreeable if all configurations can be obtained in a shorter span of time (or the same
time span) than in a specific order. On the other hand, it has been our experience that users do not
generally agree to re-ordered configuration 1ists on the basis of cost savings alene.

Next, the impact of required flight 1imits on the time and cost to perform analyses and tests
is revisited. As mentioned earlier, a cost estimate is prepared for each CR and, unti® recently, the
cost estimate was for exactly what was requested. In other words, assume that the user requested a
carriage speed of 600 KCAS for a certain store configuration on a certain aircraft. Further assume that
the cost to establish the captive carriage envelope s $250,000. What tha user and HQ USAF may not
realize is that if the carriage envelope were reduced to 550 KCAS, the cost might be reduced to only
$25,000. This 1s not & far fetched example. One of the benefits of Mv&; an tn-house capability is
that this sort of trade-off can be scoped and constdered. Experienced U personnel can quickly and
independent 1y weigh and assess the cost benefite to be derived by adjusting flight 1imits. In the above
scenarfo, 1f cost were significantly less for a small decrease in Flight Timits the user might be
a?mablc knowing that, in times of 1imited funds on the part of the APO, additiona) configurations
might be certified with the cost savings that otherwise might not get certiffed for a long time.

The best SEEK EAGLE programs have a Master Configuration List (NCL) to document agres.ents
made between the user, AP0, and the organization performing the snalyses and tests. This 1ist can and
shou1d be continually updated as configurations are certified and as user requirements dictate changes.
For many of the programs managed by the GAC, bi-monthly meetings between cognizant organizations are
held during which changes are made or the existing 1ist is simply revalidated. In any event, the list
provides everyone with an audit trail that elimtnates ary reason for miscommunication as to what the
user wants and what the technical community is working on. Table IV shows typical CR configurations
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and 1imits. The limits are “goals”. This 13, these are the goals required by the user .hich the
technical commnity will try to establish but which may b unachigveable for a variety of reasons. For
example, flutter may Vimit aircraft speed and unsafe trajectories may 1imit store separation envelopes.
The point is that every configuration should have a docusented flight 1imit goal.

3.4 Genera) Considerations before Initiating Separation Analyses and Testing

Now that the aircraft store configurations, captive carriage and separation goals, and the
priority to pace the schedule have been estabiished and validated, one might be tempted to initiate
separation analyses and tests. History has proven, however, that certain considerations should first be
addressed such as the following:

Paper and All Up Fit Test

As a minimm, fit checks performed using scale drawings, called "paper fit check®, should be
performed to assess if the configuration is physically compatible before any an2lyses or other tests are
initiated. The authors are familair with many cases where the technical community "assumed" the
aircraft-rack-store configuration was physically compatible only to find out upon actually loading the
store on the aircraft that there was a major incompatibility. This might not be a catastrophe were it
not for the fact that these problems usually occurred after extensive, costly, and time consuming
analyses had been completed. The OAC perforws paper fit checks using the drawings contained in
Alrcraft/Store Interface Manuals (ASIN) developed by the Joint Technical Coordinating Group (JTCG) for
tri-service (Army-Navy-Air Force) use, Re’erence (4). These manuals are now being converied into NATO
AOP-12. There are three manuals: an aircraft manual, a store manual, and & suspension equipment
manual. All drawings are to the same scale. The procedure for performing a paper fit check using these
manuals is to superimpose the various store and rack drawings on the appropriate atrcraft drawing at the
desired carriage station. Figure 13 is an example of an ASIM dnwin? for the A-10. Note that the
maximum deflection of all aircraft movable surfaces (such as flaps, landing gear, and access panels) are
depicted. While these drawings are quite accurate, they are not precise. Two reasons are that some
aircraft exhibit permanent deformations after being in service for some time and manufacturing
tolerances (or lack thereof) of stores and the aircraft. The net result is that while a paper fit check
might show close, but acceptable, clearance, an actual fit check might reveal negative, and
unacceptable, clearance.

An all-up fit check using actua’ hardware is recommended at the earliest possible time.
This is the best and surest way to avoid untimely surprises. MIL-STD-1289, Reference (5), was developed
to standardize the fit test procedure and is constantly used by the USAF. Now that it has been
converted into NATO STANAG 3899AA it is also being used by other Air Forces as well.

MI0-STD-1289 recommends a minimum clearance between stores and adjacent rack/aircraft
structure of three inches. The authors (who prepared the original MIL-STD) have received many inquires
as to how this figure was established and what does one do if a lesser clearance is encountered? In the
first place, three inches is a “"guide®, A greater clearance will not guarantee that aircraft-store
interference will be eliminated during separation. The intent of establishing a minimum clearance was
really aimed towards store designers. Nothing much can be done to eliminate fit problems betseen
inventory stores and inventory aircraft. However, new stores should not be intentionally designed for
less than thres tnches clearance with the intended aircraft. One miyht suppose that because of the MIL-
STD thare are no physical incompatibilities involving new stores. Unfortunately, the list is long and
embarassing. One reason is that many store designers design the store to satisfy specific
alrcraft/pylon station requirements and do not take future USAF certification requirements into account.
For example, after many years of developing and testing, a new store went into production. 't was
designed for three specific aircraft types and fit perfectly on these aircraft. Just after the store
went into productior, the user established a requirement for a fourth aircraft type. The store was
subsequent 1y determined to be physically incompatible on this later afrcrafi. In our view, store
designers should design new stores for maximum possible commonality by considering not only stated
requirements, but by also anticipating future requirements. Perhaps this example can be written off as
bad planning, However, there are just as many cases where new stores did not even fit the atrcraft for
which they were designed. These cases can only be written off as bad engineeringl

What does one do when paper and/or actual fit checks show less than three inches clearance
between stores and aircraft? The choice exercised by the OAC in the majority of instances is to
continue so long as there is a “positive™ clearance. Recently, a new store was urgently required to be
certified on an aircraft. Upon delivery of the store (an inventory store) to the test site, and upon
performing an actual fit test, a clearance of less than one inch was recorded between the store and the
aircraft's fully deflected flap. Even though the clearance was much less than desired, the extent of
possible damage to the flap if the store wers to make contact during separation was assessed and was
determined to be quite low. Accordingly, the decision was made to continue with the pro?n- but with
great caution. In fact, several test points were added to the program to reduce risk, The program was
completed without incident and post flight analyses showad that had the fnitial store to flap clearance
been three inches instead of less than one inch, the separation envelope woud only have been increased
by about 10 knots. The point to be made 1s that a MIL-STD camnot always drive a go/mo-go decision.
Program requirements should be meshad with good enginaering judgment and then the go/no-go decision will
almost invariably become self evident. In this last example. it was to "go" despite less than three
inches clearance to start with, Lastly, if the minimum store-to-aircraft clearance is more than three
tnches, one should not ascume there is no cause for concern. Perheds the monitoring level between
missions can be a 1ittle less, but close monitoring must prevail st all tises since a large static
c;:::mco at one speed can completely disappear (and result in store-to-eircraft contact) at ancther
speed.

Functiona! Analyses

As in the case of paper and actual fit checks, it is essential that functiomal analyses for
stores that require an electrical interface with the atrcraft be perforwed as early as possible. As a
ainfmum, functional snalyses should be performed before any compatibility analyses or other testing is
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inftiated. In functional analyses, the store power and signa) requirements are weshed with the aircraft
output power characteristics. Usually, functional analyses will either validate functional adequacy o
uncover functional inadequacies. [f functional inadequacie: are discovered, thetr mature and scope may
preciude further work until a solution is devised, ldeally, functional analyses should be closely
followed by an sctual functional check on the aircraft. In most cases whare an inventory store is being
certified on a inventory aircraft, an actual functional check is eastly arranged. In fact, functional
checks should be performed in conjunction with fit checks tn accordance with MIL-STD-1289,

It may be obvious that functional analyses (1ike paper fit checks) should be performed before
fnitfating costly and time consuming analyses and testing in the other compatibility disciplines.
However, our experience has been that many cases of functional inadequacies were uncovered after all
analyses and ground testing had been completed and flight testing was about to begin. In most of these
ceses, engineers either never thought to check (they “assumed® there was no problem) or the engineers
who did check were in a different part of the organization and never communicated with the rest of the
organization about the problem. Consider the following examples:

« An actua) functional check was made for a rocket Yauncher carried on & parent pylon rack on
one station of a certain aircraft before hg‘inning compatibility analyses. The functional check was
successful. It was assummed that since the launcher was functionally compatible on one station, it
weuld be compatible on other required stations and, therefore, other stations were not checked. At the
beginning of the flight test program, long after analyses had been completed, an electrical continuity
check of the aircraft was maue to ensure that an electrical signal was being sent to the ejection rack
where the rocket launcher was mounted. Nothing more was done even at this late stage. The flight
test program began and captive compatibility and launcher jettison testing were successfully completed.
Now the program was ready to move into the rocket firing phase. On the first mission the pilot selected
the proper cockpit switchology to fire rockets, depressad the trigger, and nothing happened. This now
became a high visibility problem Extensive functional analyses were performed on the problem pylon
station and subtle differences between pylon stations were uncovered. Rockets were fired b{

*fooling* the aircraft stores delivery system into believing 1t had a store mounted on a multiple
carriage rack when in fact it actually had a launcher on a parent pylon rackl While this allowed the
program to be completed, one can imagine the confusion the pilot would have in an operational
environment with such an arrangement. Eventually a software modification was performed to return the
aircraft to normal switchology.

- An ECM pod was required to be carried on an aircraft. A1) compatibility analyses and
testing were completed and f1ight testing was ready to begin. The fit check was satisfactory. The
functtional check revealed that the aircraft did not have the electrical capacity to power the pod. The
certification action was cancelled with a major disruption to the f1ight test community who had blocked
out time and resources to support a considerable number of missions.

Clearly, paper fit checks and functional analyses must be performed as early in the
compatidility cycle as possible. In all cases, these should be exercised (such as rocket launcher
Jettison and rocket firing) using aircraft cockpit switchology. Only in this way can surprises in the
functional area be avoided when they are least expected.

Store Strength

Not long ago a program to certify a finned firebomb on an aircraft was completed. The
carriage and employment goal was 600 KCAS. Paper fit checks were satisfactorily performed (functional
analyses were not necessary due to the absence of an electrical interface). Wind tunnel tests were
performed to acquire necessary data {such as for aircraft stability and control, aircraft loads, and
store separation) and extensive analyses (such as for aircraft flutter) were performed to establish
captive carriage and separation envelopes. Subsequently, on the first captive compatibility mission,
during which aircraft handling qualities and aircraft/store structural adequacy were being qualitatively
evaluated, the store fins failed at 400 KCAS. Research, after tha fact, revealed that this same store
had similar problems on other aircraft. In short, had store strength been properly addressed earlier,
the scope of wind tunnel tests and other analyses, and the flight test program, could have been reduced.
In this particular example, it was "assumed" (erronecusly) that the store was “Government Furnished
Equipment” and, therefore, was structurally sound throughout the intended flight envelope.

Most new stores in the United States, except for approved deviations, are designed in
accordance with MIL-A-8591 (NATO STANAG 3441), Reference (6). Stores can be dest for carriage on a
specific alrcraft (Procedure 1) or for carriage on generic aircraft (Procedure II). In the OAC, stores
are roquired to be designed in accordance with Procedure [I since this ensures that the store can be
safely carried on any known afrcraft. Procedure 11 uses conservative airloads coupled with an aircraft
inertial envelope that encompases worst case boundaries of al) inventory aircraft. If a store has been
designed in accordance with Procedure II, no further checks on store strength are required.

The advantage of designing stores in accordance with Procedure II can be 11lustrated with the
following example: A new store that had been designed in accordance with Procedure I showed that it
could not be carried on an additional new aircraft type without limitimn the aircraft envelope unless
the store was redesigned. The reason this situstion occurred was that che contractor designed the store
in accordance with Procedure I, since the user onl{ required the store to be carried on one type of
aircraft. Unfortunately, as has been recorded earlier, the user later added another aircraft type: one
that had a larger inertial/maneuvering envelope than the original aircraft. Structura) analyses showed
that the store would either have to be redesigned or the aircraft acceleration envelope would have to de
reduced. It was decided to reduce the aircraft acceleration envelope since the cost to redesign the
store was considered to be prohidbitive. The moral, of course, is that had the store been designed in
accordance with Procedure 11 1t would have been over designed for carrtage on the original aircraft but
it would have been worth it. Invariably, the user will want most inventory stores to be carried on most
afrcraft. Oesigning tne store in accordance with Procedure II is the recommended approsch to avoid
future problems. Only special mission stores such as mines or torpedoes should be designed =
accordance with Procedure [ and, even then, only if carried on a 1imited number or aircraft types.
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In suemary, the siructural streagth of the store must be known or should be estab)ished arly
in the compatibility cycle. This will ensure that ceptive carriage and separation snalyses and tests
are not needlessly performed outside the speed envelope that the store can be safely carried.

Captive Carriage Envel

Given that the store fits, =111 function, and {3 strong enough for carriage within the
desired f1ight envelope, & qualitative assessment should be made of the 11kelihood that the atrcraft
ftself can safely carry the store (from aircraft load, stability and control, flutter an other such
standpoints). The flight Vimits for anslogous stores and store configurationt which are already
certified should be reviewed and compared sgainst flight goals for the stores and store configurations
in question. For example, assume that 1t 1s desired to certify the BLU-30 store on the F-16 to 600 KCAS
and 7g positive symetrical load factor. One would now ses {f there i3 an anaiogous store to tad BLU-
store on the F-16. Tha MK-20 Rockeye would immediately come to light as being snalogous, Soth use the
same basic body and have similar mass properties. Next, one would see if the certified flight envelope
is equal to or greater than the flight 1imits desired for the BLU-80, If they are, separation analyses
may be scoped to consider the entire f\i?ht envelope with reasonable certainty. On the other hand, if
the flight envelope is restricted it would ba pointless to perform extensive separation analyses at

flignt conditions outside the expected captive carriage envelope.

When a clear snalogy cennot be established, or when & restrictive fli‘ht envelope is anticipated or

suspected, it s desireable to complete captive carriage analyses and testing before starting separation
analyses. Frequently, however, schedule constraints force simultanecus separation and captive carriage
analyses. In this event, one has no choice. But to reiterate, use the snalogy approach whenever
possible in an attempt to quatlitatively establish a preliminary captive carriage envelope and to scope
the separation program. It would be wasteful to perform separation analyses for a store up to the
desived flight Timit goal only to later learn that the captive carriage flight envelope was several
nundred knots less due to aircraft stability end control, load, or flutter prodblems. It would be
especially embarassing to learn late in the program that the store being certified was analogous to a
certified store having much lower limits. It has happened too many times in the past. We are striving
to educate others so that it will not happen again.

The reader is urged to review References (7) - (9). These references are quite iaportant in
our opinion. Reference (7) .atails the responsibiiities of all organizations involved in the
aircraft/store certification process and out1ines the procedures to be followed for conducting
atrcraft/store compatibility programs. Readers from other nations may find it instructive to compare
USAF organizational procedures and responsibilities with their own, References (8) and (9) fall into
the category of required reading in the our opinion. These references define and provide procedures for
formulating and conducting ground and flight tests/analyses in support of aircraft/store compatibility
programs. These references also contain an array of useful supporting material such as approved
aircraft/store terminology and a bib1iography of government publications, standards, and specifications.

4.0 STORE SEPARATION PREDICTION TECHNIQUES

After considerable research, the authors believe that all of the store separation prediction
techniques in use throughout NATO have already been thoroughly discussed in an array of published
literature. For this reason, it was decided to present no more than an overview since this report is
intended to be used as a guide for the new store separation engineer and management personnel, An
extensive list of references is provided for those readers who wish to research individual store
prediction tachniques in the detai) needed to actually use any or all of them

4.1 Review of Types of Prediction Techniques

Methods designed to predict store separation motion may be categorized into three broad
groups: theoretical, empirical (or semi-empirical) and analogy. These three groups are distinguished
by their different asrodynamic approaches. Each approach ~ffers advantages and disadvantages to the
store separation engineer, The trajectory problem may be - -:nsidered as two finterrelated problems;
aerodynamic and dynam‘c, that may be coupied to each other or treated separately. Generally,
theoratical approaches utilize the solution of the fluid equations which can be coupled or uncoupled to
solve the equations of motion. By coupling the fluid equations to the equations of motion, one
can solve for the aew attitude of the store al each time step in the store trajectory and then use this
new aircraft/store physical relationship to calculate a new flowfield, Using the new tlowfield
parameters, the asrodynamics say be updated. Conversely, in the empirical approach, a spacified survey
of points throughout the flowfield can offcr the asrodynamic information which is recalled via table
look-up when the store moves to a new point (and/or attitude). More recent predictive methods offer the
option of coupling or decoupling the influence of aircraft/store mutual interference at each time step.
Empirically or semi-empirically derived aerodynamic solutions are predominately used decoupled from the
equations of motion solutions. The grid data based approach is an excellent example which is discussed
in a following section, Store separation prediction by analogy relies on past experignce with a store
of similar asrodynamic shape and mass properties and using 1ts known separation characteristics to
predict the new store's movements. Each of these generic methods will be discussed in detail, followed
by sections explaining how each mation utilizes them.

4.1 Theoretical Prediction Nethods

Purely analytical predictive methods used today to study store separation trajectories are
applications of various paneling methods that solve the linear Prandt1-Glavert equation. A general
three dimensional boundary value equation is then solved for the configurstion of interest. The
equation mmu incompressibie and 1inear compressible flows in both subsonic and supersonic regimes.
Further, assumption of inviscid flow applies, Thase pane) methods differ from the more complete
nonlinear potential flow formulations that govern the transonic flow cegime. These nonlinesr potential
flow formulations (that {s, transonic small disturbances and full poteatial flow) retain terms to
improve the resolution of shock waves and to more readily determine when the equation changes its
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nature; that 15, elliptic or hyperbolic. Although these equations are more applicable to the prodlems
of concern in store separation testing, they are, computationally, more difficult to solve.

Paneling methods have envolved since the early saventies to the point where rather complex
configurations can be addressed. A major advantage of these paneling methods s that, unlike solutions
of troansonic full potential or other nonlinear "higher® forms of the Navier-Stokes equations, they %
not require a field grid for mumerical solution (much less an edeptive grid needed for trajectory
studies). This frees these schemes of geometric limitations that limit the nonlinear methods to more
sinple comfigurations. Additionally, at this time, no methods exist to provide & coupled trajectory
solution using these higher non, inear schemes. Paneling methods have evolved from aarlier “iower order”
versions that feature constant singularity strengths (or linear variation in one direction) on each
panel. Higher order versions such as PAN AIR are distinguished by non-constant singularity strengths or
Scompos ite® pancis that allow a linesr source and quadratic doublet variation on each punel. These
{mprovements have helped to make panel solutions less sensitive to panel spacing and density allowing
sore complex configurations to be studied. The use of stte panels has allowed singularity strengths
to be made continuous on a conf: uration. This has signi 1untlf reduced the potential for numerical
error, particularly for supersomic flows. A feature of PAN AIR is the implementation of the KUTTA
condition allowed by the use of the composite source-doudblet panel. This makes the computed flowfield
relatively fnsensitive to modeling detail at the trailing edge. The code also features an expanded
treatment of wake modeling which enhances its use for 1ifting surfaces. The reader is referred to
Refarence (10) for a detailad discussion of the feature of PAN AIR.

References (10) and (11) present comparisons of PAR AIR predicted results with experiment for
both subsonic and supersonic flows. Data comparisons were made at various subcritical subsonic and
supersonic Mach numbers. Results show excellent agreement except in the region where nonlinear effects
are to be expected. The Prandtl- Glauvertequation is valid for subcritical flow about slender bodies and
thin wings at arbitrary subsonic or supersonic Mach numbers where flow discontinities are not present.
While PAN AIR and other paneling methods can provide trajectory soluttons for relatively complex
configurations in subcritical flows, mmerical gridding techniques have not as yet matured.

The application of paneling methods such as PAN AIR, NEAR, Reference (12) and othars can be
very useful in the study of store separation characteristics as long as the limitations or the
methodology are kept in mind These codes can offer a first 1ook at details of the flowfield that
normal 1y are not obtainable without special, costly, experimenta) test techniques. Additionally, the
majority of "real world® store shapes arw cosplex and pose extremely complex modeling probless.
Although “higher order® pane) methods may now be able to accomodate these more complex shapes and
configurations (such 2s multiple stores carriag:), these real world configurations only further
aggravite the nonlinear aspects of the serodynamic problem

A first step in investigating a new store for release characteristics lies in understandin
the store's freestreau agrody.amics. Preliminary trajectories can be computed for the store using this
data with flow angularity or with grid data from very similar stores (if available) to determine if more
elaborate testing is Mccssar{. Preliminary data can possidly be acquired by examining the freestresm
asrodynamic data Irom similtarly shaped stores. The OAC and AEUC have jointly developed 1 freestresm
storc. eervdynamic data management system that contains over sixty stores with a wide variaty of
characteristics. This system is automated for data etvievail with a number of features for manipulation
of the data, The data base is described in Refarence (13). The data base has proven inveiuable in a
number of instances in supporting first order trajectory studies on short notice.

A number of semi-empirical aeredynamic estimation codes are used in conjunction with the
freestceam data base. These codes asgment axperimental data or provide a first order estimate when data
are not avatlable. These codes continue to be improved ane currently those most used are DLCODE
Reference (11), MISSILE DATCOM Reference(14), NSWC Reference(15), and NSRXC Reference (15).

These codes are used to p: ~Muce feestr=am agrodynamics to be used with flow angularity and grid data as
inputs to si< degree of fr.edom trajectory programs. The codes require geomeiric inputs and are
relatively simple to use depending on Lh» program. In addition, AEOC has developed an executive
selection progran thal assesses up to eight seprrate estimation programs with l1ogic iesigned to select
the particular rode that can best compute a particular aerodynamic coefficient tor the try and Mach
number/angle of attack renge of interest. In the suthors' view, attaining this capability should be a
requirement ¢ any agency ﬁsiring‘ to establish a comprehensive stores compatibility program. Most
somi-empirica’ codes are relatively simple 1o use for first o-der estimatos uf release behavior, ‘figher
order solvars (such & paneling mathods) or Euler solvers, are more difficult for the using engineer to
Wwply. Howevar, mirty are evolving rupidly into more user-friendly codes. Until these codes are
cenerally avarlable, semi-empirical estimation codes will continue to be used and improved.

Befure closing this section on theoretical methods, it should de noted that Reference (10)
indicates that methods which meke use ¢ pae) turface &ooutry are under development for solving mon-
1inear transonic prub iews. Nany belteve that codes with a “transonic panel® method may be available in
the future. The ¢ omatric versatility of such a umlin? method may make this approach, in some cases,
very competitive with future mor< elaborate nonlinesr solutions tha* will use .ield grids. Further, the
rapidly accelerating capabilit; o Computational “luid Dynamics is befng turned to solution of the
transonic store separation problem Basic research 1s well underway in the USAF, in the academls, and
in aerospace 163 around the world. The USAF's Armxment Laboratory has chosen the Euler
formulation ¢ . the solution algoritm This avoids the 1imiting assumptions of small disty: bances and
the restrictions of slender store and relative weak flowfield gradients. The Euler alrrlth will
ba solved numarical ‘i' using & contour-conformal grid scheme that has the advantage of flexibility in
concentrating the d in an ared of the flow where strong gradients occur and is applicable to any
aircraft/store com lrrctiom Single and multipie stores corriage, slender and non-s lender bodies, and
arbitarary shapes will also be incorporated. Additiomally, ic grid ts will be applied to the
store separation problom. Contour conformal "ﬂcs will be allowed to dynamically adapt to the movement
of the store as 1t saparates from the aircraft. Curreatly, the grid gemeration and Euler solving
computer p.ogram have been derived by the Armament Laboratory and are being checked out using simple
store shapes. Oynamic gridding algoritims are just now being developed. ¥ind tunnel testing designed
to provide data for met validation will be performed over the next several years. Near term, the
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development of "transonic surface pancling” methods will significantly aid the study of transonic store i
separation as higher order solvers continue to be devel Yet, for the foreseeadle future,
empirically derived data will continue to be a principal source for the “serodynamic® solution of the

; separation problem

v ; 4.1.2 Empirical and Semi-Empirice] Methods

. Despite the recent advances in computational techniques, the authors deltieva that wind tumnel

: testing is, and wil) remain for several years to come, the most relfsble prediction technique that can

: " address the transonic store separation problem. Wind tusne! testing techniquas used in understanding

: store separation events are well known, References (16) thm,n‘to present a concise review of the
various technigues and, therefore, are reviewed Merein only briefly.

Selecting the approsch for the store configurations of interest to yield the most relisble
and cost effective data is the most important consideration in planning a wind tunnel test. However,
designing a test to acquire data that may be later extended to other configurations, or uti)ized beyond
fts 1nitfal intended prrguse, is another vcr‘y {mportant consideration, Some wind tunnel testing
techniques obviously uffer this advantage while others do not.

There are basically four wind tunnel methods that continue to be used to predict store |
separation trajectories. The USAF has used all four techniques in support of a variety of programs. !
These four techniques are: Captive Trajectory System (CTS), Grid (flowfield data base), Flow Angularity
(flowfield dats base) and Freedrop. In addition, two other more recent wind tunnel based techniques are
discussed that offer alternative approaches. These are: Installed Carriage Loads Derived Grid
Flowfiald and the Influence Function Nethod.

- CTs:

Within the United States there are five wind tunnels equipped with articulated dual sting
arrangements that support CTS testing. Of these five tunnels, four are treasonic tunnels while the other
s a supersonic tunnel. Practically all of the store separation testing performed by the USAF is
accomp Tishud in the AEDC four foot transonic wind tuunel (called 4T). principle of the CTS is
essentially comomon to all wind tunnels. The AEDC 4T facility is typical and can be used to cite
advantages and disadvantages. The articulated dua} stm‘ arrangement used for store separation studies
is no more than 3 system that supports the aircraft model on one sting, with limited movement, while the
store model! with an internal balance is mounted on a separate sting capable of commanded movement in al)
six degrees of freedom Aerodynamic forces and woments on the store are measured by an internal strain
gige balance that may measure from five to six force and moment components. The aerodynamic data
measure by the balance is fed to a computer during the test run. These forces and moments are combined
with other required data such as store mass property characteristics (weight and center of gravity),
ejection forces, rate damping forces and moments of inertia, which are not measured and which are needed
to solve the equations of motion and predict the store's next position relative to the aircraft for a
Simulated increment in time. Through a closed loop system, the new position in time is fed to a
positioning device which then commands the model stin‘ to move to a new position in the tunnel. The .
cycle {s then repeated automatically to obtain a complete trajectory. Figure 14 shows an F-111 model in
the AEDC 4T facility with a store mounted on the CTS sting. This figure 11lustrates quite well the
extended movement capability of the (TS sting. It may be noted that & one second trajectory normally
takes about ten minutes (Reference {18).) Howaver, as & result urf a concerted cost reduction program,
AEDC will be able to reduce this time in the future (Reference(21).)

CTS offers the primary advantage of most closely measuring the actual forces and moments
(withir genaral wind tunne) constraints) during the store separation trajectory that are the result of
the store's actual attitude and position. Furthermore, within the assusption of quasi-steady flow that
1s common to all wind tunnel testing of this type, CTS can more closely simulate factors such as varying
alrcraft load factors and maneuvers, varying ejection force parameters, varying store thrust and a
variety of other parameters that obviously other methods, such as freedrop, cannot. [ts advantages over
other mathods that “aerodynamically” map the flowfield (such as grid and flow angularity) is that it
medsuces the aerodynamic forces and moments at the precise point in the trajectory, and at the precise
calculated attitude of the store. This technique provides the most accurate axperimentally determined
serodynamic data for a position in the trajectory; but has some dramatic limitations.

CTS 1s not designed to provide the user with a useful data base for examining a large number
of individual trajectories off-1ine. This off-line capability is needed to understand the sensitivity
of store releasa to many different variables such as Mach number, angle of attack, changes in store
mass and inertia characteristics, fin deployment times, aircraft dive angle (load factor), ejection
performance, and many other parameters that require many individual simulations. These large numbers
of simulations cannot be economically completed in the wind tunnel. Although CTS can offer the
advantages of an "on-line® trajectory simulation that can shorten analysis time (given the existence of
sodels and a timely entry in the wind tunnel), this can be offset by an even more far ranging .
requirement for an aerodynamic flowfieid data base that can be used in the iuture. Future development H
or product fmprovement may alter mass and inertial characteristics of a store or other important
variables. Se changes and the effect they would have on the separation trajectory would be ver |
difficult to isolate using CTS data from a previous configuration. Furthermore, no capability would
exist to satch predictions to actual flight test conditions. This tool would be required in order to
fdentify potential design changes that may become apparent during flight testing. CTS data acquisition
can also be haspered by hardware problems. The dual sting arrangement has been desi to terminate
the trajectory whenever the store or sting contacts the aircraft. For some aircraft/store !
configurations and stores that exhibit large sngular motions, the trajectories may be terminated too '
quickly - bafore sny useful data can be acquired. While this 1s not an insurmountable limitation, the
separation engineer must be ready to alter trajectory data inputs during the wind tunnel test to assure \

s

longer trajectories for better study or Tive with the short trend trajectory information avallable from
; the test runs. Practical 1imitations on CTS equigment in the past has resulted in trajectories being

! terminated cue to the linear motion of the store sting positioning device. Receat improvements made by
i AEDC in the software that controls the CTS apparatus motion allows the CTS movement to more closely
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paraliel the actual store trajectory. This has sigaificantly reduced the occurrince of premature
termination of trajectories due to sting/store grounding. Again however, CTS trajectories for stores
that exhibit larger angular motions may sti1) terminate tos soon to provide useful dets.

. - a1

The CTS con be used to provide wind tuanc) data in the CTS mode or the grid mode. The grid
wode i3 easentially a flowfie(d mapping technique in that the store sting is positioned automatically
to preselected and preprogrammed positions and attitudes with respect to the aircraft model. T
store/balance combination then measures serodynamic coafficient data at each point. Ouring tes.ing of
this type, a matrix of coefficient data is cbtained through a region of the atrcraft flowfield that can
be expected to encompass the subsequent trajectory path for o particuler configuration. Figure 15 shows
o typical grid.  The measured values represent total aevodymmic coefficients of the store as a function l
of store's position and attitude at & rrucu\ar potint in the alrcraft flowfield. Oy subtracting i
the store's freestreim serodynamic coefficiunts (measured for the same store mode! at the same attitude
; outside the flowfield of \he aircraft) from the total serodynamic coefficients, a set of interference
i aerodynamic coefficients can be calculated a3 a function of position and attitude within the atrcraft
. flowfield. The matrix of interference ccefficients becomes a dete base availadle for subsequent

‘ trajectory calculations. These interfermice coefficients are recombined with freestresm devodynamic 1
! data during each time step of a trajectory celculation to determine & total serodynamic coefficient i
t awplicable for that store's position and attitude within the atrcraft flowfield '

The Dasic advantage that the grid technique offers 1s it implicit versatility for future
studies. On-1ine wind tunnel test time required for computation of trajectories using the full CTS mode
1s not used n the CTS grid mode to gather a larger asrodynaaic data base that cai be used for further
studies later. A larger, wore comprehensive, set of trajectories can be generated more economically amd
efficiently by allowing the store separation engineer the flexibility of careful study of trajectory
sensitivity to various parameters outiide of the high cost environment of the tunnel test section. For

' certain configurations such as stores with deployable fins, this approach may be far more economical and
much more practical than a comprehensive CTS test of a mode! with changing configurations.

For a given aircraft/store configuration the aerodynamic loads acting on the store are
functions of the aircraft Nach number, angle of attack and sideslip angle, and the store's relative
position and attitude with respect to its carrhr position, A comprehensive set of serodynamic
interference coefficiant data as functions of all these variables would require a lengthy wind tunnel
test program as well as a trajectory generation computer program set up to sift through all of the data
for the appropriate values and to taterpolate or extrapolate as necessary. Such a program would
require a high speed computer with a large storage capacity, The appavent disadvantage of the grid
technique in requiring a data sift program can be offset by judicliously selecting what grid data needs
to be taken. Reference (22) describes a joint wind tunnel study between the OAC and AE This study
concluded that interference asrodynamics varies considerably more with vertical displacement than with
lateral or longitudinal displacement and that store orientation in an axis within the grid volume

erally has & minimal (second order) effect on the interference assrodynamic coefficients. In some
nstances of stores with large planform areas, a second order influence of store pitch on the
interference coefficients may become important. References {19) and (22) expand on the stgnificance of
the study on planning a grid wind tunnel test for a new store. Experience with limited grid testing
though, has demonstrated excellent correlation with full CTS trajectories for most store separation
studies conducted over the past several years by the OAC,

A number of references are listed in the work mentioned above which substantiate the use of
limited grid for complex aircraft flowfields and store shapes. Additionally, there are a number of
techniques that have evolved over the years that can atd the store separation engineer in qm-iun? [
?rid survey. In the case of multiple carriage racks, the displacement for stores ejected at an angle

rom the vertical may be easily estimated and the resultant trajectory used to define the vertical and
Yateral displacements at desired grid points. Careful atteation to structuring the configurations to be
tested and the order in which they are tested can help to streamline testing by treating each side of
the atrcraft model as a separate flowfiald. This allows the store separation engineer the ability to
minimize tunnel shutdown, model changes, and start up times during a test.

- Flow Angularity

A second commonly used method for determining interference flowfield aerodynamics is the
technique known as flow angularity, Aerodymamic data is normally obtained by using a velocity probe
: attached to the CTS sting apparatus in place of the siore/sting combination. The velocity probe is then
. used to measure velocity components at various locations in and around the atrcraft flowfield within a
5 volume that is expected to included the store's anticipated trajectory. From this information, local
: flow angles of attack are determined generally at the nose and tail of the store. This information is
used with freestream 1ift curve sl1ope data to generate the interference coefficients rather than
neasuring the interference coefficients themelves. Two approaches are generally employed when .
utlnzm'g a velocity probe. The first approach, as discusted in References (19{ and(23), 13 to ; !
measure flowfield effects with the store installed in its carriage position The second approach is to
mpasure the initial store loads along the centerline of the store as it 1f were installed on the
afrcraft. Although neither approach 1s a true representation of the interference flowfield both can
provide a first order saswer to store trajectory studies. The first approach incorporates a partial
iaf luence of the store upon the interference flowfield while the second approach may be more versatile
in dealing with a larger class of stores of various shapes and planform areas. The greatest advaatage of
this second approach is 1ts adaptability to providing quick answers for stores that have mot been wind
tunnel tested. Using this approach nowever, requires a thorough understanding of the freestresm
tc characteristics for the store in question, including the relative contribution of the nose
' and tall segments. This data can be acquired from wind tunne) testing or approximated by aerodynamic
: estimation computer codes. Normally, the variation of aerodynamic forces with angle attack and center
of pressure data is required This methodology generally allows a greater degree of flexibility in
maode)ing the interference flowfield interaction due to fin control surface motion of fin deployment for
complex stores. This is the case for modeling the dasping of fres floating control surfaces (such as
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canards). A detailed description of the approach can be found tn Reference (19). It may be noted that !
although the normal approach for acquiring flow engularity data 18 through the ute of & velocity probe |
attached to the CTS ating, some work has been done to esplore the use of a laser ler velocimeter in

measuring loca) transonic flowfields. The real advantage tn using the velocimeter 1ies in remaving ony

physical interference attributed to the probe 1tself. Finally, techniques have been developed for

extracting flow angularity date from ‘Mc data for certain stores. By using measured freestream

serodynemic data, ome can eatract 1ocal fiow angles and produce a dats date of local flowfield angles

that can be used to solve the aerodynamic interference problem for other stores. A newer technique that

will be discussed later it an extension of the flow sngularity spproach.

1af) F i

Since wind tunnel testing stil) offers the most accurate method for addressing store release
problems, the large number of store/aircraft and f1ight condi*‘ons involved in ctrtimn‘ stores
mandates that methods be developed td improve the cost-effe..ivenets of wind tunnel testing by extending
test data beyond the stores to which the testing was inftially geared. The flow angularity technique
discussed previously has been recognized for some time as & useful approach for this reason. The
Inf luence Function Method (1FM) described in References (24) and (28) is a natura) extension of this
method - from two store elements (nose and tail) to any number of store elements - with some important
differences. The flow sngularity technique uses freestream values of the normal force coefficient siope
and angle of attack for the nose and tail plus assumed Tocations of the nose and tail centers of
pressure to calculate moment coefficients The IFN determines these coefficients by traversing the
store mode] through & known flowfield longitudinally, aft to forward, where the loca)l angle of attack s
known. At each point in the traverse, the ae amic forces and moments are seasured generating a
series of equations. By matrix inversion the influence functions themselves are calculated and the
store 1s calidbrated to a known flowfield. Conversely, a “"calibrated" store coen be passed through an
unknown floufield to determine the local flow angle along a tranverse 1ine during a wind tunnel test to
solve for the unknown flowfield. In completing this method, the store of interest can then be {mmersed
in this flowfield analytically along that tranverse, having been calibrated previous iy to a known
flowfield The serodynsmic coefficients can then be solved by matrix multiplication. This methodology
has been successfully used for superionic flowfields with excellent results for single carriage stores
at various vartical distances from the parent aircraft. Investigation of the technique's application to
subtonic flows s stil) underway as is also the extonsion of the technique to the other asrodynamic
:ocffighn:s (fy‘n and roll). Preliminary findings tend to indicate comparable results can be achieved

or subsonic flows.

The obvious disadvantage of the IFM lies in the calidration of the store in question. The
general approach for supersonic conditions would be calibrat:-ng the store experimentally by passing it
through a known flowfield such as an oblique shock wedge flow. The requirement for a wind tunnel test
is an obvious dindunur. Calibration using analytically derived flowfields produced by paneling
methods such as Pan Air has generated accurate influence function calculations. Reference (26)
(unpublished) has also demonstrated the reasonability of using semi-empirica) aerodynamic estimation
programs, such as DL CODE, that have been modified to superposition simple flowfieids on the store model
within the code. Using the same traverse logic, calculations of the influence functions were made using
the code generated coefficiants. Reference (26) reports very gooc agreement with other calculations of
influence functions and subseguent comparisons of trends in predicted and measured serodynamic
coefficients for a 68U-15 store in an F-15 flowfield. The biggest disadvantage of this particular
approach, in the authors' view, lies in the fact that such prediction codes have inherent limitations in
predicting shock strengths. Consequently, local flow angles may show large discrepancies in these
regtons.

~ Freedrop

The fourth empirical wind tunnel method in use today is the freedrop method, also called
dynamic drop. In this approach, scale store models, constructed to obey certain simtlarity laws, are
released from the aircraft model in the wind tunnel. High speed orthogonal photography is used to
record the event. The film is read to extract time position data that can be used to understind the
separation events and to assess the relative risk of flight testing. Static aerodynsmi-c forces and
moments acting on the store are properly scaled when the model geometry and flowfiald are matched to
full scale flight conditions. The accelerations of the store model will be similar if the total forces
and moments, mass, center of gravity, and moments of inertia are also properly scaled. In achieving
this scaling, the mode) is scaled to one of three scaling laws; heavy, light, or Froude. Selection of
the most suitable scaling law depends on the nature of the separation probliem, those parameters of
particular interest to the store separation engineer (which needs to be sccurately known) and the
capabilities of the facilities availadle.

Reference (18) outlines the dynamic scaling principles involved in freedrop testing. Proper
scaling requiras linear geometric scaling of aircraft and store models from full scale to model scale.
Also required is linear and angular acceleration matching for both aircraft and store models.
Relationships for the ratio of model scale and full scale values for time, velocity, Mach number,
mo-“ts (;r lturth. ejector forces, and related parameters are calculated as power functions of the
scaling factor.

1t compressibility and viscous effects are matched, then serodynamic coefficients are matched
between model and full scale. These premises lead to the scaling relattonships that are known as Froude
scaling: 30 named because the volocu{ scaling is equivalent to the hydrodynamic Froude number. The
NKach number at mode) scale resulting from Frouds sulinf howevar, generally only insures .
asrodynamic coefficient equality for low subsonic (less than 0.8 Nach) full scale flight conditions. :

Assuring that the ssrodynamics are properly matched requires that Nach number be matched at
the expense of another parameter. Those techniques that maintain Nach number equality are known as |
*heavy* and “1ight" scaling. Heavy mndel scaling results in an increased velocity requirement over that !
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of Froude scaling end with all else beiny equal, the required mass of the mode! i3 Varger than that
required for the Froude scaled model. Because the velocity ratio hes been relaxed, hedvy tcaling fails
io account properly for induced le of atteck or & ic demping effects on sngular motions.
Similarly, )inear motion i3 also affected by induced angle of sttack veriences. The amplitude of
angular motion wil) be too lirge due to under daspad wotion.,

Light wodel scaling can be uted whan proper anguler motion response is of major {mportance,
Light mode) sceling 13 S0 named because the mass ratio 13 maintained to that of Froude scaling end
retaing the velocity ratic simulation along with Mach number by assuming that the gravitational constent
within the wind tunnel test can be arbitrarily incraased. In reality, the gravitational constent within
the wind tunnel cennot be changed. The deficiency in the required gravitational acceleration called for
b{ Vight model scaling con be corrected by artifica) mesns. The use of magnetic fields or use of the
alicraft model sting spparatus to accelerite the atrcraft mode) eway from the store at store reledse, i
and the use of incressed ejection forces are typical methods that can be used. L

Of the various scaling laws, heavy model scaling, in our view, {3 the predominant method used
by most agencicl throughout RATO. Becluse of the low subsonic requirement for Froude
scaling, the mathod becomes ungsuitable for the majority of work that centers around transonic
flowfields. While heavy model scaling results in under desped angular motion of the store durin
separation, the trend usually resulis in a conservative wpprosch to safe separation studies. References
(16) and (27) genarally indicate that heavy mode) scaling agrees favorably in angular motion in ful)
scale trajectories and very well in 1inear motion since the ratio of aerodynamic forces to gravitational
forces is maiatained, Light model scalin rally results in defictent vertical store separation
distances while agreeting much closer to full scale trajectories in sngular motions. Reference (an
reports that a correction to vertical acceleration can be made by altering the ejector force. Tais
requires some a-prior!i knowledge of the flowfield that can be used to tailor thiz technigue to the test.
For highly complex configurations where }ittle or nothing coan de realistically assumed about the
flowfield, such a technique would not be very useful. Consequently, the literature surveyed tends to
recommend heavy model scaling as the preferred method for most modern day studies.

Selection of the appropriate scaling method is dependent on the separation problem and the
experience and preference of the using engineer. However, dynamic drop offers certain advantages and
disadvantages in comparison to other trajectory acquisition methods. Realistic considerations need to
be understood in deciding whether this approach over another is advisable. Reference !18)elaborates on
these factors in detai). Some advantages and disadvantages of using freedrop are summarized in the
following paragraphs.

« Freedrop testing generally offers the best (if not the only) approach where model size or shape
preciudes & suitable store-balance-sting combination design. Modifications to the rear pert of store
models to accomodate stings can alter the store serodynamics (such as static margin), Freedrop testing
eliminates this problem In cases where stures are required to be released from internal aircraft bays,
freedrop testing can offer the best solution to the problem. Freedrop is particularly suitable for
unstable stores where tumbling motion can be continued without the constraint of CTS sting
limitations/mechanical contraints. Fimally, freedrop testing allows studying wmultiple stores releases
from racks in the ripple mode.

- The greatest disadvantage to freedrop testing lies in its cost and the rather limited
use of the date for future study. Data reduction is 2lso 2 Yengthy process, The nature of freedrop
testing i3 such that the store is usually destroyed. The mode) is normally captured in screens after
release but only to salvage the mode) for refurbishing for later testing and to prevent wind tunnel
damage. Normally, one model is used for each drop. The cost of model fabrication may easily reach a
sizable percentage of the total test cost. Tied also to the cost is the fact that the tunne) is
shutdown after each drop in order to retrieve models and reload the atrcraft model with new store
wodels. Normally, one to two drops are made per hour, and while “air on" time is short, tunnel
occupancy is constderably lengthened. Incidentally, the mode| sceens generally increase required tunne)
tota) pressures and hence, increased power costs for higher Nach numbers.

- Mode! fabrication, particularly with heavy model scaling, can be difficult in obtaining the
corract scale of moments of inertia, weight, and center of gravity simultaneously. The requirement to
use high density materials such as tungsten, gold and other expensive metals or alloys can drive costs
wp further, plus create fabrication problems. Enginesrs should consider allowing a tolerance in
-odclin? the store mass properties - saving design time and the possible selection of less costly
materials and machining. Ejection mechanisms can similarly produce problams in modeling. Testing may
:::‘bc possible with certain full scale ejection forces due to practical limitations in model ejector

gns.

- Finally, a fundamen.al shortcoming of freedrop is its {nability to addross releases under
active guidance or with axial thrust. Furthermore, the mathod is not particularly suited to saneuvering
release or diving flight although methods have been developed for correcting vertical and axial
displacements due to the load factor and bank angle assoctated with the maneuver (Reference (28).)
Summarizing, freedrop methods (particularly using heavy model scllln‘ Yaws) produce very good
agraement with full scale trajectories and in some cases offer the only vishble experimental
technique. The technigue has major drawbacks in the costs associated with this type of testing, the
unsuitability of the data for future study, and its 1imitations to certain types of separation problems.

A Note on Mode! Scale for Wind Tunne) Testing Lo

Perhaps the single most prominent problem associated with wind tunnel trajectory tostin?

techniques Vies within the realm of model scaling. Generally, the wind tunnel test approsch is valid for

the simulation spproach in use today. Under the assumptions of quasi-steady flows, the serodynamic

behavior of the store within the flowfield is tezpered only by Reynolds number and the fidelity of the

sodel and support system to produce as near as possible the full scale external store shape.

Realistically, however, the high cost of wind tunnel tunn&fwon the smuller tunnels and .
consequent 1y, the CTS and grid testing approaches used by the OAC have been designed around a 5% scale
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collection of store models. This standardization of scaling has contributed to a substential savings
in model fabrication costs since many store programs invcive many different atrcraft types. It may be
noted that the OAC also maintains 5% models of practically all inventory USAF fighter aircraft. The
F-111 model is the only one which is not standardized. It 1s a 4.7% model and this does cause store model
problems. Five percent scaling is suitable to the AEDC 4T tunnel but creates a challenge in minimizing
Joss of store detail at this scale. For example, sophisticated guided bombs pcssess antennae, umbilical
fittings, conduits, and other protuberances that are extremely difficult to model at this scale. More
importantly, these same types of stores may have 1ifting surfaces with atrfoi) shapes. Modeling of
these surfaces is often restricted to flat plates with shaped leading and trailing edges. Correct
alignment of these surfaces is also difficult at these scales. Additionally, stores with canards or
other control surfaces designed to “trail center" or "float" freely during carrfage and the first few
seconds after reiease before being engaged are extremely difficult to mode] effectively. The engineer
often must assume the worst case condition exists with these surfaces locked. Alternatively,
freestream data collected for a larger scale model may be incorporated to estimate the deflection of
these surfaces within the aircraft flowfield. Mating some store models to the sting balance combination
may become very complicated at 5% scale. Often some modification has to be made to the store afterbody
to be able to accept the ba’ance, Furthermore, sting interference effects on store aerodynamic
characteristics, particularly at t-ansonic Mach numbers for stores with boat tail after bodies, can be
significantly affected by sting-to-model base diameter ratio. MWhile these effects can be alleviated
somewhat by prudent sting design, there are important mode] design considerations that the using
engineer should keep in mind when dealing with small mode) scales. Testing has shown that attention to
minute model detatling to the maximum extent can improve smail scale results with regard to full scale
or flight test results. Details such as store openings, swaybrace appendages on suspension equipment,
vortex generating devices, and antennae can impact results significantly. The model scale clearly has
an impact in store balance selection. small scale stores may preclude full six-component balance
installation and often four or five component balances are used instead (usually excluding rol] moment
and or axial force). Consequently, to provide fully accurate coefficient information, the missing data
must be supplied from external sources. The difficulties encountered at small scale can be offset by
testing the store in freestream at the largest scale possible. Interference aerodynamics are obtained
from the flowfield determined coefficients by subtracting the freestream aerodynamics for the same
smal) scale store at the same attitude. Consequently, the effects of loss of model details are removed
from the interference aerodynamics.

4.1.3 Analogy Methods

Clearance of a store can often approached from an analogy standpoint; that is, when similarly
shaped stores that have been previously flight tested and for which the preponderence of data show that
from similarity the new store can be tested in a low risk manner. In these instances, a number of store
characteristics are compared between the two stores - the new store and the store that has already been
tested - and a conservative buildup flight test program is accomplished. The analogy is established on
the basis of mass and physical similarity between the two stores including the planform areas.
Freestream aerodynamic data is generally compared between the stores and if experimental data is not
available, aerodynamic estimation codes are used to generate a comparison. Since the missing data is
normally the interference flowfield effects, in attempting to establish the analogy, one should consider
differences in where the two stores are positioned in the flowfield. This is to say that the tocation
of each store's 1ifting surfaces at various locations in the flowfield should be noted as well as the
similarity in the s’ore suspension system A primary consideration is any variation of store center of
gravity relative to the ejection force. Imparted ejection moments should compare favorably both in
magnitude and direction. Six degree of freedom simulations without flowfield data can be executed with
important aerodyn-nic coefficients varied parametrically - but caution should be exercised in
evaluating the results. Using the approach successfully is predicated on sound, well documented
historical data in the form of flight test reports. The propagation of analogies based on other
analogies should be avoided. It is best to base each analogy clearly upon well documented, hard test
results and data. Obviously, the basic advantages this method offers is a minimal cost program for
generating a f1light clecrance by circumventing the cost and lead time required for wind tunnel testing.
The technique is best suited to minor design changes for previously cleared stores, or for stores of
similar shapes. For an agency like the OAC that processes over a hundred fiight clearances each year,
the use of analogy technigues have proven an effective approach when properly applied. The greatest
disadvantage is in the relative risk, the retative increase in flight testing, and the amount of
judgment and experience that must be relied upon in deciding upon the approch for a particular problem.

4.2 Specific Techniques Used by the NATO Nations

In order to determine what techniques were being used in the nations outside the US, the
authors visited several government and industry organizations in other NATO nations and found that, in
essence, all the techniques used in the US are being used by other countries; at least to some degree.
Some real innovative application of proven techniques were uncovered, such as the method of actually
measuring captive store loads during flight testing and then using data to perform six degree of freedom
trajectory calculations (Netherlands), and the development of an Accelerated !'ode) Rig (AMR) for
accurate freedrop wind tunnel testing (United Kingdoms).m The authors found that the well documented wind
tunnel techniques such as grid survey and freedrop are being used; however, not as extensively as
theoretical methods. In the US the reverse is true (at least presently). That {s, in the US the wind
tunnel based methods are extensively used. The reasons for the difference in emphasis between
theoretical and wind tunnel methods will be discussed in subsequent paragraphs.

At this point it s useful to outline the techniques and methods used by several of the
NATO nations and the reasons why they selected the particular technique. The purpose of this section
is to serve as a basis for stimulating engineers and managers in various government and industry
organizations to use the "3ARD channel to submit and dissiminate additional information on internal
capabi 1ities, techniques, and procedures for use by the aircraft/stores compatibility community. The
authors stress this because of their inability to obtain anything more than an overview of cepabilities
during their short visit to selected organizations.



- —

2

ST e A T

19

4.2.1 United States Afr Force (US)

The OAC has established informal guidelines in deciding what techniques are best suited to a
particular store separation problem. Genarally, since most stores are carried in complex configurations,
and released from multiple carriage racks at transonic speeds, experimentally determined flowfields is
the preferred methodology. In fact, before proceeding any further, it may be stated, based on a review
of OAC records over the last several years, that wind tunnel based prediction techniques have been used
tn the following proportions: CTS - 15%, grid - 70%, flow an;ularity - 10% and freedrop - 5% The
authors informally polled AEDC personnel and were told that CTS was used 50X of the time, grid and flow
angularity was used 35% of the time and freedrop was used 15X of the time, These percentages give a
good indication as to the degree the various techniques are used by industry and government throughout
the US.

By using the experimentally derived flowfield approach, a general flowfield data base is
continually expanded to include additional stores and aircraft. The OAC has developed an extensive data
base for the F-15 and F-16 aircraft. Data exists in both grid and flow angularity format. As a cost
savings measure, the grid is normally acquired in the "1imited grid" mode described in an earlier
section. During each test, however, the limited ?rid is compared with selected full CTS trajectories to
verify the grid data base. For stores of large planform area, the store grid is acquired both as a
function of vertical distance from the captive position and the pitch attitude of the store.

Generally, freestream data for each store is acquired at the same scale as the flowfield grid, but for
stores with complex shapes, larger scale data is acquired if at all possible. The consideration here is
primarily the availability of funds to cover the cost of wind tunnel testing. Stores such as bomb racks
and fuel tanks that have a pivoting release mechanism cannot be practically tested usin% CTS. Only for
these type situations is the freedrop method used. When freedrop testing is performed, heavy scaling is
used.

Analytical methods are currently restricted to single carriage stores at speeds outside the
transonic flow region (Mach number less than 0.9 and greater than 1.1) For this reason, analiytical
methods are not routinely used. Analogy methods are used extensively. Analogy methods are supported by
an extensive flight test data based and computer simulations using appropriate data when necessary.
Every available source of information is cross-referenced when exact aerodynamic data is not available.

The six degree of freedom computer program is the mechanism used to actually calculate store
separation trajectories. The program used by the OAC is fully documented in Reference (29) and (30).
The program uses a look-up format for all required input data such as ejection force, flowfield, store
mass properties, aircraft flight conditions and so forth. The program is an adaptation of the DI1-MODS
modular trajectory simulation developed by Litton Systems. It has been extensively modified to suit the
special purposes of the OAC. For example, the program can be used to address maneuvering release of
stores with post aircraft maneuvering. Output from the program is in a multifaceted digital format.
However, computer generated plots are the primary means for analyzing store separation trajectories.
The computer graphics program is fully described in Reference (31). Incidentally, computer graphics
portrayal of store separation trajectories nrovides the store separation engineer with a valuable
analysis tool. The engineer is able to quickly “"see* the trajectory instead of having to analyze
“mundane® data plots. Practically every organization is now using computer graphics in some form or the
other. The rapidly expanding field of computer graphics offers ever new opportunities for enhanced
analysis. Figure 16 is an example of enhanced computer graphics where the store and aircraft can be
viewed from any angle. In addition, physical clearance between any points can be displayed. The
sensitivity of the trajectories to various parameters can be studied to determine trends and to
formulate a flight test program to validate the predictions.

The OAC has a policy of documenting each store separation program in the form of what is
called an “Aero Memo". Each memo contains background information, store characteristics, aerodynamic
data used, similation results, and ends with a recommendation for a flight test program. Extracts from
two of these memos are included in this report as Appendices A and B. The reader may gain additional
insight in the actual-application of the techniques described in this section by understanding how two
real world problems were approached. Memos such as these are never published as they are used as
internal working documents only. Two memos are presented because they contain different, and commonly
used approaches in the OAC. In Appendix A, HARM missile/rack jettison trajectories from the F-4 were
predicted by performing grid wind tunnel testing with 1imited CTS trajectories to verify trajectories
generated using the grid data. In Appendix B, CBU-89 store trajectories from the F-16 were predicted
using an analogy-grid approach. Basically, available grid data for an analogous CBU-58 store were used
in conjunction with the freestream data for the CBU-89 store. The 1interested reader is encouraged to
consider the flight test program that he or she would have formulated based on the results of the
predictions. As will be mentioned in some detail in the next section, the scope of the flight test
program, at least in the US, is largely influenced by safety of flight, cost, and time factors.

A very real problem in store separation today is multiple bomb rack jettison. Associated with
every employment envelope established for stores is a jettison envelope for the rack from which the
stores are released if the rack itself is jettisonable, For example, MER-10 anu TER-9 multiple bomb
racks are Jettisonable. Jettison of racks can be very dangerous. It would be very expensive to wind
tunnel and/or f11ght test all possible combinations of rack/store configurations that could be
encountered. For example, the normal release sequence for the six stores from a MER-10 alternates from
aft to forward rack stations. If, for example, a malfunction occurs as stores are released, leaving
three stores forward and two stores aft, one store forward and no stores aft, and so forth, and the
pilot is now forced to jettison the rack with remaining stores, one can see that separation can be quite
a probiem du~ to the unusual aerodynamic arrangement and large off-center weight. Since racks
are normally only jettisoned in an emergency there is 1ittle incentive to spand any more money ard time
than is necessary to establish a benign safe jettison envelope. Because bomb racks are very narrow, use
of the CTS 1s generally precluded due to sting mounting incompatibilities. As a result, wind tunnel
testing has, in the past, resorted to freedrop testing. Unfortunately, this approach does not satisfy
the economic consideration. when dealing with the scope of the problem. Consequently, a technique for
establishing a more efficient return on generated data and allowing more fiexibility in studying rack
Jettison questions was needed by the USAF. As a result, the OAC developed a technique called the
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Nulti-carriage Bomb Rack Jettison Computer Simulation Techniques (MST). The technique is documented in
Reference (32%. The technique offers a method for predicting the trajectories of bomb racks which are
of low density, are aerodynamically unstable, and have wide center of gravity and moment of inertia
variations. A1) of these characteristics contribute to coupled angular motions. Because of

the complex nature of the problem, it can best be solved (in the authors' opinion) experimentally.

The MST acquires total flowfield serodynamic coefficients from two sources. First, the rack
with attached stores is mounted on an instrumented pylon (internal pylon balance) and aerodynamic data
are obtained for the total installatfon in the captive carriage position. Next, “reestream aerodynamic
data for the rack/store configurations are obtained using a larger mode! scale to facilitate sting
installation. Once this data 1s obtained, it can be subsequently used in support of this type of work
on other aircraft. These data form the starting point for determining captive carriage interference
aerodynamic coefficients. Interference coefficients are decayed exponentially with vertical distance
with respect to the pylon. The resulting data is used in a six degree of freedom computer program,
along with other necessary input data to obtain rack trajectories. The technique has been validated
with freedrop tests for a variety of rack configurations and Mach rumbers with very good correlation.
This technique is very useful for subsonic flow, but does not agree as well for supersonic flows where
more complex patterns of shock flow exist. Some a-priori knowledge of the flowfield is needed to
establish decay constants through previous tests and extensive freestreem data is needed. This is the
principle disadvantage to the technique. Yet, it does provide more data versatility than the freedrop
method, and gathers installed loads data in the process which may be useful for later studies.

4,2,2 United Kingdom (UK}
During the visit to the UK, the authors visited with representatives from several

agencies and organizations, all of whom are actively involved in store separation and each of which
utilizes one or more techniques.

Aeroplane and Armament Experimental Establishment (AMBAEE) Boscombe Down

Aircraft/store certification requirements emanate from the Royal Air Force (RAF) and are
submitted to the Ministry of Defense/Procurement Executive (MOD/PE), who processes vaiidated
requirements to the ASAEE. ALAEE evaluates the requirement and assesses whether flight testing can
be performed without the need for analyses or wind tunnel testing, or if flight testing can be dispensed
with and the requirement met by analogy to an already certified aircraft/store configuration. Usually
flight testing is required. In fact, even for analogy situations, flight testing is usually performed
to demonstrate satisfactory store separation at the corners of the flight envelope. When analyses or
wind tunnel testing is deemed necessary, ASAFE solicits assistance from aerospace firms or other
government organizations through MOD/PE., Upon receipt of predicted store separation characteristics,
ABAEE formulates the flight test plan and conducts the testing. The initial test point is selected on
the basis of judgment and experience. Subsequent test points are based on results of predictions and
actual results after each test mission. ABAEE utilizes externally mounted cine cameras
to record store separation trajectories. Cine film is reduced using a photogrammetric data reduction
program called ATRAJ. While this system has worked well in the past, ARAEE has taken the initiative
to develop a video camera system. The system (the first of its kind seen by the authors) offers to
revolutionize data gathering for compatibiiity testing and will be discussed in a subsequent section.

Royal Airplane Establishment (RAE}, Bedford

RAE Bedford is not directly involved in aircraft/stores compatibility testing. In the
authors view, RAE can be likened to the US's National Aeronautics and Space Administration (NASA). They
have their projects and f1ight test resources. They perform busic research, concent evaluations, and
system assessments (RAE Bedford developed the first Heads Up D'splay). RAE Bedford has taken a
leadership role in the UK in developing theoretical prediction techniques for store separation.
Techniques are then made available to industry and government in the UK.

RAE Bedford has developed a store prediction technique called RAENEAR (an improvement of the
NEAR technique). This technique is a panel method and is vaiid for stores with circular cross sections.
RAENEAR calculates the flow field, calculates store loads, and uses the equations of motion to calculate
the tragector,y. Advantages of RAENEAR are that it 1s cheap (dnes not require expensive wind tunnel
testing) and quick; although the definition of “quick* is relative. At the present time, each run
requires several hours of computer time, A disadvantage of RAENEAR is the limitations of aerodynamic
theory (particularly in the transonic Mach regime and at high angles of attack) which impacts prediction
accuracy. RAE Bedford acknowledges that theoretical methods are far from being reliable enough to
dispense with wind tunnel techniques. However, they are convinced that with RAENEAR, critical
configurations, speed regimes, areas of difficulties, and so forth, can be eva'uated at less
cost than by only performing expensive wind tunnel testing. RAENEAR is fully described in Reference
(33) and an overview of RAE Bedford prediction methods is contained in Reference (34)

British Aeraspace (BAe) Brough

BAe Brough uses both theoretical and wind tunnel techniques to predict store separation
trajectories, Both RAENEAR and SPARV, Reference (35), theoretical techniques are used. BAe Brough {s
enhancing RAENEAR by improving 1ts computational efficiency and accuracy, improving modeling and
aerodynamics, and extending its applicability to non-circular ejected stores, Reference (36). SPARV 1s
a panel program which calculates store forces and moments at any position 1n the trajectory and then
uses a Runge Kutta fteration to predict the movement of the store. BAe Brough states that the method is
still in 1ts infancy and will be improved by incorporating semi-empirical techniques such as cross-flow
drag and viscous effects. They feel that SPARV 1s better than the simpler RAENEAR beceuse of the
greater potential for extension as modeling techniques for panel methods improve. SPARV s applicable
to complex geometries and, hence, can easily handle effects of geometry changes. The SPARV program has
been validated to some degree by comparing predictions with flight test results. BAE Brough states that
a shortage of high quality flight test data has been a major stumbling block 1n investigating the
relative merits of various prediction techniques.
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Turning to their wind tunnel capasilities, BAe Brough opearates a blow-down tunnel with a 0.68
square meter test section. The relatively small size of the tunnel dictates use of small models on the
order of 1/30 scale (thev have 1/28.5 scale Hawk aircraft. 1/30 Buccanner and Harrier afrcraft, and 1/30
scale Tornado aircraft). Because of seall tunnel size, the freadrop technique is preferred and its use
has been optimized for their blow down tunnel.

BAe Brough has evaluated the pros and cons of the various scalinf methods and selected light
mode] scaling. To sate for the gravititiona) defictency associated with this staiing methed, a
unique Accelerated 1 Rig (AMR) was developed. The function of the AMR 15 to accelerate the wodel of
the airsraft upwards during store separation. Using a 1/30 scale model, the AMR accelerates the
alrcraft upward 29g during store separation. This 29g coupled with the 1g natural gravity field
approximates that which would occur in an {deal 30g field. The upward acceleration of the mode) can be
maintained for about 20 m1)11seconds (an additional 20 milliseconds is alliowed for deceleration to rest)
which equates to 0.6 seconds full scale. This is adequate for most stores to leave the near field of
the atrcraft. Correction of the gravitational deficiency using the AMR accounts for the largest (first
order) error associated with ight model scaling. The other source of error 1s the induced incidence of
the afrcraft as a result of its upward acceleration, and the induced incidence of the store as a result
of the gravitationa) deficiency. Yo minimize errors from this source, BAe Brough has devised the
technique of adjusting the pitch rate of the ejector. The validity of the ANR has been established by
virtue of good comparison of predicted/actual store trajectory results. Data comrarisons are presented
in Reference (37) along with a detiiled discussion of the AMR design and construction det-ils.

Although BA= Brough has a viable AMR system, several improvements are planned. For example,
the ejection force simulation will be improved and end of stroke velocities will be measured using a
laser doppler technique. Trajectory analyses wil) be enhanced by implementing a data reduction system
that is similar to the US's Graphic Attitude Display System (GADS) used for cine camera film reduction
GADS will be discussed in a subsequent section. Use of this type of dzta reduction system in a wind
tunnel application would be entirely .sew. It may be noted that at the present time, cine film 1s
reduced using efther a one or two -amera solutior. BAe Brough is lodking into ways of changing the
airersft incidence during afrcraft acceleration (perhaps with a microprocessor controlling the parent
aircraft rack and pinion system). This would eliminate the need for adjusting the ejection
force/moment. Lestly, they are evaluating increasing the maximum wind tunnel operating stagnation
pressure from 4 to 9 atmospheres. This would have the effect of increasin; Reynolds Number (RN) to 1/4
to 1/5 of full scale values. A fina) thuught on the AMR system. It may be noted that the system can
only be used for single store releases due to the short time available for accelerating the parent
aircraft model. However, this has not proved to be a terious l1imitation for BAe Brough since most of
the releases that they are required to support are single releases,

BAe Brough also operates two other wind tunnels in support of store separation testing. The
Open Jet Wind Tunnel (2x2 foot test section) is used for free drop testing, Light mcdel scaling without

gravitational correction is used, For 1/7 scale (typical) the acknowledged trajectory error is about one

mecer vertically at 0.5 seconds with an induced incidence error of auout one degree at Mach 0.5.
Multiple store releases are made in this tunnel. Use of heavy model scaling was considered, and
rejected, because of the nced to increase store density to high values that required models to be
constructed from exoiic (and expensive) materials, and the need for high ejection forces.

The BAe Rrough Low Speed Wind Tunnel 1s a continuous flow tunnel with a seven by five foot
test section (velocities up to 250 ft/sec). Freedrop testing in this tunnel uses Froude scaling due to
low Mach requirements. Normal model scales range from 1/10 to 1/12. Testing iu this tunnel is
primarily devoted to evaluating emergency jettison of stores during take-off and landing conditions.
The reader is encouraged to read Reference (38) which describes in some detail the store separation
v:::hodsfused in the UK. Intuition, RAENEAR, 1ight mode! testing, and the AMR are 211 discussed in

s reference.

Aircraft Research Association (ARA)

ARA is an Independert cooperative research and deve)opment organization set up in 1952 by 14
UK aerospace firms. It is non-profit and 1s not government owned. ARA operates two continuous and
four intermittent wind tunnels. The focal point of store separation activities is the 9 hy 8 foot
transonic wind tunnel (up to Mach 1.4), ARA utilizes freedrop testing using 1ight model scaling (with
a simple vertical displacement correction factor incorporated into final reduced output data to
account for the gravitational deficiency).

ARA operates a Two Sting Rig (TSR) which is similar to the US's CTS. Figure 17 shows the
general arrangement of Lhe TSR with a Tornade aircraft model installed. The TSR is described in
Reference (39). The TSR is used in efther the trajectory or the grid mode. This system was validated
in 1976 by comparison with f11ght test data and a US CTS. The TSR can be used up to Mach one. Typical
model scale is 1/1). Position accuracy is advertised as plus/minus 0.05 inches and 0.15 degrees.

ARA 1s very active in theoretical prediction methods. They be)ieve that these methods are
needed to complement wind tunnel work, ARA has used the Nielsen method (Referince (40)) and validated
1t to high subsonic Mach. The method is used to support wind tunnel studies before actually conducting
testing. ARA is convinced that in the future there will be an aver increasing use of theoretical
methods to complement wind tunnel testing, Incidentally, ARA used the Nielsen method to optimize
lateral ’2“"““ of stores on a Twin Store Carrier (TSC{. Because of these studies, subsequent wind
tunnel testing was much reduced in scope had studies not been performed. The reader is encouraged to
read Reference (41) which fully describes store separation testing at ARA. ARA's opinfon as to the
ad:antages and disadvantages of mathematical modeling, TSR, and freedrop are all discussed in this
reference.

4,2,3 Netherlands (NL)

The authors visited the National Aerospace Laboratory (NLR) which is a government subsidized
organizatfon, NLR has extensive store separation prediction and test capabilities for aircraft used by
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the Roval Netherlands Air Force (RNLAF), Thev have a complete NF-5 and F-16 capability, MR is the
recognized authority on coapatibi 11ty matters in the Netherlands, and accordingly, the RNLAF relies on
NLR for technical expertise. Basically, the RNLAF provides NLR with their certification requirements
and MR then performs compatibility analyses, and fcrmulates and orchestrates f1ight testing which is
performed by the NRLAF.

NLR can predict store trajeciories using theoretical, grid. flow angu\ari:?y and freedrop
methods. When wind tunnel testing 1s required, NLR prefers use of the grid method. This is because, as
mentioned in an earlier section, grid data can be used off-1ine to perform trajectory analyses.
Trajectories are calculated using 2 six degree of freedom computer program called VORSEP, VORSEP
accepts aerodynsmic parameters as tnputs. The model can be operated in two ways: (1) to predict store
trajectories when aerodynamic coefficierts are obtained from theoretical studies, wind tunnel tests, or
from tests with the NLR full scale captive store load measuring system (described in subsequent
paragraphs), and (2) to determine aerodynamic coefficients from store trajectory data measured in a
wind tunnel or from full scale store separation tests. In these cases, the model initially uses
predicted coefficients to produce 8 predicted trajectory and the coefficients are adjusted until the
predicted and actual trajectories coincide. VORSEP, the KLR panel method, and other prediction
techniques used by NRL are fully described in References (42) and (43).

In addition to the above, NLR has developed, and validated, a unique, full scale flight test
captive store load measuring system This system consists nf a support structure suspended from a bomh
vack, a five component load measuring balance, and a replaceable store snape (which is made as light as
possible to minimize inertial forces). The system is designed so that in-flight airloads may be
measured with the store in a captive carriage position end in 2 displaced position (with a spacer placed
between the store and the carriage rack). Figure 18 shows an NF-5 test aircraft with a fuel tank
mounted on the captive store load measuring system in_the displaced position. This is a well
instrumented aircraft for store separation testing. The instrumentation is described in Reference (44).
The basis for selection of this nowinal offset vilue was NLR studies which show that interference
aerodynamic forces decay rapidly to small values by the time one store diameter is reached. This
correlates with USAF results. The system has been validated on the NF-5 using a number of Tow density
store shapes suct as the BLU-1. NLR experience is that store separation trajectories based on flight
test full scale captive loads are far more accurate than theoretical or wind tunnel based predictions.
Incidentally, NLR believes that this system is particularly suited for their use since the NF-5 carries
stores ¢7 parent pylon and on multiple carriage racks and many stores are of the low density, unguided,
variety, The NLR captive store loads measuring system is fully described in Reference (45). As a
fol low-on activity, NLR is developing a self-contained instrumentation package that will allow tests on
normal operational aircraft. The present system must be used on a spectally instrumented aircraft since
data is recorded on the aircraft,

when a new certification reguirement is received by NLR, an assessment is made to determine
if the store can be certified by analogy. NLR acquired an extensive aerodynamic data based for stores
certified on the NF-5 by the airframe contractor. This data base is very important to NLR and serves as
a basis for anatagy type certifications, If a new store fits within the analogy criteria, no further
analyses are performed and fiight testing may or may not be conducted, If an analogy does not exist,
store trajectories are initially predicted using the NLR panel method. Results are used to identify
safe, marginal, and unsafe areas of the flight envelope. If results show safe separation throughout the
flight envelope, no further analyses are necessary and flight testing is conducted only as necessary to
validate predictions. If results show marginal or unsafe areas of the f1ight envelope, NLR may request
that the RNLAF first perform f1ight testing using the captive loads system. NLR reports that three
missions are usually required to gather store airloads data for each configuration (one mission with the
store in the captive carriage position and two nissions with the store in displaced position). Store
airloads are subsequently used in six degree of freedom computer program to predict store separation
trajectories. NLR reports excellent agreement between predictions and actual results. In fact, deta
contained in Reference (46) show that for LAU-3 and BLU-1 stores, trajectories predicted using the
captive load system compared very well with actual results. On the other hand, predictions based on the
NLR panal method and wind tunnel data did not compare nearly as well (particularly in the pitch plane).
In view of proven results, NLR naturally ettaches high confidence to predictions using the captive store

loads measuring system. This system has enabled store separation flight testing to be performed with

lower risk and fewer missions than would otherwise have been possible. It may be noted that NLR starts
flight testing at a point judged to be very safe (based on experience), If there are any significant
differences between predicted and actual results, carriage loads are extracted from actual results and
usﬁ? todupdate predictions. This process s continued until separation envelope goals have been
achieved.

Before closing this section it should also be noted that NLR has developed their own data
reduction program, called MILLIKAN, to support store separation flight testing. The program converts
store images on movie film to six degree of freedom digital data. This program uses a single camera
solution. The MILLIKAN system is fully described in Reference (47).

4,2.4 Canada (CA)

The development of a Canadian Forces (CF) store separation prediction and test capability has
been rather recent. Yet, the CF has already developed a baseline capability along with plans
for further growth. Historically, the CF certified stores on their aircraft by analogy to
stores certified on another country's aircraft or by performing f1ight tests. The problem
with the analogy method was that the CF frequently found that another country's flight
envelopes were too restrictive for their use. As no pre-flight prediction techniques existed,
the CF resorted to brute force flight testing. The CF found that this type of testing was too
expensive, too tine consuming, and too resource expensive for their purposes.

The above operating procedure might have remained unchanged were it not for the decision to
ennance the CF-5 external stores capability. The CF-5 program provided the opportunity for the CF to
develop and acquire 3 preciction and test capability. The CF (through OFTEM 4-4, CF office of primary
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rasponsibility for stoves cospatibilfty) were aware of, and liked, the mannar in Which stores were being
certified by the RMLAF on the NF-5 with the assistance of NLR. This stimulated the CF to establish an
in-house prediction and test capability uti)izing Cemedian industry (Canadatr LTD) in conjunctien with
the government's Nationa) Aeronautical Establishment (NAE) Migh Mrom‘-us Leboratory, and the
Afrcraft Engineering Tast Estadlishment (AETE). Initfally, the CF establf a joint Canadatr/MR
effort to certify the SW-25 and BL-755 stores on the CF-5. During this program Canadair cbtained MR
prediction methodology and AETE developed instrumentation and test techniques.

The first in-house application occurred in 1978 when the CF was tasked to certify the LAV~
$003 rocket launcher {with various weight warheads) on the CF-S, Canedair performed preliminary
trajectory analyses using their store separation model to determine critical configurations and to form
s basis for establishing a f1ight test plan. During AETE f1ight testing (using an instrumented captive
airloads measuring system 1ike that used by NLR) actual results were compared with predictions and,
where necessary, pradictions were upgraded before proceeding to the next test point. Following
successful completion of the program, LAU-3 and LAU-5002 rocket launchers, AlM-9 missiles, and an
airborne instrumentation pod were certified by purely analytical means saving the CF swbstantial funas,
time, and resources.

The Canadair store separation model is describad in Reference (48). This program is written
in Fortran specifically for use on Canadian computing facilities. Basically, it is a lar six degree
of freedom program so that it can be used to support any compatibility program (its use i3 limited to
unpowered axi-symmetric stores). It consists of a MAIN program which utilizes store and airc:aft mass
and tric input data an calculates and tabulates the actual trajectory. Subroutines consist of
ATMOS which processes altituds and velocity parameters, LIFT which processes store and aircraft
aerodynamic parameters as a function of flight condition, EJECT which converts ejection forces into
store forces and moments, AERO which calculates total (freestrsam plus interference, or freestream plus
captive) store serodynamic loads during the trajectory, and PLOT which plots the trajectory. In LIFT
the aircraft angle of attack remains constant during store separation; in EJECT ejection force “recoil®
is included. Forces are varied from pylon to pylon in AERO, captive store loads ire decayed to
freestream by the cube of the aircraft wing aerodynamic chord. In addition, the simplifying assumption
is made that store freestream and interference forces can be treated independently. Accurate inputs to
AERO are obviously the key to accurate trajectories. AERO can accept experimental, theoretically
derived.) or captive store airloads measured with an instrumented store (this has been done successfully
at AETE).

In the theoretical area, the NAE initiated a multi-faceted effort to develop and purchase
computer prediction codes and to acquire and fabricate wind tunne) equipment to support store separation
programs. Several codes are in use and development to generate store freestream aerodynamic forces.
The Jorgesen code is used to predict forces and moments on slender bodies up to 180 degrees alpha
(subsonic and supersonic). This code is based on slender body and cross flow theory and has been
extended for use up to Mach three; a code termed AKCAX is being developed to predict the freestream
pressure distribution and drag for slender bodies at zero degree alpha and to predict side force at high
alpha. The Mendellhall code is used to predict freestream forces and moments on wing/body/tail store
configurations up to 35 degrees (subsonic and supersonic). This code is based on 1ifting surface theory
which utilizes vortices shedding from the body nose and the wing edges. Plans are to acquire a cross-
flow code to be able to predict freestream forces and moments (subsonic and supersonic) up to high
alpha Interference forces and moments on a stove as 1t translates through the aircraft's flowfield are
predicted subsonically using the three dimension NLR panel method and transonically using the
equivalence rule/cross flow developed by NAE and solved by the NLR panel method. This method is
characterized by short computer times. The Dillenius code is used to predict store captive loads.
RAENEAR (valid for stores with circular cross sections) and NEAR (not )imited to circular cross
sections) prediction programs are also in use. Present plans are to compare predictions with flight
test data to assess prediction accuracy.

It 1s clear from the above that the CF has developed, and is enhancing, thelir prediction
capabilities to support current and future efforts such as for the CF-18 atrcraft/stores compatibility
program. Current plans are for a contractor to perform trajectory predictions and provide flight test
support for initial baseline store configurations. This will establish a data base for the CF, and put
the CF in a posture to perform follow on certification efforts totally in-house begining in 1986, Along
these 11ines, the CF is already planning on obtaining their own 6% CF-18 wind tunnel model. The reader
is encouraged to read References (49) to (53) which describes in considerable detail Canadian store
separation methodologies and capabilities.

4.2.5 France (FR)

During their short visit to France, the authors visited Avions Marcel Dassault-Breguet (St.
Cloud), Dassault has extensive prediction capabilities utilizing both wind tunnel based grid, freedrop
(using 1ight mode)l scaling), Captive Trajectory System (CTS) methods, and theoretical methods. Because
of the wind tunnel's high cost, and the ability to perform parametric studies and pre-flight
comparative analyses, theoretical methods are preferred. .

The afrcraft flow field is theoretically predicted: subsonically, using the singularities
method with a distribution of sources, sinks, and vortices on the aircraft surfaces and divided into a
large number of elements (this method requires high computing time); and supersonically, using the
finite difference method (which assumes isentropic flow and does not consider shocks).

Nhen wind tunnel testing is performed, the French industrial wind tunnels are used. A
configuration analysis is performed to determine which test techniques should be utilized. For example,
is the store stable or unstable, low or high density, located adjacent to another store, high or low
wing/tatl aircraft configuration, speed regime, and so forth? Subsequently, the physical and mechanical
Timitations of the wind tunnel and limitations associated with the test technique itself are evaluated,
and based on results, a test technique (grid, CTS or freedrop) is selected.
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A recent application of in-heuse 111ties has boon in support of the Mirage fol pregran.
Stere separatiss wind tumel testing, weing 1/18 scale madels, wet performed. Dassamit reporied lorge
{- differances batween prodicted and actual results. 10 the wind tusmel, the wissile wse
sboard whersas in flight, the wissile did not yow at all. This wes srpriting to the authers, but st
nev, a8 similor snemalies were soted by the Alr Force during wind tunne) testing performed in suppert of
the A-T0 flight tast program.

2.6 Germeny (§0)

The suthors viaited Dormnfer at Friedrichsafen and 108 at Ottobruen ﬂﬁn‘.thoir short visit
to IuU{ These firm perfern compatibility analyses ond tasting under ceatract to the Sermen
govermmnt. For atreraft tn the developmmt phase, the Sorman procuremeat office ceatracts for the
atrcraft and this contrect includes the stores the afrcraft must carry and relcase (basaling stores).
During the developmant phase, tirms normally perform extensive wind tunne! testing to eptimize the sh
of the aircraft to easure successful iw ration of baseline stores. These tast results are reviewed
the Garman goverament reprassatative (wilitery certification agency BMB-WL). On the basis of the test
results, M issues a preliminary flight test suthorization as necessary to coaduct the next mission.
Without 8 clearance from BUB-WL the firm is mot allowed to fly. 1If a new certification requirement i3
validated for aa axisting (inveatory) alrcraft, BWB-W. decides whather the German goverament test ceater
will, or can, handle the task alome. Normally, if there is no need to mdify the atrcraft, h-NL
decides that the Garmen test cester will perfors the test. Iwn this avent, the tast center engineers
write a proposed test plan and discuss the test plan with Bu-ML. If SWB-ML coacurs, thay issue a
f1ight suthorization to the test ceater to allow tasting to start. ain, after each mission, SWB-NL
reviews results and, upon program completion, issues the fina certif cat‘ul which allows the German Alr
Force to fly within the certified envelope.

Two examples may serve to illustrate the operating relationship of BWB-ML with respect to the
firms. In the Tirst case, there was a requirement to estabiish an Alpha Jet smergency jettison envelope
for a twin store carrier loaded with stores. The contractor recosmended that wind tunnel ustin‘ be
performed before initigting flight usth\i. SWB-ML determined that flight testi could be initiated
without wind tunnel testing, and this is in fact what was done. In another example, for a major mew
missile certification effort on the F-4, MB8 predicted missile separation characteristics. SWB-ML then
reviewed these calculations and issued 3 f1ight clearance to the German test center. After each
mission, results were used to upgrade the ca culations for the following mission. In this example,
BWB-ML made the cetermination that 2 joint firm/government participative program was in the best
{nterest of Germany.

MB: MB8 uses SSP (Store Separation Program) code which relies on flow fields, captive loads,
free f1ight aerodynamics and ERU-characteristics, all determined either by theory or by experiments. In
development since 1974, this code has been used to evaluate most clearances needed for the Tornado
fighter atrcraft where it has been used to optimize the minimum release intervals for multiple bomb
releases. For retarded bombs, the intervals were nearly halved by this theoretical optimization and
successfully flight tested within the operation envelope. The MBB-SPP has recently supported
wulti-firings of the Tornado/Mi-1 smunition. References 54-56 present an excellent discussion of the
M3B-5SP methodologies.

Dornier: Dornter employs a variety of prediction techniques such as grid, free drop, and
theoretical. Theoretical teciniques and free drop appear to be the centerpiece of Dormier's
methodology. Although a store data base is maintained, theoretical store separation pradictions are
always made, even if a new store is analogous to a certified store. Dornier has had good success using
theoretical methods and free drop which are documented in References (57) and (58). An interesting
application described to the authors was in support of a tow target system. Problems were being
encountered during target tow. The system was modeled mathematically and parametric studies were
performed which identi 1ed a fix. The fix was implemented, tested, and proved successful during
subsequent flight tests. .

High confidence is placed on the accuracy of predictions using wind tunnel methods. However,
wind tunnel testing is rarely used due to high cost. In fact, it is the authors’ understanding that the
wind tunnel is used only when there is an order for a production aircraft to support the high cost of
testing. If wind tunnel testing is performed, free drop and grid (particularly for missiles) methods
are uted. Dornier examined use of Vight, heavy, and Froude scaling. Heavy model scaling is preferred
although 1ight mode) scaling 1s used for low density unstable stores. Judgement is used in sele ting
the best scaling mathod for the appliceble task at hand,

5.0 STRUCTURING A FLIGHT TEST PROGRAM BASED OM PREDICTIONS

This chapter is one of the wore mportant in this report. This saction describes an approach
toward structuring a separation program based on predictions in conjunction with safety criteria that
are not documented elsewhers. Although this approach may not be accepted b) others as the best one for
every situation, 1t has been successfully used for the last 18 years by the USAF, and it is felt that
readers should seriously consider its adoption. .

5.1 Safety of Flight Criteria for the Test Program

With rare exceptions, flight tasting should be performed in such 3 manner as to winimize, but
not necessarily eliminate, the potential for aircraft-to-store contact during store separation. The
f1ight test program (mission susmaries) should be structured so that if a store should contact the
atrcraft, the contact will only result in superficia) damage that would not affect safety of flight.
Such store-to-aircraft contacts are catc‘orlnd as "low risk®. For exampie, a store that separates with
a greater than predicted nose-down pitching wotion might cause some store tail-to-aircraft pylon

contact. The possibility of such contact should be accepted if mothing more than scratches are
anticipated. I the goal were to entirely eliminate the possibility any contact, the number of
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nissions would have to be drastically increased to a)low for mintma) in atrcraft velosse
conditions between missions. THis would result ia ﬂ.ﬂﬂeaﬂ( ) tast cost and test time.
While the need to minimize cost 1s as fmportant tn the USAF as 1t probably 1s 1n eiher natiens, the

authers have to say that it has been their experience that the need to cahh the test in 2 timely
minner froquently tends to override the cest aspact. kewmn'ly. the has boon mativated to
performing testing 1n the most expeditious menner possible % at the "lew risk® spproach 13 not
compromised. To alsborate on the foregeing discusstion, consider FY 1% In a very steplisitic
fashion, this figure convays the view that 1f one wanted to absolutely minimize risk, ene weuld have to
conduct a large mumber of missions. On The other hand, 1f ene were willing to atcapt & high risk, then
one n',ht not need to conduct any misstons at alll That 15, 4 stere separation envelope could be
established on the basis of predictions, analogy to a certified stove, or just n‘"ncﬂn Judgment.
Oepending on one's record in predicting store separation characteristics using analyses, analomy, or
engineering judgment, the actual risk might mot be as Aigh ar one might suspect. For USAF purposes, two
other parameters that were mentioned earifer - cost and time - are considered of njor tmportance.

Just about every program with which the authors are familar was expacted to be completed in
the shortast tise possible. Many programs were due tc be completed “yasterdey”. That 18, upon receipt
of program g0-shedd, the operationa) user wis already asking why the enhanted capadtility that the
program was to produce had not yet been received! This theme was mentioned in Section 4 from the
standpoint of why a specific separation prediction technique was selected. The point also holds true
when it comes to flight tuun.o It 13 obvious that more missions require more time, and time is
something that is usually in rt supply. Stmilarly, more missions cost more money and unless the
progrn‘ :of the highest priority, cost must be kept as low as possible because of prevailing budget
constraints.

If one considers cost, time, and risk as interrelated, what the authors call a "performance
factor” may be derived. If this facter {s plotted as & function of the number of wissions, 1t is
dpparent that there 1s an optimum number of missions that yields the highest performence factor as shown
in Figure 20. This figure shows that there is an optimum nusber of misstons for given conditions of
cost, time, and risk. To the left of the optimum number of missions there is a rapid decrease in the
performance factor. This is due to the fact that risk increasas dramatically and dominates as the
nusber of missions decreases. On the other hand, to the right of the optimum number of missions there
is a more gradual decresse in the performance factor. This 1S because as more missions are added, cost
increases dominate the combination of the two.

One should always strive to achieve the optimum performance factor for each program, But,
how {s this done? Unfortunately, there is no universal answer. Each country has its own
"risk acceptance® or safety of flight criteria. [n addition, sach military service and each test
organization ysually has fts own safety of flight criteria. For example, one test organization may view
an occassional store-to-aircraft contact which may cause minor damage to the alrcraft and/or store, but
not jeopardize the flight safety of the aircraft and/or pilot, as routine and acceptable. Another test
organization may view any contact as serious and unacceptable. Clearly, in the first instance the
engingering community would structura the test program far differently from the latter case - in which
more safety-enhancing build-up missions would be included. As for the time factor, the mission rate is
highly depandent on an array of variables, For example, test support requirements, aircraft complexity
(turn around time), store complexity (guided store or iron bomwb), data reduction requirements and
processing time must be considered. Similarly, each of these factors impact cost. Too many times
engineers, in a building remote from the test organization, plan the test program ob11vious to such
factors as risk, cost, and time. A basic key to structuring the separation program is to build these
parameters in from the outset.

Nith the aforementioned discussion as buckground material, the constraints used to meet "low
risk" safety of flight criteria will bde discussed. Basically, there are two primary constraints:

(1) No part of the store shall come closer to any part of the aircraft structure, suspension
hardware, and/or adjacent stores, them it was during captive carriage.

(2) Upon release, the store shall separate with a nose-down pitch rate and a positive
acceleration away from the carriage rack until completely clear of the afrcraft flowfield.

Figure 21 {1lustrates the first constraint. Store A is in the captive carriage position,
Store 8 15 shown with its fins having translated sbove the captive carriage position due to a large
nose-down pithn? motion. This case is unsatisfactory even though, due to some lateral movesent, it
might miss the pylon. Store C is shown with its fins having displaced below the captive carriage
position during separation, This case is what is strived for, and is satisfactory. Although we are
discussing store motion only in the pitch plane, the same holds true in the other planes.

As far as the sacond constraint is concerned, a nose-down pitch rate and acceleration away
from the aircraft are the primery keys to safe separation. Thay are also Ltae wost difficult constraints
to achieve. Store D in Figure 21 s shown with a nose-up pitch attitude. While this store may have
separated safely to this point, with a nose-up pitch attitude 1t coyld ate enough 11ft (depending
on its asic characteristics, weight, and release conditions) to 17" back into the atrcraft. If
one recalls Figure 3 where the F-111 fuel tank was releasad, positive downward acceleration initially
existed but not for a long enough period of time for the tank to clear the entire atrcraft flowfield as
evident by the fact that 1t *flew" wp and into the aircra’t. Clearly, positive acceleration will always
be present if the store separates with a nose-down pitching motion and maintains & nose-down pltch
attitude until clear of the atrcraft. This {s why one should almost always select ejector rack pitch
control settings to fmpart an initial nose-down pitching rate to the store. If the ejector rack only
has one ejector piston and this piston is behind the center of gravity of the stors one has wo choice
but to proceed with the test - very carefully, In this instance, the stors separation envelope that can
eventually be clecred 1s usually restricted because the inttial pitch control aeeded to start the store
with the desired angular motion 1s not present. One jast point on the fmportance of positive
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acceleration during stéve Rnnﬂu. The USAF requires almsst all steres to be released in a variety
of f1ight conditions, including very steep dive angles. In & sinty dagree dive (which 13 commmn) the
fnttial acceleration due te gravi scting on the aircraft and the store in the plame perpendicular to
the atrcraft Flight path is enly Al ¢ authers have ancountered isstinces time nd time apain
whars, ot high pesds, stores separate with faversble 1nitia) nese-down pitching metions and then,
M\y after release, pitch mese-wp due to atrcraft flewfield effects resuiting in the relative
accalovation batween the atrcraft and the stere beconing Megative in very shert erder, T™he store
sfiies”, and Rits the atrcraft. The meral here is that one must be aspecially careful releasing stores
in o dive angle bunt maneuvers or clhmu {1eft aeneuvers whore the atrcraft ts pulled inte &
tt" clish and atrcraft lead facter s of Just prier to release) whare the relative
scctleration batwesn the afrcraft and the stere ts reduced balow +1.0 g at releass.

As the store separates it usually hes to clear adjacent stores and/or aircralt structure to
1ts sides. In general, me part of the store should come closer than ome inch to adjacen
stores/structure during separation. Figure 22 shows 2 typical afrcraft/stores arrangemeit where the
store hs to clear adjscent storas during release. The figure shows a typical collisien boundary for
the storu to be separated. Note tht the collision boundery is violated 1f the store fins tronsiate
sbove the initial captive cerriage position and if the store yas to such an extent s to allow its fias
to come any closer than one ach to adjacent mounted captive stores,

5.2 Mathods for Strycturing FItght Test Prosram Based on Mrediction

Zstablishing atrcraft/store collision boundaries is thy first step in structuring & flight
test program based on predictions, In the simplést example, 3 collizsion boundary 1s established as
shown in Figure 23 An accurate (scale) drawing is prepared of the store 1n the captive carriage
position on the aircraft (including any sdjacent stores). Then the store is redrawm with its center of
gravity displaced vertically a given distance (usually every sin inches for the first several feet and
then every foot up to at least ore store length). At each vertical displacement, the store is rotated
nose-down and nose-up in separate drawings until any part of the store intersects tha ceptive carriage
constraint (no part of the store shall come closer to the aircraft than during captive carriage). This
procedure is repeated until the store can be freely rotated without contacting any structure.
Generally, the store is drawn on 2 transparency and superinposed on the atrcraft drawing at the various
vertical locations to save time. As an exmmple, Figure 23 shows the maximm nose-down pitch that can be
sustained by a store without the store penetrating the captive carriage constraint. This constraint is
a key ingredient to the go/no-9o0 decision between flight test build-up missions
and will be discussed shortly.

Bafore leaving the subject of collision boundaries, the reader will probably have slready
realized that cases where stores separate with purely vertical motion - without any Jateral motion - and
pure pitching motion-without any yawing and/or rolling motion is rare. In the above collision boundary
example, this is of course what was assumed for illustrative purposes. Combinations of linear and
angular motions during store separation obvious 1y impact the collision boundary. One can calculate the
collision boundary for any array of combinations of store pitch, yaw, roll, and vertical and lateral
displacements. If this is done, hopefully it {s done ON 2 computer because it would be very time
consuming menually. The authors have not found it necessary to do this at all. Actually, store separation
trajectory predictions are reviewed and, based on these predictions, the appropriate collision
boundaries are generated This avoids having to prepars collision boundaries for an array of store
angular motions/positions that are not predicted. Of course, during the course of flight testing, if
predictions prove to be in error, then the collision boundaries are recalculated to correspond to actual
motions/positions.

Now it 1s time to integrate store separation predictions with the captive carriage
constraint. The most common type of output for store trajectory predictions is store angular and store
linear values as functions of time. Figure 24 shows a plot of predicted store vertical displacement and
store pitch attitude (with respect to the initial captive carriage position) as a function of time for
various airspeeds. To be of use with the earlier constructed captive carriage constraint it is
necessary to transform these dats into a plot of store pitch as 2 function of vertical displacement.
This i3, of course, easily done and results are shown in Figure 24. The next step is to cross-plot
store pitch at specific vertica) displacements as a function of airspeed. As mentioned earlier,
vertical displacements of every six inches are used for the first several feet and then every foot
thergafter. The results of this cross-plot taken from the data in Figure 24 are shown in Figure 25.
The final step is to superimpose the captive carriage constraint, and this 1s aiso easily done and is
shoun in Figure 25.

Let us examine Figure 25 more closdly. The increasing spacing between vertical displacement
Tines confirms that the store is separating with a positive acceleration away from the atrcraft.
course this cen be, and is, more easily ascertained by simply examining a plot of vertical distance as a
function of time. This plot shows that the saximum predicted release ipsed is 500 KCAS. If the store
1s released at a higher the store tail will contact the pylon. If one had complete faith in this
prediction, the stere could be certified (that is published in the pi lot's f:1ight menual) without any
testing. tfully, such complete faith in these matters is not justified and, therefore, some flight
testing is almogt always required. Accordingly, this discussion will continue with how to structure
flight test missions.

In Figure 25 mote that the predicted store pitching motion increases very gradually with
incrusin‘ speed. In addition, store pitching sotion 18 always nose-down sO one can count on positive
scceleration sway from the aircrafi (at least fnitially). There are no sbript discontinuities with
increasing speed. In such a situation, a very 1imited f1ight test progrem is usually required. As an
tnitia] oxample, sssune the® the maximm aircraft carriage speed is 600 KCAS. In this case, since the
predicted collision boundary is S00 KCAS, there is no need to worry sbout axceading the carria
envelope during the tast an. In the authors' opinion, an initial release spaed of 400 S would
be ideal. This speed is 100 KCAS below the predicted collision boundary giving substantial margin for
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error in the prediction. A lower speed would be even meve conservative but is not desmed necessary in
this particuler benign case. If the actual test results match predictioms, the next relesse point might
logically be 450 It at this point, actual test results match predictions, the suthors, {n
goneral, extrapélate test results to 500 KCAS and clear this peint by amalysis, Altheugh the actual
test results match predictions, at 500 KCAS the store would separate satisfactorily but just barely
clear the pylon. Secouse of concern for maximizing test safety, the duthors would net choose to
demonstrate this peint. In fect the store would be certified te 475 KCAS to allow for a possidle
soverthoot® of the maximum release conditions on the part of the pilot. As mentioned in an earlier
section, the megnitude of the Overshoot mergin depends on the release conditions (straight and level, or
dive dalivery - which Ngsm 4 higher margin) and other related factors. What 1f the maximum aircraft
carriage weed were 400 ? In this case, a0 tnitia) release speed of 378 KCAS could be used which {s
consistent with the aferamentioned philosophy of not testing at “end point® conditions. Even zm'n
there i an e speed margin from a separation standpoint, the exact captive carriage speed should not
be tested for fear of inadvertently exceeding this speed during the release maneuver. Accordingly, one
should test at a lower speed, the value of which again depends on the type of aircraft and release
maneuver. In this later case, the situation exists where only one release missfon is required to
demonstrate the envelope in a highly safe manner. One last note on this particular exesple. In the
athors' experience, the situation re the predicted collision boundary is at & Mgher speed than the
captive corrtage spend is in the minority. In short, most of the time, the aircraft must be slowed down
to safely release stores. Suffice it to say that in a combat situation, pilots do not want to slow

Now Yet us consider the case where predicted nose-down store pitching motion quickly
increases dramatically with increasing airspeed as shown in Figure 26 In this axemple, the co'lision
boundary ts stil] 500 KCAS. However, because of the stcep slope of the displacement curves, a slight
ervor in predictions could make a big difference in tha collision boundary. According, more caution is
called for. Im this case, fll?t tasting should be started more than 100 KCAS below the collision
boundary. The autnors would select o initial release speed of around 350 KCAS, before the start of the
res where the nn-"mré:g with speed begins. If actual test results matched predictions, the next
test point would be 400 KCAS, just about on the edge of the speed discontinuity. Again, 1f actual test
results match predictions, a speed increase of no more then 25 knots would be attempted with 2§ knot
speed increases on each mission therzafter until reaching 475 KCAS, If at this point stores were stil)
separating succtssful‘l:xsud actual test results stil) matched predictions, actual test results would be
extrapolated to 500 KCAS, and this point would not be testad as discussed earlier. -

The most difficult, and perhaps most treacherous, case has been saved for last., Figure &7
shows store pitch-up below a given speed (in this case 250 KCAS) and store pitch-down above this speed.
This case 1s typical of an unfinned and/or an unstable store. At low speeds, and high angles of attack,
such stores are prone to nose-up pitching-motions, and at Mr speed and low angles of attack, are prone
to nose-down pitching motions. But, this is not a hard and fast rule, just a generality. Clearly, the
local flowfield drives the separation motion. The authors have encountered several cases where the
store separates at low speeds with a nose-up pitching motion and as speed is increased, nose-up pitching
motion continues to increase to the point where the store generates encugh 1ift so as to “fly® back into
the alrcraft. But, at least the pitching motion is in one direction at all speeds. In this case, one
can anticipate increased nose-up motion and plan for it just as was discussed previously for nose-down
pitch. The dual pitch-down and pitch-up motion creates a much more severe problem. Unless one knows
“axact1y* the neutra) point, one can selact an initial flight condition that could lose an aircraft,
This 1s, in fact, what happened to the USAF in the late 80s. The pitch characteristics of a Multiple
Ejector Rack released with asymmtrically loaded stores (to represent a rack malfunction mode) from an
F-4 as a function of speed the same shape as shown tn Figure 27, In this example, ihe rack was released
at & spaed just above the neutra) point (by luck). The rack separated with a very gentle nose-down
pitching motion. In short, a great separation! The next test point consisted of releasing the rack 25
knots slawer. The store pitched violently nose-up, contacted the aircraft causing severs damige,
the crew had to eject, and the aircraft was lost. On hindsight, this contractor conducted program should
have been structured differently. In the first place, the asrodynamic characteristics of the
asymmetrically loaded rack were estimated and not measured in the wind tunnel. Therefore, the predicted
separation characterisitics were not at all accurate. Once the nose-down separation motion had baen
established, the next test point, in the authors' opinion, should have been at a higher speed, mot a
Tower speed, 30 that at least the semblence of & “trend® could be established. At a 25 kaot higher
speed, the very steep slope of the displacement curve should have alerted the tast engineers to the high
probability that if this trend were extrapolated back to a lower speed, a severe nose-up pitching motion
might be the result, Then, with this steep slope as a caution flag, only & very small speed decrease,
if any, would have been in order. One should never proceed into an area of nose-up pitching motion
unless one knows precisely the serodynamic characteristics of the separating store, or unless the
dynamic pressure i3 30 low the store Cannot possibly generate enough 1ift to rise. Failing this, one
must make very small speed adjustments between missions if one proceeds in a brute force manner.

The precesding method of using predictions plotted as a function of speed is clearly the
authors' choice. However, there is snother method used by a nunber of industry engineers which is quite
differant, and which will be discussed for the reader's consideration. In this method, a point in the
center of the desired employment envelope is selected as a starting point for tasting as showm in Figure
28. The store 1s released at this benign speed condition, at or near the maximum allowsble load factor.
For example, the store may be released at 350 KCAS {n +6g symmetric pullup maneuver. Actual results are
compared with predictions and if aﬂ;od match 1s cbtained, the same point 1s repeated but at & lower g,
perhaps half the original value. procedurs is repeated until 1g is reached. Then, tf a match is
sti11 obtained, a release at the minimum “g* is performed. This same procewure s then followed,
expanding the envelope in all directions, unti) points on al) corners o the empl at envelope have
been covered. The proponents of this method claim that less missions are requt This may be true,
but the less straight forward way of upandl:: the envelope say be more of a disadvantage than any pure
saving of missions. With the collision boundary method, one can more easily relate to the envelope
as it is being “opened wp”. In the latter method, it is difficult to know just what envelope s
achieved as testing proceeds because safe separation may occur throughout the desired envelope, but only
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st various "¢" levals. Such an envelope would be of tittle value te fiteht crews. In effect,
atditiona) cross-plotting of data is required to arrive at a vzable envelope for consistent °g" levels.

L] m-un’ to decide at which condition to h'ﬂn ﬂivt testing 30 & to minimize
risk, we have found & simple tachnique which 15 often useful. The lift of o 1s equal to the slope
of the store 1ift curve times the angle of attack of the store times the dynimic pressure tices the
reference ared of the store. Now, one can set the 11ft equal to the store weight. The ilope of the
11t curve can be assumed high, The le of attack of the store during separation cen a1se be atsumed
Nigh. The reference arva of the store should be known. MWith these values, one can solve the equations
for dynamic pressure which can then be related to an equivalent airspeed Vo This Vg is the one dhove
which the store will most probably rise, or ‘flr. and endanger the aircrart. Below this airspeed there
12 11ttle or no probabilitythat the store will fly. Thus this speed con be used for determination of &
safe first flight test point.

5.3 Role of Experience In Structuring Mission Sumsaries

There is no substitute for experience. The separation encinesr sust be familiar with the
general flowfiald characteristics of the aircraft. Once this experience i3 gained, certain general
rules can be followed to establish mission profilas regardless of the store being released. For
exaple, regardless of what the predictions show, m‘nt test experience has proved that on the A-10
a dramatic increase in nose-down pitching motion usually occurs for stores released from any station
of the aircraft at speeds above 350 KCAS. Just about any stable store released at 350 KCAS or below
exhibits safe separation characteristics. However, above 350 KCAS, store nosa-down pitching motion
increases dramatically, such as the trend shown in Figure 26. For this reason, missions are usually
performed at 375 KCAS. Similarly, when releasing stores from the F-15, there {3 a unique “Nach
effect® Detween certatn Mach numbers that was discovered quite by accident during a rather comprehensive
wind tunnel test program. As a result, testing o this Mach effect is built into all F-15 test programs
because of its significasce (causes nose-up store pitching motions in a certain part of the flight
envelope). One last exemple is on the A-70. Stores released from the aft inboard station of a multiple
ejector rack on the center pylon always translate inboard and pass under the fuselage; sometimes, very
closely. To summarize, even if one has a huge volume of predictive data, one may not know just what to
do with it! To be safe, the inexperienced engineer could plan many missions, expanding the flight
envelope very slowly, At least this would be better than pressing on to the edge of the envelope and
hoping that the predictions are correct. If they are not, an accident may result, But with experience
the mission summary process flows rather smoothly since the general characteristics of the aircraft are
usually unchanged regardless of whicia store 1S inserted in the flowfield. This is because the
atrcraft flowfield dominates the store and not the reverse, Experience is the key ingredient necessary
to arrive at the performance factor mentioned earlier in this section. The authors wish the reader
could be given a cookbook for building a mission summary, but quite frankly it cannot be done. The
inexperienced separation engineer (inexperienced from the standpoint of applying predictions to flight
test and not inexperianced in making predictions) is well advised to proceed cautiously until total
familiarity with the aircraft 1s achieved, Then the number of missions required can be reduced safely
for subsequent programs. 6o/no-go criteria should always be used batween missions. For the authors'
purposes. the collision boundary charts do this because, if predictions do mot match actual results to
the extent expected, the program is halted

Before closing this section, onme last point needs to be made on the concept of “know your
airplene™. From time to time the authors have mentioned that prediction methods have not been found to
be of much value for ripple store releases (which is an almost constant requirement during operational
conditions). It takes experience to kmow how to structure a test mission summary to proceed from single
releases of a store to the minimum ripple interval release of all stores. MWithout experience, one would
be advised to start witha release interval of no less than 1000 mi11iseconds and work down in increments
(perhaps, 500, 250, 125, and 60 if this is the minimum value goal). Usually, the store-to-store
interference effects are not predictable during ripple releases at low intervals, and a brute force
approach is called for after safe separation has been established for single releases.

Lastly, assume thit predictions show such superior separation characteristics that the
separation engineer does not believe that even a single mission is requived. In other words, the store
can be certified with almost complete confidence from a safety of flight standpoint. (he authors would
caution that for demonstration purposes, at least one mission should always be performed. This mission
s usually a small price to pay to corroborate those glowing predictions and to ensure that, once the
store is certified and in operational use, there will be no surprises. This is not to say that if many
configurations are required to be certified, every configuration needs to be tested. This is mot the
case. But at least the worst case configuration should be tested to show that the store was safely
carried and released (with all associated fuzing, arming wires and/or other items required). This last
point about testing with associated fuzes, arming wires and lanyards installed cannot be over
emphasized. This {s almost never done unless the testing organization is a military one - and even then
1t is not always done, During combat, the USAF encountered innumerable instances where fuzes did not
work, arming wires did not withdraw properly or becime entangied with ejector pistons and swaybraces on
the ejector unit, or other unexpected events oscurred during store separation. ‘Close examination of the
circumstances unearthed the fact that, in almost every case, the store was cleared for operational use
by a test which did not include actually installing fuzes and hooking up arming wires and lanyards.
Since the late 1960's, the USAF has made it & policy to always test stores for certification with inert
fuzes and/or arming wires installed, and the problems previously experienced in combat have not recurred.

6.0 FLIGHT TEST PREPARATIONS

6.1 Purpose of Comparing Flight Test Results With Analyses

The prediction of store separation trajectories, whather from theoretical or espirical
methods, is not an exact science. At best, it s an art, heavily dependent on exparience. If store
separation prediction methods were exact, then there would be no need for flight testing. However,




since some f11ght testing 13 necessary and universally nrm 4 enpensive and dangerous, it follows
that such f11ght tests should be kept to a minfmum with £11 safety being the overriding factor. In
general, store separation f1ight testing should be perf: to validate the results of pre-flight
prediction analyses, to complement the analyses (n areas where predictive methods are mot particularly
usmn.'(mh as Tipple relesse of stores from several stations), and to decument the results of the tore
separatioms.

Nany hundreds of store separation trajectories may be penerated by predictive methods for
Tess than the cost of one flight test mission. If the results from a f1ight test separation of a store
were known sccurately and in detail, these flfght test data cculd be used to validate the prediction
®ethod. While the validation of the prediction at only ome or two sets of flight conditions will not
validate the entire store separation envelope, it does give the store separation m’imr (and managers)
confidence that the entire prediction method is correct, and 1t allows fewer actual 1ight test data
points to be selected. Even 1f f11ght test results do not match predictions, the engineer can generally
mathematically menipulate the date base, forcing the pradiction to match the actual test results. This
allows additional predictions to be made, using euch F11ght tast result to update the prediction data
base. Subsequent predictions will always be of At confidence, nznn a)lowing & cutting back of
flight testing. It should be stressed, however, that the flight tests 30 eliminated will alw be
“build- up” points. The outer corners of the allowable store separation envelope should usually be
demonstrated in flight tests. These are likely to be the most dangerous spots in the envelope and these
points should not be cleared for everyday use by operational pilots without first having the points
demonstrated by test pilots using instrumented aircraft. In fact, the envelope demonstrated store
separation f11ght testing should be s1ightly larger than that cleared for operational use to allow for
s1ight off-condition drops experienced in everyday operational flying. This may not alway:s be possible;
however, if f1ight tests have been used to vallidate store separation predictions throughout the
41Towable envelope, the predictions can then be used to fnvestigate just how sensitive the outer
boundaries of the allowable separation envelope redlly are. If for example, predictions show that a
store may be separated safely at speeds up to 600 KCAS, then the store should be cleared to a lesser
speed, say 575 KCAS, as a margin of safety. The margin of safety depends upon the aircraft and the
relesse maneuver. The margin of safety can be very small {f the store 1s to be reledsed in level
flight. On the other hand, the margin of safety might need to be considerable if the store is to be
released in a stxty degree dive. In & similar vein, stores should not be cleared for separation at the
edge of the carriage envelope. For example, if the carriage envelope were 600 KCAS, one should not
cledar stores release to 600 KCAS in a sixty degree dive. If many stores are being carried and released
together in a ripple mode, the first store wight be released at 600 KCAS but in all Yike)ihood
subsequent stores would be released at higher speeds due to the fact that the aircraft's speed would
11kely increase during the steep dive as more and more stores were released. For example, in general,
the carriage envelope of the A~7D with external stores ts 600 KCAS, Since stores are routinely released
in dive angles up to sixty degrees, the store separation envelope is limited to 550 KCAS as a margin of
safety to prevent overshoot of the carria envelope. Similarly, the carriage envelope for the A-10A
with external stores is generally 450 KCAS and the store separation envelope is limited to 420 KCAS. If
stores are to be released in level flight, there is little need for a mirgin of safety since the
aircraft's speed would not abruptly change as stores are released.

As store separation prediction methods become more sophisticated more accurate and most
importantly, more reliable, even less flight testing may be required for validation. It {s highly
doubtful, however, if it will ever be a good policy to eliminate all flight testing, no matter what the
state of the art becomes in store separation prediction.

6.2 Analysis Requirements
The foregoing discussion on reducing flight tasting by comparing flight test data to

predictions assumes that accurate and detailed flight test data can be obtained. In order to be usefyl
in comparing asctual data to predictions, the f1ight test data should include the fol lowing as a minimum:

Store Mass Properties: Store weight, center of gravity and moments of inertia. These should
be accurateTy Efcrnhcs prior to Flight testing for each store released.

t Conditions at Store Release: Altitude, airspeed, Mach number, attitude
ateral accelerations, and time correlation with the

(dive, pitch, yaw and ro
stores released.

Ostailed Store Separation Trajectory Data: Store rol 1, pitch and yaw angles and vertical,
lateral, and Yoagitudinal dispTacements with respect to the store's initia) captive carriage position as

a function of time.

Many of those involved in flight testing make the erroneous assumgtion that only detailed
store separation data are necessary. This is not true. The aircraft flight conditions at release and
the stores actua) mass properties are equally important. Some years ago, a li-ge US aircraft company was
conducting store separation flight tests from one of its new atrcraft. The stores to be released were
ordinary inert 500 pound bombs. To simulate the actua) stores, the bomb cases were filled with wet sand
to the proper weight and center of gravity and then scaled. Unfortunately, by flight test time (several
days afterward), the water in the sand had evaporated due to hutiu by the sun leaving the bomb cases
now only partially filled with dry shifting sand. On release at 550 KCAS, some of the stores actually
flew over the top of the aircraftis vertical tatll Some stores hit the aircraft's horizontal tail
cluslng substantial damage. Engineers could not understand how their store separation predictions
could have been 30 erroneous until some of the remaining stores were examined (by chance) and found to
be forty percent too 11ght and have an unspecified center of gravity due to the shifting sand fi1)1. As
a matter of routine, the USAF always fills inert bombs with concrete, taking care to achieve the proper
weight and center of gravity.

Atrcraft flight conditions at release are equally fmportant if the store separation is to be
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conpared with :ndkuun. If the release s to be mede at 4 specific altitude, tn level wnacce lerated
flight, airly esty for the test pilot to release stores at the
even 1f sn experienced test pilot 1a asked to relesse stores at exactly
in exactly & siaty degree dive, it s very 1ikaly that one or sore parameters will be off-conditions,
Glven mur practice, the pilot con become profictent at that set of conditions.
difficelt ta fano aount of practice 13 not usvally practical or available.
and level unaccelerated flight, the pilot may be able to record his actual conditions sccuratel
example; 0040 feet at $85 Xi fastead of at 8000 feet at $30 KCAS,
rapidly. However, {f the pilot 1s in & siaty h‘no
release conditions
release conditions must be known to sccurately cospare ectual f1

it s

sk and @

to scod all of the instruments to record exact

For thess reanons, an accurate

This description was prepa

who wish details on the actua) operation of the system.

When it {s absolutely impossible to install
shoulder cockpit comera can be, and has been, used with a fair degree of success.
an automatic lens aperturs, the results will usually de less than satisfactory. In addition, the
aircraft should be equipped with an onboard cemera system to record store trajectories.
accuracies of these tystems are very iwportant if realistic comparisons between actual results and
predictions are to be made. Although thare are no hard and fast rules,

tolerances as being what we would desire:

Store Mass Properties:

Weight i
Center of gravity + 0.25 inch
Moments of inertia I
Afrcraft Flight Conditions at Stores Release:
Altitude * 50 feet
Alrspeed + 5 KCAS
Dive and ro)1 angles ¥ 2 degrees
Acceleration in a1l axes ¥ 0.01 “g"
Yew angle T 1 degree
Store Trajectory Data:

Angular measurements in all axes + 2 degrees
Linear measurements in all axes + 1 inch

Time

¥ 0.01 seconds

The above tolerances are not hard and fast values.

specified was not necessary for adequate trajectory analyses,

necessary to perform the task at hand - and no wore!
and these figures usually bear no relation to the leve
example, the tolerances given above for store mass property measurements are fair
ustn? almost any modern measurement device, they are relatively easy to obtain. On
led store trajectory data tolerances may seem

tight as is needed to determine safe reliable separation of the store.
Accuracy may necessitate a costly and sophisticated instrumentation and

deta

Just not needed.
6.3 Camera Requirements

At the very heart of obtaining detailed store separation trajectory data lies the camera.
Selection of the proper film, camera, frame rate, lens, aperture, and camers locations are all
extremely important. The recent advent on the scene of modern digital television cameras and thelr

special needs will be discussed separately later.

Pl

Film {5 a users choice situation. Many organizations performin
black and white film Others use color. In the United States,
frequently use the negative of black and white film
events a3 arming wire withdrawal from fuzes and fuze
ajrdriven vanes) can be seen mich clearer on color fi
a110ws much more detailed store motion analysis because of the differeat contrasts and shadi
available. However, there are mony instances where black and whi
of f{lm typs should then be dictated primarily by the data

Camera:

There is almost universal agreement that 16amm movie cameras should be used. Manufacturers of

tred conditions.
feet, at exactly $80 X

However, it i3 a ver

betause parameters are mot ch

dive ot a Moh rate of speed, there 1s Tittle time
and a8 mentioned edrlier, axact

oht test results with predictions.

tyttem should be avatlable for pre-flight store mass
property determination, and the aircraft 14 be instrumented to enable sctual f1light conditions at
stores reledte to be recorded. Appendin C descrides the Precision Messurement Facility - called the
*816-1" - which was smuw constructed to accurately measure store miss

roperties at Eglin AFS.
espacially for this report and, hopefully, wi

1 be of {aterest to readers

sophisticated instrumentation, an over-the-
Unless the camera has

The a)lowsble
the authors offer the following

That is, if data
outside of the given values, 1t is not thrown out completely. Rather,
those used to design the particular instrumentation system. This is particularly true in the store
trajectory data area. There have beun many times where store trajectory data of even the accuracy

One should strive for the accuracy
Engineers are used to working with exact figures,
1 of difficulty in obtaini

obtained is slightly
the tolerances are desired -

their exactness. For
y stringent; however,
the other hand, the
to some to be inordinarily sloppy. But, they are as
Requiring more stringent

data reduction system that is

store separation testing use
ations, such as the Navy,
for analysis purposes. Detailed analysis of such
activation (for fuzes that function by rotatt

1m than on black and white film. Color film alse
te f11m can be used adequately.
needed.

————
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WCH cameras, however, produce comeras renging in size from that of & pack of ¢t ttes to thote which
weigh over twenty pounds and are very large and buiky. Coch of these sizes has s use, and the choice
2 utually elctoted hy the camers installation Tocation. The same i3 true of lenses. comery
location en the aircraft relative to the store being photographed wil ) Hiely dictate the choice of the
1ens and its focal Tength. If posstble, due to $pice and 1ocation requirements, the comers lens should
Mave = sutematic aperture capabiifty. It 11 almest fmpotsidle to predict, on the round, what H'M
conditions will be best at the tise of stores release. Even 4 one 1 SLOP error con cavte the film to
] tonn{ uheseble for data reduction. Automatic 1ight compensating lenses ar now avatladble that are
Much el lor than those wsed in the past and con be 1nstal led tn many locations which heretofore have
beon fupessidla. Mo matter which brand or stze of cemera and lens s selected, 1t 13 u\rml{

At t0 realtze that there are nony large and wmal} errors that must be compensated for ¥ the filn
13 t0 be andlyzed. Almost everyone in the flight test profession recognizes that a particular camera
bedy and lens comdination mst be calibrated. If one c nges lenses, the installation must be
recalibrated. Agatn, most P“ know that some lenses distort the intge on the f1im and that this
distortion cam also be ca? brated. However, there are other very importeat sources of errors in cameras
that must be accownted for if ality data ‘: to be obtained from the film. One of these errors {3 the
Potsible offset between the pysical and optica) centers that has been manufactured into each separate
Cimers. A complete discussion of al) of these errors and how to sate for them may be found in
Reference (59). Another 00d discussion 1s contained in Reference !w).

reoe Rate:

) There are mny frame rates from which to choose. However, 200 frames per second is
recommended 43 the optimum for store separation analyses. A typical store will travel from its Ccaptive
carriage position to the bottom of the camera's view in 0.2 to 0.4 seconds (depending on the camera to
store distence and lens). At 200 frimes per second, this will produce 40 to 80 frames of usable data,
Since most lenses have some distortion at their outer perimeter, the last few frames be
questionable. If the store i3 a heavy, high-density stable Store, most frames will be more than
ddequate for analysis, If the store is 1ight and relatively unstable snd moves rapidly, most frames nay
only b barely adequate. Comera speeds delow 200 frames per second are generally unsuitable for
producing data analysis Quality film, but ™y be used for documentary or quick 1ook purposes. Frame
rates sbove 200 frames per second dre general ly unnecetsary in terms of store motion requirements, and
are very expensive in terms of fila vse. This i3 of particular 1aportance if the camera has a fixed
film capacity. In effect, fila may be inadequate for many Passes on the same misstion and this my
necessitete additional missions. It {s mandatory for cameras to be energized before the store separates
$0 that the camera will be up to its operating speed and r'aning smoothly when the release occurs. lIn
the United States, the USAF has developed an instrusentation Package which, when the store release
button is depressed, sends the electrical firing signal first to the cameras and then, after about 0.5
seconds (this is adjustadle), to the store ejector rack. The 0.5 seconds delay has proven adequate to
::plu Caera speed-up but ts not long enough to affect the pilot's action after the release button is

ressed.

Camgra Positioning:

Store separation trajectories can be recorded with cameras mounted externa) ly on the parent
afrcraft, with a camera handheld on a chase alrcraft, or with ground mounted cameras. Use of cameras
mounted on the parent aircraft is by far the dominant method used. Ground based cameras are primarily
used for store ballistic purgoses. Chase aircraft cemeras are used primarily a3 a back-up to the parent
aircraft cameras, for special purposes such as to record missile-aircraft exhaust plume
characteristics, or to record “ripple” stores release. In general, chase photography is used to record
events normally out of the field of view of the onboard cameras,

The position of the aircraft mounted cameras is usually dictated by the geametry of the
aircraft store installation, Ideally, cameras should be mounted directly to the side, front, and rear
of the stores, however, this is fraquently not possible for & vartety of reasons. For example, adjacent
Pylons and stores may interfere with the mounting of cameras. Specifically, if stores are released from
n tnboard wing pylon, a camers mounted on the wing tip My not be able to view the store due to stores
mounted on intermediate pylons which block the view, Also, the swept wing geometry of most modern Jet
atrcraft prevents deal positioning of cameras. The need to avoid mounting cameras in positions which
would disturd the normal afrcraft flowfield further limits the choice for mounting locations. Whatever
their position, the cameras themse1ves should not alter or influence tae store separation trajectory,

It cannot be over omphasized that cameras must not disturdb the aircraft flowfield. To the casua)
observer, it might not seem that wing mounted cameras can affect stores separated from adjacent wing
pylons, but they cen. Recent USAF flight testing has shown conclusively that the presence of wing tip
cameras affects store separation in certain flight regimes. The only recourse in this event is to
remove the cameras at the sacrifice of photo coverage rather than to degrade accuracy.

There is no optimus number of aircraft mounted Cameras or locations. Some testing
organizations use three or four locations, Others, up to two dozen! Figure 29 shows the camera
tocations selected by NcOonnel) Douglas Corp for use on the F-15, This multiple, redundant, location
selection is typical of most aircraft contractor flight test departments, [t should be stressed that
not all positions are ysed simultaneously, The atrcraft is wired and mechanically modified to allow
Cameras to be placed at ny or a1l of those locations on any given mission. Norsally, howsver, no more
than eight cameras are tivated Figure 30 shows o close~up of the outboard F-15 wing mounted camers
pylom. This 13 a spectal pylom built just to Carry cameras and is used only for this purpose. Note
that one camera is attached to the pylon in the photo. Two additiona) Cameras could be mounted to this
glon at different orientations if needed, Figure 31 shows a rear fuselage camera mounted on the F-1§.

is camera {s set to study fin opening of the MX-20 Rockeye. This store is not stable until the fing
are open, and they do not open unti) an arming lanyard is pulled on separation. This condition has legd
this store to be an extramely critical item in seunt!n; from any sircraft, This is why an extra camera
13 specifically focused to record this critical event. 1gure 32 shows another camera mounted on the F-
15 which is also set to record the fin opening event on the MK-20, Note that the camera and its wiring
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are exposed to the airstream although the camera itself is sealed. Such external mountings have been ' “"]
used routinely by the USAF for years at speeds up to 700 KCAS, l

Figure 33 shows a double camera mounting on the nose of an A-10 aircraft looking down and
aft. This is an excellent view showing details of the fully exposed mounting. Note the azimuth plate
for accurate positioning, Figure 34 shows a good example of an externally mounted wing camera on the A-
10. Here, unltke the F-15 wing cameras which were mounted on their own pylon, the camera is partially
embedded in the wing. The A-10 does not have an excess of engine power and camera drag degrades
aircraft speed performance; hence, the semi-submerged mount. This figure also depicts the problem of
releasing stores from several acdjacent pylons. If, for example, the store closest to the camera in the
figure was not dropped, stores on the other, more inboard pylons, could not be photographed easily since
part of each store is obstructed by those more cutboard.

Figure 35 is a good example of a camera which, because of its position, must be enclosed in a |
shroud. The figure shows a camera mounted on the fuselage of an F-16 just aft and outboard of the
engine inlet. It looks outward and downward only and cannot be adjusted, but it provides a good view of
tha inboard wing pylon, Figure 36 shows a unique and imaginative method of camera mounting. One has to
Took close to even see itl The F-16 wing is very thin, flexible, and has a short span. Mounting of a
camera on the outboard portion of the wing (or on a pylon) proved to be unfeasible. Then, 1t was
vealized that AIM-9 missiles are carried on practically every mission. Even though the AIM-9 is only
five inches in diameter, a small 16mm camera was found and mounted looking forward inside a dummy AIM-S
(real AIM-9 shell but with the missile components removed). A 45 degree mirror was then placed in front
of the camera lens, allowing it to look out at 90 degrees directly toward the pylon with an unobstructed
view. Only a small round hole is visible on the missile's surface. The entire dummy missile was
carefully ballasted so that it simulated an actual AIM-9. As a result, the dummy missile had no impact
on the aircraft's captive carriage envelope. Such installations have been used by tie USAF before but
never in such a small size. This installation was designed by General Dynamics Corporation and has beer
used during the entire F-16 flight test.

Figure 37 shows the wing and aft camera mounts on the A-70. Note the rather unusual, and
seemingly f1imsy, mount for the wing camera. In actuality this mount is strong enough to allow
carriage to aircraft limits. There is one obvious disadvantage with this mount and that is its high
drag. Flight tests have confirmed that the wing cameras/mounts reduce the aircraft's top speed by about
50 knots. Incidentally, the wing camera is a Photosonic with a 400 foot fiim magazine and the fuselage
camera is a Millikan with a 200 foot film magazine.

Although the figures presented do not cover all possible types of camera mountings, they do
i1lustrate the most commonly used types, and even a show a few mountings that are unique. Obviously, if
one is going to photograph a store being separated from an aircraft and then run that film thraugh some
sort of data processing scheme to produce six degree of freedom digital trajectory data, it would be
very desireable if one view could look directly at the store to be separated at 90 degrees from the
store's longitudinal axis. Most of the action occurs in the Tongitudinal-vertical plane and this view
1s best for that. The more this view departs from 90 degrees, the more likely it will be that errors
are introduced into some parameters while others could be improved. For example, even though a good
perpendicular view of the longitudinal-vertical plane is desirable, this view does not give a very good
resolution of what the store {s doing in the lateral plane (towards or away from the camera). For this
resolution, a view looking at the store from a 45 degree angle is better. In the USAF it is common
practice to film most store separations from one or two aircraft mounted cameras, plus one chase
aircraft. In most aircraft companies at least six cameras are generally used to photograph each release
from various angles. Despite the number of camera views, only one or two sets of film are reduced to
produce actual six degree of freedom digital store trajectory data.

Before closing this section, several points on the selection of camera mounting installations
should be reiterated. First, so long as the aircraft has adequate power and so long as the camera
installation does not adversely impact the aircraft carriage envelope, external mounting is much
preferred since this is a simplier installation and easier to maintain. If either of these conditions
are not met, then internal mounting (1ike the F-16/AIM-9) or semi-submerged mounting (1ike the A-
10/wing) should be used. The point is that addition of external cameras must be planned and engineered
onto the aircraft and not just added as an after thought when it is too late to develop an alternative
installation without delaying the flight test program.

6.4 Video Cameras

A1l of the discussion heretofore has concerned ordinary 16mm movie cameras using film.
However, within the past several years, a new phenonomen has begun to occur. Video, or television,
cameras have long been dreamed of to replace the 16mm flim cameras. But, because of the very nature of
a television camera using a vidicon tube and producing a television signal, the number of complete
television pictures produced per second has been limited to a maximum of 50 to 60 (depending on whether
a 50 or 60 Hertz television standard was used). This is too low for adequate analysis of store
separation trajectories. Now beginning to appear on the scene are various versions of digital video
cameras which do not produce television images through a vidicon tube, and arr not limited to the 50 to
60 fields per second (this term, common to television, can be equated for our purposes to a movie
camera's speed in frames per second).

The United Kingdom at Boscombe Down, has pioneered the use of one such video camera - a
Charge Coupled Device {CCD) camera made by the English Electric Valve Company Limited (modei P4320).

Simultaneously, the United States Navy at Patuxent River, Maryland, has been evaluating a video camera
made in Japan and marketed by the Instrumentation Marketing Corporation of California. the CCD camera
developed in the United Kingdom will produce a complete field (or frame) in 1/1000 of a second, so 1t

will stop almost any action with a very clear view. However, only 60 of so of these 1/1000 or a second
"snapshots* may be produced in a second. It is a very small and compact camera which uses solid state
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circuttry throughout to produce black and white video images. Eglin Afr Force Base has just purchased
one of these cameras and has begin evaluation of store separation using the camera. Although we do not
believe this particular CCD camera will be able to completely replace 16am movie cameras, we do believe
1t wi11 allow us to write a specification for what we want in a video camera. The Navy evaluation of
the Japanese camera has produced good results, When the Japanese video camera is tied to a spectally
modified video cassette recorder, true camera speeds of up to 200 frames per second can be televised,
recorded, and played back at that speed. The Air Force plans to explore this equipment within the next
year. Nefther camera under test has an automatic exposure setting lens.

Figure 38 shows the English Electric Valve company Video camera, This camera is only 196mm
long, including lens, and is 66mm square. It only weighs 868 grams, including the lens. Figure 39
shows the Japanese camer: referred to earlier. It {s 224mm long, 90mm wide, and 14mm high, including
lens. It weighs only 2043 grams.

Video systems promise to revolutionalize f1ight test documentation. At a busy flight test
facility such as Eglin Air Force Base, it has been conservatively estimated that video systems will save
hundreds of thousands of dollars each year over movie film systems. This savings occurs in not having
to buy and process enormous quantities of movie film in order to get small strips of usable data and
also in the avoidance of flying many missions. With a video camera, telemetry system, and video
recorder, engineers may view the store separation trajectory immediately and repeatedly. Then, engineers
may contact the pilot and tell him that the separation looked good (as predicted) and authorize him to
proceed to the next test point. Thus, many releases can be performed on the same mission which will
reduce the total number of missions required for each program. Such a process is not possible today
using film cameras, and it is in the area of mission avoidance that the video system really has
potential for cost savings. Test reports of the United Kingdom camera prepared for the Royal Air Force
by Boscombe Down are contained in References (61) and (62).

6.5 Data Reduction Techniques for Cameras

6.5.1 Techniques Available

If cameras, whether video or film, are used to obtain slow motion views of the store during
separation from the aircraft, then this optical data must be reduced to angular positions and
displacements versus time for comparison to predictions. Basic to this solution is the knowledge of the
camera's position in relation to the store being released. If the camera's distance and angular
position relative to the store areaccurately determined, and a known point or distance on the aircraft
appears in every frame of the camera's view, then a mathematical solution may be obtained for successive
positions of the store during separation. This mathematical solution lies at the heart of every data
reduction technique now available. How this solution is obtained varies considerably from technique to
technique. The earliest solution used for store separation data reduction involved a purely
mathematical triangulation process. Although the actual program developed by different agencies or
nations varied in name, they could all be described by the term “photogrammetry® - or a photogrammetric
solution of the time-space-position problem. Photogrammetric techniques require complex accurate
painting patterns on both the store and portions or the atrcraft, as well as manipulation of the data
obtained in complex equations. Later improvements of these photogrammetric techniques lessened or
eliminated some of the painting patterns, and simplified somewhat, the data manipulations.

In the late 1970's, the United States Navy developed a photo-imaging technique called the
Photo Data Analysis System (PDAS). This provided a major improvement over photogrammetric techniques in
that no specia) paint pattern of either the store or the aircraft was required. PDAS did, however,
require the purchasing of some unique data reduction hardware and the training of personnel to operate
the equipment. After the one-time purchase of equipment, PDAS provided a significant reduction in the
time and cost for data reduction. It also provided an improvement in data accuracy. PDAS has since
been widely used by both the Navy, Afr Force and several US aircraft companies. Because of its inherent
advantages in low cost and quick data turn-around, a group was formed in the US to seek {mprovements to
the PDAS. In the mid 70's, efforts resulted in a second generation photo-imaging technique called
Graphic Attitude Determining System (GADS). It too required the purchase of a unique machine for data
reduction and the training of operators, and has been in use at Eglin AFB for several years.

Another type of data reduction technique allows the viewing cameras to be located on a
photochase aircraft instead of on the releasing aircraft. This technique, called CHASE by its
developers at MacDonnel1 Douglas Afrcraft Company is highly complex, requires an inordinate amount of
pre-fl1ight caltbration efforts and many baseline camera runs. But, CHASE does completely free the
release aircraft from camera carriage, and the actual reduction of data is relatively straight forward.
Because of 1ts complexity, it would be of use only to targe, well funded flight test organizations. It
offers an excellent quality alternative to the more conventional data reduction techniques. In the
following paragraphs, each of these data reduction techniques will be discussed in more detail.

6.5.2 Photogrammetric Technigues

By far the most commonly used technique for the reduction of movie camera film is the
photograsmetric method. It is used by virtually every government agency and industry within NATO.
Although the detailed description of each nation's, or each company's, use of the photogrammetric
technique varies, the basic method remains the same. In this method, both the store being released and
the aircraft pylon are painted with a background color and a contrasting color pattern of dots whose
positions are accurately known with respect to some specific point. Figure 40 shows a typical paint
pattern. Size and color of the dots are not fixed; they are optimized for accuracy and ease of film
reading. However, a minimum number of dots must be visible at all times in the film Onboard camera
lenses are selected so that both the store being released and part af the ajrcraft's adjacent
structure (such as the pylon) are visible on the film After the release, each frame of the onboard
gathered movie fiim is processed through a f11m reader manually. These data, along with a series of
geometric and physical constants, such as Tocation of the reference dots with respect to a specific
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position, camera location and lens focal length, are input to a computer. The computer §s programmed to

solve the equations of motion and defines the store trajectory, printing out angular and inear motions
as- a function of time, Although a two-camera solution is preferable, a one-camera solutiun can be used
most of the time and will provide accuracies of about + 2 fnches for displacements and + 2 degrees for
angular motions, The photogrammetric computer program requires starting estimates of the store and a
camera orientation with respect to the aircraft, A final iterated solution is then obtained which
achieves convergence for even poor starting values. After the first frame, the program employs previous
frame results as the estimate for the suceeding frame. Because of this, wing flexure and vibration are
automatically eliminated. The computer is programmed to print out the trajectories in both tabular and
plotted format, so that a direct comparison may be made between predicted and in flight trajectories.

Variations of the basic method, which are widespreed, include the use of a geometric paint
pattern on the store instead of rows of dots (Figure 41), the elimination of painted dots or references
on the release aircraft, and the automatic reading of the film by machine. A good basic description of
the photogrammetric data reduction process may be found in Reference (63). Utilizing the improvements
mentioned earlier, several agencies have been quite successful in the employment of the phgtogrammetric
technique. Any reader desiring to learn more about the eiployment of this technique should consult the
MR report at Reference (60), It is a basic handbook for the user of the technique and is an excellent
source document. Another excellent source document for the reader who wishes to delve deeply into the
actual mathematical representations of the equations of motion is the NLR report at Reference (64). A
typical set of film strips obtained by NLR for data reduction is shown in Figure 42. Figure 42 also
shows the value of having an automatic exposure camera lens. Note the difficulty in reading the right-
hand strip versus the left cne - all obtained under similar conditions. Had an automatic lens been
available, the quality of the images would have been more uniform and data reduction greatly
facilitated. Reference (65) contains a description of an automated film reader which asserts that it is
ten times faster and seven times more accurate than manual film reading. It 1s a computer controlled
system specifically designed for the analysis of pictoral data. This system reduces the data reduction
time, a major drawback of the basic photogrammetric process.

An interesting report on the inherent accuracy of a single-camera photogrammetric solution to
the store separation problem is given in Reference (66). In this report, an actual store (an empty
rocket pod) was set up in a hangar on very accurate mountings and then, using a surveyor's transit, was
moved through a known set of displacements and angles, being photographed at every step using a 35mm
camera. The resulting 35mm slides were then used as the frames of a movie would be and run through the
photogrammetric computer solution of the equations of motion. Over 900 photos were taken and processed,
and both the accuracy of the photogrammetric method and optimum camera angles for obtaining best
solutions were established.

6.5.3 Photo Imaging Techniques
PDAS

The first major alternative to photogrammetric data reduction techniques was developed by the
US Navy in the 1960's and, as mentioned earlier, is called PDAS. It offered the major advantages of not
requiring any painting of the store or aircraft, reduced data reduction time, and enhanced accuracy.
The USAF also adopted this method in the early 1970's in support of the A-10 and F-15 store separation
flight test programs. On the one program, the A-10, because of the large number of aircraft pylons
(eleven) carrying stores, many hundreds of stores would have had to be painted with a highly accurate
paint pattern if the usual photogrammetric technique had been used. Because of the accuracy of painting
required, the lack of adequate painting facilities, and the large number of stores involved, just
painting the stores would have taken months. By adopting the PDAS technique, flight tests were
simplified and a large cost and time factor was eliminated.

PDAS utilizes an image matching technigue to obtain spatial position and orientation of
photographed objects with respect to recording cameras (Figure 43). It consists of projecting
each frame of the onboard flight gathered data film through an optical system into a high resolution
video camera and displaying the resulting image on a television monitor located on an operator's
console. Another high resolution video camera is positioned near the console to view an exact scale
model of the store. The store model is mounted on a remotely controlled six-degree-of-freedom model
positioner mechanism. The video tignal from this second television camera is fed through a video mixer
and the resulting image s simultaneously displayed on the same television monitor as that from the data
film. The operator can adjust the position and orientation of the store model through the use of a
set of levers on the console. The store model is adjusted by the operator until the image of the store
on the positioner is exactly superimposed on the image of the store from the data film (a process
similar to using a camera range finder). Once the two images are exactly aligned and superimposed, the
operator presses a button which transfers the encoded frame count and position data to a
computer data card. Each frame of the film is similarly reduced, until a card deck is generated. This
deck 1s input to a computer program - just as in the photogrammetry process - to solve the spatial
relationships. The output from the photo-imaging technique is a set of tabu.ar data and selected plots
which accurately define the store separation trajectory to compare directly with predictions. This
technique produces extremely accurate data (+ 0.1 foot for displacement and + 1.0 degree for angles).
decause PDAS does not require painting of the stores, the overall cost of data reduction is less than
one-half the cost of data reduction using photogrammetry.

At the time the USAF decided to adopt the PDAS technique, only two systems existed - one at
the Navy Pacific Missile Test Center, Point Mugu, California, and the other at the Naval Weapon Center,
China Lake, California, The system at Point Mugu was chosen for the A-1C and F-15 programs. The PDAS
Tived up to every expectation. During the course of the A-10 and F-15 programs, im;covements in output
data format were made. Specifically, pictorial computer-generated trajectories were created. A sample
of the POAS graphical trajectory output 1s shown on Figure 44. Data reduction time was indeed
shortened, and the data quality for several hundred store releases over a two year time span was
excellent. As the PDAS became used in quantity, even the cost per run of reduced store separation data
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was lowered to a value significantly lower than that of a comparable photogrammetric trajectory. A
complete detailed description of the Point Mugu PDAS can be found in Reference (67).

GADS:

Although the USAF and US Navy were well satisfied with the results from PDAS, both services
recognized that considerable improvements could be made - particularly with the availability of
powerful, mini-computers. As a result, a working roup was formed to incorporate all these desired
improvements into a specification, and this specification was then offered to industry (in 1978). The
GADS, which emanated from this specification, was purchased and installed at Egiin AFB, Florida where
it has been used for store separation data reduction activities in hundreds of tests. It has proven to
be a major improvement to the PDAS technique. Unlike the PDAS which requires an exact scale model of
each store to be placed on a manually operated positioning system, the GADS uses a self-control com-
puter to generate a video image of the outline of the store, thereby eliminating both the mechanical
positioning system of PDAS and the manufacture and storage of the exact scale models of the stores, The
GADS also incorporates a much improved joy-stick-operated store image manipulation system, therehy
making the operator's task easier and quicker. A photograph of the GADS equipment at Eglin {is shown in
Figure 45, During preparation of this report, the authors discovered that there had been no paper pub-
1ished which described in detail the operation of the GADS. Accordingly, a heretofore unpublished
report of the GADS prepared for in-house use fs included as Appendix D along with a sample of the data
output taken for a MK-82 general purpose bomb released from an F-15 at 560 KCAS in a 62 degree dive.

Photo-chase Technigues

The above techniques all require cameras to be mounted on the aircraft releasing the stores.
They also all depend for their accuracy {n the exact knowledge of the geometrical relatfonship {angles
and distances between the cameras and the store and the reference points. It was, therefore, quite 2
revelation when, in 1975, the McDonnell Douglas Company announced the development of a technique that
positioned the cameras not on the release aircraft, but on the photochase aircraft! Since the exact
distance Letween the photochase aj-craft and the release aircraft could never be ascertained, the
general testing community looked upon this new technique with great skepticism. However, the system,
appropriately termed “CHASE", was proven during F-15 flight testing. A complete description of the
technique can be found in Reference (59). The technique proved to be very successful, primarily through
the results of some innovative mathematics, elimination of all assumptions, and very precise optical
calibrations. However, it also proved to be a highly complex and demanding system to operate, It is
sti11 used upon occasion, but is not known to have been taken up by other testing organizations.

6.5.4 Consideration for Selection the Right Technique

There is one factor which must be stressed here. A1l of the methods described provided
accurate and useful quantitative data, both in tabular and plotted format. We have run comparisons of
the methods by processing the same film strip from a particular store release and ccmparing the output
plots. No useful purpose could be served by presenting the comparison in this report as the super-
imposed data results in essentizlly the same 1ine. This brings us to an important conclusion. We
have examined several methods of reducing flight test data, the kinds described abova, and others
developed by various airframe manufacturers. A1l of them are inherently accurate enough to provide
good, usable data. The degree of mathematical accuracy attained is not as important as he. many of the
error-causing factors are accounted for by the method, and whether the factors are compensated for or
corrected, Data reduction accuracies of + 2 or 3 {nches and degrees can be absolutely adequate if the
error-causing factors are corrected for. O0f all the error-causing factors, the ones which seem to be
the most important (and most difficult to correct) involve those connected with the camera optics.
Errors caused by lens/camera alignment, calibration, internal manufacturing aberrations and uncertain
optical centers are among the most important. Although great care must be exercised in developing a
data reduction method which properly accounts for as many of the error-causing factors as is possible,
equal care must be used in insuring that the method does not introduce other, larger errors through the
humen factor. A method which requires an inordinate amount of human input and manipulation of data
prior to and during computer reduction is extremely prone to errors, particularly it no butlt-1n-test
features are incorporated.

From this discussion, one can see that there is no "right" or "wrong" technique. The right
technique is the one that best fits the users requirements. The photogrammetric method requires no
initial one-time outlay of funds for expensive data reduction equipment, Sut does require more time
(both computer run time and workhours). It could be the "right" selection if store separation tests are
not performed in large numbers. If the testing organization s a major activity, constantly producing
targe numbers of tests and data, then the purchase of the data reduction machine can be amortized over
the large number of tests. In such a case, even with the cost of equipment, photo-imaging can provide
data much quicker and at lower cost.

A word about video data processing. All the discussion above has assumed that the store
separation data was acquired by 16mm movie film cameras. If, however, Algital television cameras
replace movie film cameras as the onboard datu gatherer, then the reduction of this data offers even
more alternatives. First, since the data is already in video format, a step in the GADS could be
skipped (conversfon from photograph to vides) at a considerable cost savings and simplification. Also,
the reading of the video data, since it was initfally guthered tn digital format - could be processed
electronically. Ard, since this video image {s now being superimposed by the GADS on anotner computer-
generatsd video image of the store, all this could conceivably be processed by computer with no manual
manfpulation, This would indeed be an order of magnituds increase in the state of the art, and is not
out of the realm of the foreseeable future, For the present, the L.lted Kingdom at Boscombe Down is
the only agency {to the authors' knowledge) processing video data, and their description of this may be
found 1n References (61), (62) and (68).
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7.0 COMPARING ACTUAL TEST RESULTS WITH PREDICTIONS

This section describes the basic approach used to compare actual flight test results with
predictions during store separation testing and how subsequent flight test points are adjusted based on
this comparison, Also discussed is an approach for performing “brute force” testing where one does not
have any predictions per se (no analyses) - flight testing is planned and conducted based on expected
store separation characieristics., Clearly, brute force testing must only be perfurmed by experienced
personnel to minimize potential safety of fiight hazards. In brute force testing, the experience and
Jjudgment which come with experience are essential ingredients to a successful program.

7. Iterating Between F1ight Test and Analyses

There are generally two levels of comparison. In the first level, f1ight test six degree of
freedom digital trajectory data (obtained from GADS or another data reduction system) are compared with
digital predictions at each test point. If actual results (based on judgment) do not closely match
predictions, subsequent test points may be adjusted from the original test plan. Between each test
point, the predicted collision boundary is recomputed and adjusted to reflect actual test results to
that point. Figure 46 shows the general process by which this is accomplished. Note that at the first
test point actual test results exactly match predictions, Accordingly, the next test point would be
performed as originally planned, At the second test point the store pitched nose-down slightly
(judgment) more than predicted. In this case, test point three would also be performed as p1anned.
However, in addition, the predicted collision boundary would be recomputed by fairing (extrapolation) of
actual test results using predicted trends as a guide. Obviously, this requires engineering Jjudgment.
This process is performed between each test point and, as a result, the confidence as to the accuracy of
the final collision boundary will ultimateiy approach 100X, Incidentally, before proceeding any
further, the reader s reminded that the above process is also performed for store yawing and rolling
motions. The process for these motions is identical to the pitching motion and is, therefore, not
presented herein. For 11lustrative purposes, store pitching motion seems to be the easiest to describe,
and this is why it was chosen. To continue, assume that results for test point three is as shown in
Figure 46, Upon recomputing the collision boundary, it can be seen that the fourth point is outside the
boundary. At thic point, one of two things should be done: the test point should be adjusted to be
inside the boundary, or if the fourth point is Jjust inside the boundary, one might not conduct the test
point. For example, assume that the last test point was at 480 knots and the recomputed col 1ision
boundary taking results up to this speed into account is 500 knots. In all likelihood, another test
point at 500 knots should not be performed right at the predicted collision boundary. Data could be
extrapolated one more time and, assuming the recomputed boundary did not change (or changed very
s1ightly) the maximum safe store separation would have been established speed without actually testing
the final end point. But, if testing is performed very close to the end point, the end point might
actually be tested if it happens to coincide with the collision boundary.

Now assume that the results at the second test point are as shown in Figure 47, In this
case, the store pitched nose-down significantly more at test point two than predicted (judgment). At
this point f1ight testing should either be stopped until additional analyses are performad, or the next
test point adjusted to a much lower speed. It would be foolhardy to perform the next test point as
planned because 11ttle confidence would exist as to the extrapolated trend. In most cases, the next
test point should be adjusted to a lower speed and testing continued rather than to delay the test
program. As stated earlier, practically all USAF programs must be completed in the shortest time
possible (time is of the essence). For these USAF programs it has been proven that additional test
points can be flown more quickly than the time it takes to perform additional analyses. Therefore, the
test program is normally continued utilizing more test points. The rigorous engineering approach would,
of course, be to perform additional analyses "anchoring" subsequent predictions on actual results to
date. This 1s only done when one believes one cannot safely proceed to the next, closely spaced, test
point safely, Such a case might be during the test of a 1ightweight or unstable store which has a known
nose-up pitching motion trend. Here an error in selecting the naxt test point might cause the store to
*f1y* up and hit the aircraft. In a conservative test environment one would be i11-advised to take a
chance o1 going to the next test point in the interest of expediency. Accordingly, testing should be
stopped, additional anaiyses performed, and then the analyses used as a basis for selecting the next
test point. The next test point might be the same point that one would have selected (a small increase
in speed) without the benefit of analyses. However, the important difference now is that if one
proceeds to the next test point and has a problem, everything possible would have been done from an
engineering standpoint and judgment would have been eliminated in a critical test area. In short, there
would be an audit trail to the next test point. To reiterate, the occastons in when such store
separation motions for 1ightweight or unstable stores occurs is in the definite minority. In fact, the
authors have not stopped a program to perform additional analyses because predicticns did not closely
match actual results for the last several years.

In the second level of comparison, predictions in a graphical format are compared with
actual test results in a qualitative manner. The engineer compares predictions (normally generated
using a cumouter graphics program) with the store separation trajectory ~btained directly from the
onboard movie film In this method, the f11m 1s not reduced using GADS or any other processing system.
1f in the en*ineer's Judgment the actual store separation trajectory closely matches predictions, the
next test point is performed. While this method requires an experienced enginee:, it has been used with
remarkable success. With proper training, one can generally do a very good job in estimating store
angular motions at various estimated 1inear positions. By eliminating the data reduction step entirely,
testing may be accelecated by a factor of two to three from one to two missions a week to at least five
:::ssions 1a “.1k' The cost savings gained by eliminating the data reduction step is not a factor; the
me savings is.

There is an intermediate level of comparison between full data reduction of onboard wovie
£11m and no reduction at all that is worth mentioning. The authors have frequently been in sityations
where no data reduction system is available (or one can assume that the GADS or another system being
used has broken down), and yet testing must go on. But at the same time, store separation motion 1s of
concern to the engineer, and some hard data is nesded to compare with predictions. In such a case, the
f11m is commonly projected frame by frame on an appropriate blank piece of paper. The pylon and store
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are sketched in the captive carriage position as references. Then the film is simply advanced a
specific number of frames (a stop action projector in conjunction with time-coded film is always used)
and by tracing around the projected store image, the store is sketched in the naw position. This
process is continued to the dxtent necessary. When the store is in the ceptive carriage position it is
usually very easy to locate its center of gravity, Assume in this example the center of gravity is
between the carriage lugs as shown in Figure 48, The actual diamater of the sture is known so the
length of a store diameter sketched through the store center of gravity can be easily scaled and used as
a reference length, In the second store position, assume that the cerriage lugs are no longer visible
(the store has rolled). Good judgment must now be used in locating the store center of gravity. One
could draw in on the sketch a cross section of the store at the center of lgnvity in proper perspective
to the orientation of the store. Subsequently, the center of gravity could be located as shown. The
length of the Vine drawn through the center of gravity would now be compared to the actua) reference
diameter. The average of the scaled length from the last position (in this case the captive position)
to the next position is used to arrive at the scaled length to make the vertical displacement
calculation, For exsmple, assume a true diameter of 18 inches (full scale) which is ) tnch when drawn
on the paper. Then assume that in the separated position shown on the figurs, the diameter is .9 inch.
We would use an average diameter (drawing scale) of .95 inch. Further nsuin? the distance (drawing
scale) between the store centers of gravity (captive position to separated position) is 0.5 inches, a
ratio 1s applied to arrive at a full scale displacement of 9.47 inches. The process is continued, as
mentioned earlier, as long as is necessary. The fi?ure shows sketches that would be made from a wing
tip camera, If the store separated with substantial yawing motion, store pitch should not be estimated
from this camera position; an aft or forward fuselage mounted camera would be used. But, again assuming
the idea) case of store pitch without appreciable store yaw, a protractor is simply used to measure the
angular difference between the store lTongitudinal axis (one has to establish the store longitudinal axis
by drawing a line as shown on the figure) and its original position . An important point is that
displacement and angular values are always calculated with respect to the initial captive carriage
position so a cumulative built-in error is not established. While all of the aforementioned discussion
might appear simplistic to the reader, it must be emphasized that this method has been used successfully
on innumerable occasions as an expediency when there is no other way to obtain hard data.

7.2 Brute Force Testing

In the previous section the authors discussed an approach for continuing testing wher actual
results do not match predictions. In this section an approach will be discussed for performing testing
when no predictions exist at all. However, first some boundaries must be placed on what is defined as
brute force testing. In the truest sense of the word, brute force testing would be to perform testing
for a previously untested store without any prediction of what might happen. The authors would never
perform such brute force testing since it would violate al) of our requirements to maintain high
safety of flight criteria. What is meant when brute force testing is referred to is the structuring and
conduct of testing with a solid foundation based on past experience with similar stores and/or aircraft.
The simplest example of "brute force" testing would be a store that is analogous to one that has already
been f1ight tested and certified in the aircraft flight manual. Assume that the MK-82 low drag general
purpose bomb (LDGP) with conical fins is certified on the A-7 and it is desired to certify the same bomb
with retarded fins. Figure 49 shows a comparison of these bombs. They weigh about the same and are
approximately the same length. A review of the free-stream serodymamic characteristics of the two bombs
would show that the MK-82 with the retarder fin (Snakeye) closed is s1ightly less stable than the MK-82
LDGP. Because of the relatively minor serodynamic, physical, and geometric differences, the two bombs
are considered analogous. Accordingly, without the benefit of hard predictions, but with the knowledge
of the demonstrated separation characteristics of the NK-~82 LOGP bomb, a brute force flight test would
be performed for the MK-82 Snakeye.

The way time and money may be saved using the brute force method can best be i1lustrated with
a few examples. Ouring the initial test program of the MK-82 bomb on the A-7, extensive wind tunne)
testing was performed using the CTS method, and then trajectories were validated by performing five
release missions which cleared the store throughout the desired flight envelope (speed up to knots
and dive angles up to sixty degrees). By using the brute force method the MK-82 Snakeye was cleared
(with the fins closed) in four missions. Even if time consuming wind tunnel and/or off-line analyses
were performed prior to flight testing, it is doubtful that more than two missions would have been cut
from the program. In 211 likelihood, only one mission would have been cut from the program Between
each mission, onboard film was reviewed quantitatively and since actual results matched expectations,
testing was continued to a successful concluston. Next, brute force testing was used to clear the MK-82
Snakeye for releases with the fins open. In this mode, a lanyard is extracted from the band which holds
the fins closed and frees the fins to open after stores release. If CTS or grid wind tunnel testing
were performed, a model of the store with the fins closed would be used first. Then, at the appropriate
distance corresponding to the desired lanyard length, the tunne! would be shut down and a mode! with the
fins open would be substituted. This is a time consuming and somewhat inaccurate process in that the
transition of the fins between closed and fully opened is not tested. The time for this to occur on the
real bomb varies with airspeed. At low speeds, the fins open only partially, and at high speseds the
fins open fully, with attendant differences in the bomb's drag characte: istics. Finally, if the lanyard
length is changed, the wind tunnel data is compromised since in the wind tunne) only one lanyard length
is normally simulated. For these reasins, it is easier to just go out and f1light test (presuming we
have experience with the functioning of the MK-82 Snakeye as a result of f1ight tests on another
afrcraft). An initial lanyard length is selected to allow the store to fall a safe distance below the
aircraft, Somatimes a ground static ejection test is performed for the purpose of defining optimum
Tanyard lengths. Testing is tegun at an aggressive speed since the store would already have been
cleared with the fins in the closed mode. ODuring the course of testing, the lanyard length may be
adjusted, as needed. This was required during A-7 testing because fin opening at high speeds resultad
in a flow disturbance over the aircraft's horizontal tatl causing a severe aircraft reaction on the
ordar of +5 to +7 “g"s. Accordingly, the lanyard length was adjusted until this problem was eliminated.
To this day the authors are convinced that this problem would never have been uncovered during wind
tunnel tasting or during off-line analyses.
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Another ares in which brute force testing fs used almost exclustvely s in support of store
separation from multiple bosdb racks, and from multiple p{lns in the ripple relesse wode. Except in the
case of guided stores (e.g. the GBU-8, 10 and 12), practically al) unguided stores (e.9. the MK-82L06P,
CBU-58 and MK-20) are operationally required to be released in the ripple mode. The reason for this iz
quite clear: one must relesse a large number of unguided stores, centered on the target, to tncrease
the probabil.ty of target kill. Ripple release would not be a problem from a store separation
standpoint were 1t not for the fact that, a3 a general rule, stores are required to be released in the
mintmm interval possible. Most multiple bomb recks such as the MER-10 and TER-9 can function (that is
step from rack station to station) down to intervals as low as 50-70 mi)lizseconds. In sddition, most
U alrcraft can step from pylon-to-pylon 1n 20-30 mi)liseconds. These are smal) intervals that have
large st-re separation ramifications. Unfortunately, the authors do not have confidence in the ability
to model rack dynamics and store-to-store interference during ripple release, both of which can
significantly affect store separation charecteristics. Multiple bomb racks such as the NER-10 are quite
flexidle. This flexibility results in different effective ejection forces at each of the six rack
stations., On one ground ejection test, six WK-82 inert bombs were ejected from a MER-10 at a low ripple
release interval. From high speed photography, individual store ejection velocities were measured.
Because of rack flexibility, velocities varied from a maximum of eight feet par second down to zero (the
rack actually bent away from the store, and imparted no ejection force). Static ejection testing
provides the force at each station for use tn predictions but lack he effect of aerodynamic forces.
Unfortunately, the force further varies with the weight of the stores loaded on the rack. To date a
complete ejection force data bank for all of the aforementioned combinations of factors which impact
ejection force doas not exist in the USAF. The other major area mentioned earlier that causes
considersble problems during ripple release is store-to-store interference. It should be readily
apparent that when two stores are released from tandem (one behind the other) rack stations (as from a
MER-10), the store released from the forward station disrupts the flowfield (in an unknown way) for the
store released from the aft station immediately behind. Waen A-10 testing was being performed, 1t was
found that stores released from the forward MER-10 stations separated with a strong nose-down pitching
motion which caused the stores to translate rapidly aft resulting in nose-to-tail collisions with stores
released from the aft MER-10 stations. The aft stores separated with a very m11d nose-down pitching
motion, and hence, little aft movement in the near field of the afrcraft. The difference in the
relative drag between the forward and aft stores due to the magnitude of the nose-down pitching motion
was directly responsible for the collisions. However, predictions, using the grid method, showed that
the aft stores would separate with the same nose-down magnitude as stores released from the forward
stations. The reason the aft stores did not pitch nose-down as predicted was due, in our view, to the
disturbed airflow caused by the forward separating stores. Using brute force, various combinations of
interval and speed were tried and a combination that was acceptable for operational use was never found.
That is, the low interval desired could never be successfully achieved at a high release speed. As a
result of these tests, the MER-10 was never certified on the A-10. As the reader can see this can be a
significant problem. Because of the unpredictable effects in situations similar to the above, the
authors tend to rely on the brute force wethod. Our usual approach is to begin reduced interval testing
at the end point condition where stores separation in the single mode has aiready been demonstrated.
For exasple, on the A-10 safe release of the MK-82 LDGP bomb from the MER-10 was demonstrated at the
maximm desired speed of 420 Knots in a 60 degree dive in the single mode. Then, at that same
speed, releases were performed et progressively reduced intervals unti] the minimum interval was reached,
Had a problem been encountered, airspeed would have been reduced and then testing would have been
resumed at the last successful interval., This type of process should be continued unti) enough data are
acquired to formulate a certification recommendation. In the case of the A-10, the authors had a choice
of a 420 knot speed (with an interval which was determined to be too high for operational use) or a
lower airspeed (which was also determined to be too low for operational use) with the mintmum interval
desired. The A-10 operational community did not want to back off from their requirements in terms of
needing high speed and low interval and, therefore, as mentioned earlier, the MER-10 was deleted from
the atrcraft. To show how totally dependent store separation is on the aircraft's flowfield, it may be
useful to mention that low interval releases of MK-82 LDGP bombs was demonstrated on the F-15 at speeds
up to 700 knots without a single problem!

In addition to releases from an individual multiple bomb rack in the ripple mode, the store
separation engineer must alsn consider possible store-to-store interference when releasing stores from
mltiple pylon stations. Most tactical aircraft have many pylons and these are normally al) loaded with
stores which are then released in a predetermined sequence from pylon-to-pylon. The A-10 has eleven
pylons, the A-7 and F-16 have six, and the F-15 has three air-to-ground pylons, so the possibility of
store-to-store contact is always present; particularly when stores are loaded and released from mltiple
bomb racks such as the MER-10 and TER-9 where shoulder stores are ejected at an approximate angle of 45
degrees from the vertical. Figure 50 shows a certified configuration of MK-82 LDGP bombs on the A-7.

In the ripple pairs mode one bomd is released from each side of the aircraft simultaneousty in the
sequence shown. Note that the number 5 bomb is efected towards the number 7 bomb which is released two
intervals later (If the interval selected is 70 milliseconds, the number 7 bomb would be relessed 140
milliseconds after the number S bomb). The separation engineer must be awsre that, under some
conditions, the number 5 bomb may be below the number 7 bomb Just as the number 7 bomb s ejected and
the two may collide. In addition, the probability of collisions between stores released from opposite
sides of the aircraft cannot be ignored. Consider the possibi11ity of contact between the number 11 bomd
on the left wing and the number 9 bomb on the right wing. It was mentioned in an earlier section that
on the A-7, stores released from the aft inboard station of a MER-10 have a strong tendency to translate
inboard towards the fuselage. Accordingly, stores released from these stations wist be closely
monitored. In short, it should be apparent that with thirty-two bombs released in a minimm interval,
Some store-to-store contact is Vikely to occur. In the authors opinion, the best way to establish the
presence or absence of store-to-store contact with specific intervals i3 by brute force testing. It is
recommended that the store separation enginesr use a sketch such as shown in Figure 50 to hightight
those rack «7d pylon stations where store-to-store contact is 1ikely to occur. In this way, the scope
of the test program can be structured to concentrate in this area. Once a safe interval has besn
established, then a full-up ripple release test where stores are released from all pylons can be
performed as a demonstration. Howevar, there is no need to release, in a case 3uch as that on the A-7
configuratton, all thirty-two bombs on every mission,
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8.0 SALLISTIC TEST TOERATIONS AND METHODS:

It was mentioned 1n the begimning of this report that the ability to Mt an intended target
mist be considered during al) store separation programs. If the store separates from the atrcraft
satisfactorily but cannot be made to Mt 1ts int target, the progrem is really a foilure from an
operationa) standpoint. In cur experience, many pecple ¢0 not make b4l listic analysis and testing an
integra) part of store separation test programs, and when they do, 1t is not performed in a rigorous
BARRET.

In the OAC, the engineers who formulate and conduct store separation programs work closely
with the engineers who develop store ballistic, safe escepe, and delivery tables. is situation is
fostered because all personne)l are part of the same office and work in adjacent rosms. Decause of this
arrangment, whensver & new store separation program {s started, ballistic analysis and testing is made
an integral part of the program. Ballistic delivery and analysis engineers review each mew program to
determing whether or not additional data are required or if available data (for the same store Dut in a
different carriage configuracion and/or on a different aircraft) are adequate. When it s determined
that additional data are required, dallistic delivery and analysis ineers work hand-in-hand with
store separation engineers to structure a flight test progrem to obtain as much data as possible on &
non-interference basis. In a great many cases, a majority of ballistic data are obtaimed fn just this
uy.i One can eastly sppreciate, therefors, the advantage of close cooperation between the groups of
engineers.

In 1970, the USAF performed a theoretical study of the sensitivity of various parameters to
ballistic ar<ura.y for a number of conventional stores (Reference (€3). The results of this study are
quite inter__ting. Table 1V was prepared by extracting data from the study results. The values in
Table IV show that if a NK-82 LDGP store is released from a "generic® aircraft at 5000 feet (sbove the
ground) in straight and level flight at 450 and 860 knots, maximum (if a)1 of the sensitivity parameters
are additive) miss distance on the ground fs 501 and 1113 feet respectivelyl WNhile the magnitude of
these valuss are quite large, what is surprising 1s their source. Note that those parameters related to
the aircraft flight conditions at release (altitude, airspeed, dive angle and heading) account for 57%
of the total miss distance at 450 knots and 40X at 860 knots (the overall effect of errors 1n aircraft
release conditions is less sensitive at higher speeds). On the other hand, those parameters relating to
the store itself (store weight, diameter, drag coefficient, and tnertia) account for only 10X of the
total miss distance at 450 knots but 31X at 860 knots. This emphasizes the need to maintain store mass
properties within allowable tolerances, and the smaller the tolerance the better. Lastly, those
parameters due to store separation from the aircraft (variation in ejector end of stroke velocity, pitch
rate, and store pitch and yaw) account for 30% of the total miss distance at 450 knots and 21X at 860
knots.

The authors interpretation of these figures is that store separation from the atrcraft itself
plays a part, but a small part, in the overall miss distance. The store separation engineer can attespt
to minimize ballistic errors due to ejector pitch rate, but the store separation engineer has no control
on mass properties of stores used operationally or in errors in flight conditions at stores ‘elease.

The results of analyses such as the above are clearly quite valuable in structur-ing a flight
test program because it provides the store separation engineer with hard data upon which to make
decisions as to whether or not it is worthwhile to perform additional testing to “fine-tune® ejector
performance and other parameters. For example, Table V also presents data for the same store released
at 800 feet (above ground level) in a 45 degree dive at 450 knots and 860 knots. At this condition,
parameters relating to stores release account for 40X of the total miss distance. Because this value is
subst* 1, 1t may well be worthwhile to “fine tune® ejector performance to minimize store
pertu.. . .ons at release under these conditions.

The authors have uncovered 1ittle information on how various organizations actually perform
ballistic delivery and analyses. As a result, Appendix E was prepared especially for this report. It
summarizes the approach and methods used in the USAF for performing this type of work., It is hoped that
this information will be of assistance to the reader.

9.0 FUTURE TRENDS

By this time, 1t should be apparent to the reader that store separation is a serious problem-
one which requires the careful attention of dedicated, experienced engineers, and the application of
continuously evolving state-of-the-art technology and sophisticated testing techniques. Because it is a
problem with 1ife-or-death implications for the aircraft flight crews, it must be given the most intense
scrutiny by a1l organizations involved, both by the testing and evaluation community who determines the
acceptable store separation limitations, and by the operational community who must operate within
these limits and who =t know the consequences of exceeding them.

store - .. ' on is largely an asrodynamics driven problem. Although the majority of
@ lens oceur -t aign speeds (usually high subsonic or transonic), severe problems may also occur at
rulatively modes. airspeeds. For example, the severe probless discussed earlier that occur on the A-10
aircraft at 350 KCAS are due primarily to its very thick high camber airfoil wing, which reaches
critical Mach at around 0.6M, Store separation problems are also exacerbated by such things as
flexible, multiple bomb racks, high winged aircraft, close spacing between pylons or stores, and local
aircraft flowfield irregularities. lrontcally, the worst probless have occurred on US aircraft, caused
primarily by a method ~* store carrugolamly designed by US engineers; flexible miltiple bomb ejector
racks. In the late | - - d early ) s US political and strategic policles shifted from a nuclear
strike role to one o' ‘le response, including emphasis on the delivery of conventional stores.
Almost immediately, . - ... effort was made to equip the already axisting USAF and US Mavy nuclear
strike atrcraft witi. ... capability to carry and deliver large numbers of conventional stores, and the
Multiple Ejector Rack (MER) was born. Because aircraft were now flying at much higher speeds than those
used only a few years before, stores had to be ejected rather than gravity released Little thought was
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tven then to store separation. Over the years, US policy has kept the requirement for delivery of

arge numbers of conventional stores, while cost considerations have required that US tactical aircraft
be multi-missioned, thus assuring that the aircraft be equipped with remevable externdi pylons and
sultiple racks. In the past 20 years the stress on developing atrcraft with the maximum clean or air-
to-atr combat performance in the US has produced atrcraft that are nothing short of mirvelous. But,
this policy has also assured that air-to-ground store carriage techniques and equipment were never
s1lowed to develop to their potential, and 1960s vintage Multiple Ejector Racks are sti1) being used on
the latest USAF and US Navy fighter and attack aircraft (usually with significant flight 1imitations).
Fortunately, this situacion in the US has begun to change. The store separation problems generated by
the use of these flexible MERS have historically been primarily US only, since the other nations in NATO
have generally reta‘ted the single carriage (one store per pylon) carriage concept. Recent years have
been marked with the davelopment in Europe of a few twin-store or multiple store ejector racks, but by
and large, the European members of NATO have chosen the more simple and more serodynamically clesn store
carriage methods, and this trend continues today and for the foreseesble future.

European engineers have not had to face, at least not on & routine basis, the complex store
separation situations which bedevil their US counterparts. And now, fortunately for the US store
separation engineers, US aircraft design policy has begun chanfing and rapidly so. The USAF recently
announced to industry that all afrcraft in the future will utilize some form of conformal carriage of
stores. Even the afrcraft in development today, the F-15E Dual Role Fighter and the F-16 with the
cranked-arrow wing, will both employ the semi-conformal, or tangential, carriage method ag shown in
Figures 51 and 52 respectively. Also, the use of the existing multiple racks on existing USAF aircraft
such as the A-10, F-4, A-7 and early model F~16s will be minimized with the ewphasis on one store per
pylon. The US Navy has not yet followed suit, primarily because of aircraft carrier operations
requirements and the need to raptdly reconfigure aircraft from air-to-air to air-to-ground and vice
versa. However, the use of conformal carriage for new US Navy store-carrying aircraft now on the
drawing boards is being seriously considered.

With the development of conformal carriage and new bomb Ejector Release Units (ERUs) with
such features as automatic sway braces, better ejectior forces and buflt-in store pitch control, stores
may now be rapidly loaded one at a time on an aircraft and then safely carried and released throughout a
Targe part of the aircraft's achievable f1ight envelope. Conversely, flexidle miltiple bomd racks with
stores sjected both vertically and slanted, have historically severely limited the allowable store
separation envelope. Figure 53 shows the allowable flight envelope for an F-4 atrcraft loaded with 12
NK-82 5001b bombs. On the left is the envelope allowed when the bombs are carried on existing multiple
racks, and on the right the envelope when conformal carriage is use. The contrast is striking.
Incidentially, the data contained in this figure came from an actual joint flight test performed in 1973
by the US Navy and USAF in which a pallet containing 12 ERUs was attached to the F-4 fuselage which
allowed 12 stores to be carried in a conformal arriy of four stores across three in each row. Although
this was & highly successful validation of the conforwal carriage concept, it has taken another decade
for these improvements to beain tc emerge operationally.

Carriage of stores conformally contributes two significant improvesents relative to store
separation that are so significant chey dominate all other effects. First, the stores are ejected
vertically and the aircraft structure to which the stores are attached, and from which they sust be
ejected, 1s much more substantial structurally with little flexibility. This allows the application of
more effective ejector forces. And second, the flowfield around stores carried conformally, whether on
the fuselage or on the wing, is much more linear and unlikely to have the large perturbations so common
when multiple racks are used, thus allowing safe separation over a much wider variation of conditions.
Figure 54 demonstrates the clean separation of multiple bombs from an F16XL at 550 KCAS,

In spite of the above, the authors observe that, even for future dircraft, some designers are
tending to try to stick to the old adage of “design the clean aircraft for optimum performance (or
perhaps in an air-to-air configuration), and then hang the stores on wherever you can". Fortunately,
most aircraft designers now recognize that the aircraft should be capable of operating with stores
attached in almost the same maneuvering envelope as the clean aircraft. To do this, the storas carriage
methodology and provisions must be designed into the aircraft from its inception. While some designers
have opted for true conformal carriage of external stores (including the use of specially shaped
blended-body stores), others have rediscovered internal carriage of storas. Bomb bays for tactical
ajrcraft have been tried in the past, and in almost every case have not been effective. Not only is the
internal space in a tactical aircraft very limited, but the shape of air-to-ground stores, with their
fuzes and fins and other protuberances do not lend themselves to efficient internal-bay packaging.
Last, but mot least, an internal bay is at the very best only 50% efficient on each combat mission.
After the stores have been expended, the aircraft must return to base with a large empty volume, which
nevertheless still has the same drag as when it was full. In the US, the jJury is still out on whether
intermal currilr will re-emerge. It may reappear only for the carriage of dir-to-air stores on
supersonic persistent fighter afrcraft.

USAF design studies still show that the most efficient method of carriage for air-to-ground
stores is external conformal carriage utilizing specially shaped blanded-bodies. For this reason, it
appears that, at least for future USAF aircraft, conformal carriage is the method most likely to emerge.
USAF aircraft designers are currently designing their aircraft with large flai aress on the botton
surface of the wing and/or fuselage. Stores designers are designing and testing blended-body shaped
stores with a flat upper surface that are capable of being flush mounted on the aircraft. Store
ejector units will be built in to the sircraft structure to allow: flush mounting. USAF aircraft with
this type of weapons carrfage should emerge in the 1990's, as design efforts are already well underway.
Mthour the authors cannot speak for the other services or nations, we are convinced that such designs
will, for the first time since the initial emergence of the hw-w Jot, put the emphasis on stores
d:“ very and ::;octivmu rather than on store separation. 1s is a healthy trend; one which we hope
w grow rapidly.
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0.0 comcLusions

In conclusion, the authors hope that this report has succeeded in prasenting new store
separation enginaers and anagers with a valuable discussion and bibliography of the methods used for
performing store separation analysis and f1ight testing. The authors have attespted to present some of
the advantages and disadventages of each method, and have tried to mike the reader sware of the
i requiresents and constraints affecting a store separation program that might influence the choice of these
¢ methods. There 13 not mow, nor is there ever 1ikely to be, any one method of either prediction or
testing that i3 suparior to all the other methods in every situation or case. Rather, there are a
number of good, proven, methods and techniques available to the store separation engineer, and these
must be meshed with particular requirements (1ncluding cost and time) to determine which method s best
for one's individual situation.

[

The mathods that are in use in Europe are modern, effective and are responsive to the
specific constraints l'g‘l«:«l on the organizations engaged in store separation. The same 13 itrue of the
methods used in the However, because of the sheer volume of store separation testing in the US, the
urgency of the situation to certify stores on many afrcraft quickly, and the use of mltiple carriage
racks, store prediciton and test aethods used in the US have not been the same a3 those chosen in
Eurcpe. While the US over the years has relied heavily on espirical, wind tunnel, or "brute force®
techniques, the Europeans have placed more ewphasis on analytical or theoretical methods. Analytical
methods, even today, are most accurate and reltable when used in simple situaticns of one store per
pylon, and with stores of relatively simple geometric shape, Although resarkable isprovesents have
recently been made (both in the US and in Eurcpe) in the ability of analytical techniques to handle
complex store shapes and configurations, it will be years, in the authors® opinion, before such
technigues will be capable of handling comp lex stores carried on several closely spaced miltiple
racks, and they never be able to hendle large numbers of stores released simultanaously, or in rapid
ripple sequence. trend in the USAF towards conformal carriage will, no doubt, have some effect on
bringing the methods closer together. But, for the foresesable future, the need to perform many tests
n the shortest time possible (at the minimum possible cost) will dictate that the US continue to
esphasize wind tunnel prediction methods (primarily grid and CTS), along with a judicious blend of
"hrute force® flight testing.

Table 1 - Store Separation Training Syllabus Outline

Forward
Purpose/Objectives
Lessons
I. Store Separation as a Discipline - Introduction
11. Getting Stituated in the Work Environment
. 111. Aerodynamics and Kinematics of Stroes Release
IV. Mrcraft, Stores, and Racks
V. The Local Computer
VI. Wind Tunnel Testing
vil. Store Trajectory Computer Stmulation/Analysis
VI1l. Additional Analysis Aids/Computer Programs
IX. The Aero Memo - Technical Report
. The Flight Test Recommendation - Fiight Testing
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Table V - Miss Distance of MK-82 Bombs Due to Various Parameters
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Figure 1 - Store to Aircraft Collision:

BLU-1 Firebomb Released from F-105
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Figure 2 - Store to Afrcraft Collision:

MK-77 Firebomb Released from A-7 Afrcraft

47



Y

48

Nt
N
)

Sl

|
)a—

Figure 3 - Store to Aircraft Collisfon: Fuel Tank and Pylon Released from FB-111
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Figure 4 - Store to Aircraft Collisfon:

Fuel Tank Released from A-37
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Figure 5 - Erratic MK-20 Rockeye Separation and Collision with A-7 Due to Uneven Fin Opening



e R e 1 e O ATV T A

o,

———

s rm——

W -
£ 300
g
LY
2
£ 200 4
]
®
z Data based on releases
3 at 450 knots
=
g 100 4
<
L
v
[-4
0 t — + —t —t
0 1 2 3 4 5

Time After Stores Release - Seconds

Figure 6 - Time for MK-82 Snakeye Bombs Released from Tandem MER-10 Stations to Collide

51

s Aa-mi.‘um:&:(#

b miret o e s e e e el



oY

52

Figure 7 - Store to Store Collision:

BLU-80 Stores Released from A-4
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Figure 8 - Unsatisfactory Separation of AIM-7 Launched from F-15
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CBU-58

Figure 9 - Parent Pylon Carriage of Stores on A-7

TANK

NK-82 cev-58

Figure 10 - Multiple Carriage of Stores on A-7
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Figure 14 - F-111 Aircraft Model Installed on Captive Trajectery Rig in AEDC Mind Tunnel
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Figure 16A - Enhanced Computes Graphics Depiction of Predicted Store Separation Characteristics:
Three Quarter View

Figure 168 - Enhanced Computer Graphics Depiction of Predicted Store Separation Characteristics:
Rear View



Figure 18 - Fuel Tank Mounted in Displaced Position on NLR
Captive Store Load Measuring System on NF-5
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Figure 21 - Captive Carriage Store Separation Constraint
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Figure 22 - INlustration of Typical Captive Carriage Store Constraint
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Figure 23 - Development of Captive Carriage Store Constraint
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Figure 24 - Development of Store Collision Boundary: Store Pitch Versus Vertical Displacement
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Figure 25 - Store Collison Boundary Plot: Smooth Speed Continuity
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Figure 31

- F-15 Right Hand Rear Fuselage Mounted Camera Installation
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Figure 32 - F-15 Left Hand Rear Fuselage Mounted Camera Installation

Figure 33 - A-10 Fuselage Mounted Double Camera Installation
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Figure 35 - F-16 Fuselage Mounted Camera Installation




g
f
i
¥

T

Figure 36 - F-16 Wing

Tip Camera Installed in Dummy AIM-9

i
|




72

Figure 37 - A-7D Wing and Fuselage Camera Installations
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Figure 38 - English Electric Valve Company CCD Camera
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Figure 4y - Typical USAF Photogrammeiry Store Paint Pattern
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figure 41 - Typical NLR Photogrammetry Store Paint Pattern
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Figure 42 -

Typical Film Strips Used by NLR for Data Reduction: Separation of LAU-3 Rocket
Launchers from NF-5 with 25 M41lisecond Release Interval Between Frames
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Figure 44 - Typical PDAS Graphical Data Presentation




Figure 45 - GADS Operator Console
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Figure 48 - Manual Scaling of Store Trajectory Data from Film

MK-82 LDGP
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Figure 49 - Comparison of Geometric and Physical Characteristics of MK-82 LDGP and MK-82 Snakeye Bombs
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Figure 52 - F-16XL with MK-82 Bombs

Carried Tangentially
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Figure 53 - F-4 Flight Envelope Extension with Twelve MK-82 Bombs Carried Conformally
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Figure 54 - MK-82 Bombs Separating from F-16XL at S50 Knots
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INTRODUCTION

TAC cert:fication request 1982 formulized a request to certify the
AGM-88/LAU-188A (HARM missile with launcher unit) for carriage and jettison on
stations 1, 2, 8, and 9, of the F-4 aircraft. The desired carriage limits are
a minimum of 550 KCAS/1.1 and the maximum 1imits the highest attainable Timits
for the missile/launcher combination. Maximum obtainable jettison limits were
desirea. Certification objectives established by DLCJ and DLCA were clarified
with a desired 1limit of 650 KCAS/1.3 Mach.

The purpose of this memo is to predict the jettison characteristics of the
HARM missile with its launcher and to recommend a flight test plan. This
analysis considers only jettison of the HARM missile with its launcher and not
the actual firing of the missile.

STORE_CHARACTERISTICS

The AGM-130 missile is a High Speed Anti-Radiation Air-to-Ground Missile
(HARM). The actual store considered in chis analysis is the combined missile
with its launcher (LAU-118A), with a combined weight of 879 1bs. Table 1 lists
the mass and physical properties of the missile/launcher combination.

AERQDYNAMIC DATA USED

Freestream and grid interference aerodynamic data for the missile/launcher
combination were obtained in the four foct transonic (4T) wind tunnel at Arnold
Engineering Development Center in a test jn August of 1983, The captive
trajectory test (TC746) is documented in Reference 1. Trajectory data were
also collected using the Captive Trajectory Support System (CTS). The
configurations tested are listed in Table 2. The drawings for the HARM
missile/launcher combination model wused in the wind tunnel test are in Figure
1. The missile/launcher combination simulated a wings fixed missile during
release as a conservative approach. The missile in actua) flight would have
wings operating in trail to the local flow field.

The freestream aerodynamic data of the missile/launcher combination were
compared to the freestream aerodynamic data of the HARM missile without the
launcher. This was done to better understand the effects the launcher has on
the missile.

The addition of the launcher to the HARM missile reduced the normal force
and pitching moment of the missile. The pitching moment at = O cegrees (C“kg
for the missile alone is nearly zero. The addition of the launcher changed LM,
of the missile to a negative value for all Mach numbers. The missile itself
does not display much aerodynamic stability and the addition of the launcher
unit does not change this fact. However, the misile itself is stable at
large angles of attack; 1ikewise, the missile/launcher combination is also
stable at large angles of attack. Essentially, the stability of the
missile/launcher combination is very similar to that of the HARM missile alone.

APPROACH

The trajectory simulation of this analysis used th2 DLCA six degree of
freedom grid trajectory simulation computer program. The program uses
freestream aerodynamic characteristics of the store, as well as the measured
flow field (grid) interference coefficients induced by the parent aircraft to
predict the separation trajectory. In Appendix A, thee is a representative
control card string and input 1ist to initiate the simulation program.

The trajectory is then represented using a graphics computer program which
produces three orthogonal sets of pictures of the store separating from the
aircraft. This is a useful tool in helping to determine collision boundaries
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and separation characteristics of the store. A1l separations are illustrated
as right wing releases even though some of the configurations tested are on the
left wing of the wind tunne) model. These left wing releases were mirror
imaged onto the right wing only for 1llustrating the separation of the store
from the F-4 aircraft.

As a first step to verify grid data used in the simulation, the grid
simulation trajectories were compared to representative full CTS trajectories
acquired on 1ine during the wind tunnel test. These is done to verify the grid
aerodynamic data and ascertain that the program has been properly initialized.
Using the trajectory program, & sensitivity analysis was completed to }
understard configuration effects, Mach number effects, altitude/dynamic
pressure effects, angle of attack effects, damping derivative effects and
varying mass properties effects.

The configurations tested in the wind tunnel and simulated in the program
are representative of the configurations requested by the TAC certification
recommendation. A1l the configurations were simulated at an altitude of 10,000
feet with a load factor of 1.0g in level flight. The calibrated airspeed in
knots/Mach number ranged from 350/1.75 to 860/1.3. In the subsonic regime, the
angle of attacks ranged from zero to four degrees in increments of two degrees
and in the supersonic regime, the angles of attack were zero and two degrees.

A1) the configurations tesied simulated a MAU-12 cartridge/orifice settings
of two 863 cartridges with orifice settings of .156 (fwd)/blank (aft). This
type of cartridge/orifice combination provides a total ejector force of 3250
1bs and creates a positive (nose up) ejector moment of 562.25 ft-1bs.

As in the wind tunnel tests, the store was modeled as a fixed wing store
during its release. This approach ensures uniformity for comparisons of the
simulations with the CTS data.

Of the six configurations tested, four of them had CTS (trajectory) data in
order that comparisons could be done with the simulation program to verfy the
program ability to predict trajectories accurately. Figures 2 through 7 show
representative plots of the grid simulation trajectories versus CTS
trajectories for two of the tested configurations. Figures 2, 3, and 4
demonstrate the grid simulations program predicted pitch and yaw quite well,
for configuration 101. In figures 5, 6, and 7 the program predictions are very
accurate for this configuration - configuration 104,

Although only two configurations are presented here, the other two
configurations displayed similar results. This proves that “limited grid" can
be used to predict store trajectories as well as *full grid" or CTS. Once the
store angle of attack exceedes 26 degrees, the accuracy of the simulation
decreases rapidly and, therefore, is not dependable beyond this point.

SIMULATION RESULTS

The three view i1lustrations of four representative configurations are
included in figures 8a through 11b for selected jettision conditions. In all
cases, the store pitches down even thoi:gh the applied ejector force causes a
positive (nose up) ejector moment and the store rolls inboard and yaws i
outboard. This downward pitch of the store is a desirable trait for safe
separation of a store from an aircraft.

a) Cunfiguration Effects

Figures 12a through 13c demonstrate the effects different configurations .
will have on the store's trajectory. In all cases configurations 102 and 104 I
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show 2 larger downward pitch than in configurations 101 and 106. The
difference in pitch between configurations 102 and 104 and configurations 101
and 106 can be up to 15 degrees at a point four to five feet below “he
alrcraft. Once again, Configuration 104 displays larger outboard yaw of all
four configurations. Configuration 102 did not display any real pattern. This
difference in yaw in Configuration 104 from al) the others can be up to 15
degrees at a point four to five feei below the aircraft. The difference in
configurations do have a very significant effcct on the store trajectory. In
terms of pitch and yaw rates, the worst configuration would be Configuration
104. From a physical standpoint, Configuration 106 can be considered a worst
case. The store in this case is released from the inboard station and is
required to clear a larger area than in Configuration 104,

b) Mach Number Effects

Figures 14a through 15d show Mach effects for four configurations at two
different angles of attack. The calibrated airspeed in knots (KCAS) was held
constant at 600 KCAS for each Mach number and angle of attack.

In pitch, Mach number has some effect. Between M = .95 and M = 1,3 maximum
difference in pitch is about seven degrees, five feet below the aircraft and
12 degrees, eight feet below the aircraft. But most of the configurations
display small differences in pitch. In general, as Mach number increases, the
tendency is for downward pitch to remain the same or decrease.

Mach number has a different effect on yaw. Between M = .95 and M = 1.3 the
maximum difference in yaw is about 20 degrees, five feet below \he aircraft and
30 degrees, nine feet below the aircraft. In almost all cases, as the Mach
number increases outboard yaw increases.

Pitch rates and yaw rates were investigated to determine the effects Mach
number may have on these rates. The Mach number hac 1ittle effect on the pitch
rate, although the yaw rates in the supersonic regime were significantly
different from the yaw rates in the subsonic regime.

c) Altitude/Dynamic Pressure Effects

Figures 16a through 18d demonstrate the effects altitude/dynamic pressure
has on the store's trajectory for all the configurations and selected aircraft
angles of attach. The altitude/dynamic pressure does have some effect on the
store's trajectory, although it's only slight. The tendency is for the store's
downward pitch and outboard yaw to decrease with increasing altitude.

d) Angle of Attack Effects

Figures 19a through 21d 1llustrate the effects on pitch and yaw of the
Store as the aircraft angle of attack is varied. both pitch and yaw are
affected. At M = .95 between AOA = 0 and AQA = four degrees, pitch differs by
about eight degrees and yaw differs by about 12 degrees, five feet below the
aircraft. At M =1.1 and M = 1.3, between AOA = 0 and AGA = two degrees, pitch
differs by about six degrees while yaw differs by about five degrees, five feet
below the aircraft. In general, as the aircraft angle of attack increases,
downward pitch decreases and outboard yaw increases.

e) Damping Derivative Effects

The values used for the damping derivatives where those estimated values
for the HARM missile without its launcher. These values came from reference 2.
To account for the launcher and the approximated values obtained, Cnr and Cmq
were varied to determine possible eftects “nese damping derivatives may have on
the store's trajectory. Figures 22a thruugh 24c show that changes in the
danping derivatives have little effect on the store's trajectory.
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f) Varying Mass Properties Effects

The Center of Gravity (CG) of the store was varied to determine the effects
on the store's trajectories. The minimum CG limit used was 6.9 feet from the
nose of the missile, The maximum C6 1imit used was 7.9 feet from the nose of
the missile. Figures 25a through 27d show the C6 effects for atrcraft angle of
attack of zero degrees.

The variation of the store CG has a significant effect in pitch and yaw.
Between CG = 6.9 feet and CG = 7.9 feet, the maximum cifference in downward
pitch is 13 degrees, five feet below the aircraft and 23 degrees, nine feet
below the aircravt, Within the specified 1iwits, outboard yaw differs by a
maximum of seven degrees, five feet below the aivcraft and 20 degrees, nine
feet below the aircraft. In general, as the store CG position moves aft,
downward pitch and outboard yaw increase.

FLIGHT TEST RECOMMENDATION

In the subsonic regime, the trajectory simulations of all four
configurations looxed at displayed smooth characteristics of the store. The
downward pitch is not excessive and there is l1ittle or no yaw of the store
after release. This is not the case in the supersonic regime. At 625 KCAS/1.1
and 735 KCAS/1.3, nose downwai'd pitch and outboard yaw trends are considerably
more rapid than in the subsonic regime.

Another item to consider is the acquisition of the required flight test
assets. These assets are very expensive and difficult to obtain. Therefore,
it would be desirable to keep flight test costs to a minimum.

Also, recent flight test films were reviewed of a similar missile to the
HARM and the AGM-45 missile. The AGM-45 missile displayed a very smooth and
excellent release up to 550 KCAS/.95 from the F-4 inboard station. Although
this missile did not have the launcher released with it, it's expected that a
comparison can be made between the HARM missile and the AGM-45 missile. The
AGM-45 missile is a ighter weight vehicle release without vertical ejection.

In view of this information, it is desired not to flight test at 550
KCAS/.95. But this is not the case in the supersonic regime. For safety
considerations and, also, because it's general philosophy that supersonic
jettison of a store be demonstrated, flight testing will be required in the
supersonic regime.

Two flight tests will be required. The first test should be at 600
KCAS/1.1 with the HARM missile/launcher combination being jettisoned from the
inboard station number 2. The second test should be at 650 KCAS/1.3 with the
HARM missile/)auncher combination being jettisoned from the inboard station
number 2. This second flight test should be done after films from the first
flight test have been reviewed. A1l releases should be at 1.0g loading and in
level flight. Figure 28 illustrates the configurations and flight profiles for
these flight tests. GADS data are requested for all the missions.

SUMMARY

Based on the trajectory simulations, it's expected the HARM
missile/l1auncher combination can be jettisoned safely from an F-4 aircraft.
The initial tendencies are to pitch down and yaw outboard. Upon successful
completion of proposed flight tests, the HARM missile/launcher can be cleared
on the F-4 aircraft to possible limits of 650 KCAS/1.3 at 1.0g loading for
jettison in the requested configurations.
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® NOTE:

Demping Derivatives are for the

Tabdble 1

BARM AGM-88 with LAU 118/A Mass and Physiocal Properties

Store Weight (1be)
Diameter (ft)
Reference Area (ft2)
Leagth (ft)

Md lug location
Aft of the nose (ft)

Center of Gravity Loocation
Aft of fwd lug (in)

Rolling Moment of Inertia
Ixx (slug-rtl)

Pitching Moment of Inertia
Iyy (slug-ft2)

Yawing Moment of Inertia
Iss (slug-rt2)

Cross Product of Inertia
Ixs (slug-ft2)

Roll Damping Derivative
CLP (1/radian)

Pitoh Damping Derivative
R (1/radian)

Yaw Damping Derivative
CNE (1/radian)

RARM missile without its launcher.

879.0
0.833
0.545 {
13.667
7.150

2.925

7.2

5.0

340.00

3.42

=100, 00

-1000, 00

- 1000, 00
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F-16/CBU-89 SEPARATION ANALYSIS

OFFICE FOR AIRCRAFT COMPATIBILITY
3246 TEST WING/TY

Eglin Air Force Base, FL 32548

OCTOBER 1984

NOTE: For the sake of brevity, only typical, representative,
plots are included herein.
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INTRODUCTION
BACKGROUND.

The F-16 SPO requested TY to support the TAC requirement for certifiocation
of the CBU-89 on the F-16 alrcraft, The desired release linits for thia
weapon on the F-16 are: 600 KCAS/1.2 Mech on parent carriags and 550 KCAS/.95
Mach on multiple carriage.

PURPOSE,

The purpose of this memorandum 18 to aralyse the CBU-89 separation
characteristios and to prepare a flight test plan for an F-16/CHJ-89
certification. This report will aynthesize the data analysis accomplished in
order’ to develop a flight test plan for store clearance, The test plan
recommendation i3 also included in this document.

SCoPE.

The flight test reccamendation will he based upon CBU-89 separation
computer simulations. The configurations to be certified are shown in
Figure 1. PFigure 2 depiots drawinga of the CBU-89, CBU-58 and MK-20 model
used in the wind tunnel to gather free stream data. This data shows the
aerodynamic similarities between the stores.

STORE CHARACTERISTICS.

The CBU-89 is a cluster munition which enters a spin mode after release,
using centrifugal force to disperse sutmunitions. This spin mode, activated
by canting the deployed tail fins, ocours after the store has fallen clear of
the aircraft. The rotating tail fins open within 150 ms after release and
will, therefore, be taken into consideration with respect to the separation
analysis. However, because of the timing of the spin mode, the cant of the
f£ins will not be considered in the analysis. Maas properties of the CBU-89
are listed in Table 1,

FREE STREAM CHARACTERISTICS.

Although TYE has not conducted a wind *unnel test with the CBU-89, free
stream data for the store is available thruugh the Free Streasm Data Retrieval
System., By studying the mass and physioal properties of the CBU-89, an
enginesring assessment is that this store has a combination of the
characteristiocs of the CBU-58 and the MK-20. In particular, tha CBU-89 is
similar in sise and weight to the CBU-58 and resembles a MX-20 shape. In
order to depiat how the CBU-8S i3 analogous to the combined characteristics of
thess two stores, Figures 3 and U show example plots of the normal force and
pitching moment coefficients versus store angle of attack. All data are for
closed fins and consistent store orientation.

The same comparison was conducted using open fins configuration. See
Figures 5 and 6, This time only CBU-58 and CBU-89 were plotted, As seen by
the plots, the CBU-89 has fins closed free stream characteristios in the
transient range between the CBU-58 and the MK-20. Nevertheless, for the fins-
open configuration, the CBU-89 is shown to be more stable than the CBU-S8.

The next section will discuss the separation characteriatics of the CBU-89
using CBU-58 interference coefficients.

APPROACH.
The Six-Degree-of-Freedom grid simulation progras was used to generate the

trajectories presented on this analysis. In this progrem, total coefficlents
weras derived from the CBU-89 free stream data ocombined with interference data
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from CBU-58. This last data was ocollectad during winc tunnel test TC-524
conduoted by ARDC in PWT/AT (AKDC-DR-T8.42), Trajectories are depioted as
three view dravings of the store as it separetes from the airoraft, All
zeparations are shown as right wing releases. The CBU-89 separe’ions analysis
simulated releases from a parent pylon on stations 3 and 7. In addition,
simulated releases from TERs on atations 3, 4, 6 and 7. Table 2 shows the
ejector forces and moments used in the Six-Degree-of -Freedoa prograam.

PREVIOUS FLIGH: TEST.

The CBU-89 vas previocusly released on the F-16 airoraft. It is dooumented
in AD-TR-83-32, Thnis test evaluated single carriage and release of the CBU-89
on pylon stations 8 and 6. The release conditions for these were as follows:
airspeeds between 529 and 695 KTAS; altitudes froa 1,830 to 15,770 reet AGL;
and dive anglea up to 60 degrees. It also evaluatad mu] tiple carriage and
release (slant M configurations) of the CBU-89 from TERs on pylon atations 4
and 6 of the F.16 with centerline fuel tank, The release conditions tested
for this configuration renged from 9,250 to 12,000 feet AGL in altitude, 525
to 610 KTAS, and 30 to 60 degraa dive angle. Ripple release for slant 4
configuration was performed at 70 and 300 mtllisecond intervals.

SIMULATION RESULTS.

The CBU-839 simulations were conducted on parent ocarriage and multiple
carriage ocnfigurations. Figur: 1 shows the configurations simulated. The
dltitude range on the simulation was from 1,000 feet to 20,000 feet,
Similarly, the Mach aumber was varied from .6 to 1.2 for parent carriage and
from .6 to .95 fo- multiple carriage.

AOA was3 varied from 0 to 6 degrees on all simulation conf'igurations.

By using the altitude and Mach number variations, the simulation was duilt
up to the desired goal of 600 KCAS/1.2 Mach on parent ocarriage and 550 XCAS/
+95 Mach on multiple carriage. These simulations were conducted at 0 degree
and 60 degree dive ungles. The results are shown in Figures 38 through 47, A
center cf gravity (C.G.) sensitivity anslysis was also conducteqd to
investigate store atability., Figures 8 through 37 are examples of the CBU-89
pletorial and g: iphical views of the store's separation which were generated
by the Six-Degree-of -Freedoa prograa.

a) Corfiguration Effects.

(1) For all simulated conditions and configurations, the CBU-89
showed safe ssparation characteristics.

(2) For releases from outboard shoulder on inboard prlca, the store
tended o translate outboard at lower speeds but tended to translate inboard
for higner spoeds,

b) Mach Erfects.

(1) For all oonditions and configurations simuiated, an increase in
speed 1 5r the same angle-of-attaok tended to slight)y inoryase
Z-tranilation and negative pitoh. Yawing was not significant enough to ocause
any ooncern about collisions.

(2) As a general rule, the trajectories became more perturbded as the
Mach number {ncreased.
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€) Asroraft Angle-of-Attack.

For all configurations, an inorease in angle-of-attaok for the same
conditiona tended to slightly increase the CBU-89% pitch and yaw; it also
decelerated the store's Z-translation.

d) The C.G. sensitivity analysia fllustrated in Figures 38 through A7
shows very little ohange in the separation characteristic of the store.

e) The dive angle analysis illustrated in Figures 48 through 57 indicates
no significant change in separation charecteristios.

SUMMARY.
i Ll LN

a) This analysis demonstrated the separation characteristics of the
CBU-89. Due to lack of wind tunnel data, interference coefficients from the
CBU-58 were utilised to oonduot the CBU-89 simulations. A comparison of free
stream data for both fins-closed and fins-open configurations, and the faot
that both stores are very aimilar, justified the use of CBU-58 interference
data in conjunction with CBU-39 free stresam data for the analysis. In
general, all simulations showed safe separations. An increase in Mach number
for constant AOA slightly increased the pitch rate, Z-translation and yaving
soment. An increase of AOA for constant Mach number inoreased the pitoh and
yav but decelerated the store's Z-translation. The C.G. sensitivity analysis
indicated no signifiocent effect on separations.

b) The 60 degree dive anqle release indicated very little effect on
the store's separation characteristics.

c) A review of AD-TR-83-32 corroborates the safe separatjon
predictions. This report includes flight test information on CBU-89 releases
from the F-16 airoraft,

d) Film review of previously released CBU-89 and CBU-58 stores from
the F-16 airoreft were conduoted, These show the same separation

characteristics as those simulated in this analysis,
FLIGHT TEST RECOMMENDATIONS.

Due to the safe separation characteristics exhibited by the CBU-89 froa
the F-16 aircraft, the following release demonstrations are recommended (see
Figure 7):

MISSION PASS RELEASE KCAS/MACH DIVE CONF.
1 1 Pylon 3 500/.95 -60 1
2 1 Pylon 3 550/1.05 <60 1
3 1 Pylon 3 600/1.2 -60 1
L] 1 Pylon 3 550/.95 -60 2
TER/Y

L} 2 Pylon 3 550/7.95 -60 2
TER/2

5 1 Pylon (3-7) 550/.9% -60 3
Ripple Pair
Release (70ms)

6 1 Pylon 550/ .9 -60 3
(3,4,6,7)
Ripple Pair

Release (70ms)

T R SV TR VD




TABLE 1

CBU-89 MASS AND PHYSICAL PROPERTIES

VEIGHT (1be.) 680 . 5%
LENGTR (ft.) 7.67
DIAMETER (1in.) 15.60

VD MOUNTINC LUG (in-aft of nose) 35.00

G (in-aft of fwd lug) (inme.) 7.6 + 0.5
MOMENTS OF INERTIA
Ixx (slug - £t2) N80
Iyy (slug - ft2) 83.20
Izs (slug - ft2) 83.20
TABLE 2
FORCES AND MOMENTS USED FOR THE CBU-89 SIMULATIONS

(Inputs in the Six-Degres-of-Free

dom)

LBf
EFORCY = BM88.4 LBf

CONF.  PARENT CARRIAGE CHIN STATION SHOULDER STATION

L]

602 EFORCZ = 7233 LBf

EMOMY « 1501 FT - LBF

ho2 EFORCZ = 1200 LBf
. EMOMY = 140 FT LBf
: 502 EFORCZ = 8A8.A LBf
§ EFORCY = 8484 LBf
) EMOMY = 99.0 FT * LBf
‘ EMOMZ = -99.0 FT ° LBf
; 601 EFORCZ = 1200 LBf
u EMONY = 180 FT, LBf
' 701 EroRCZ « 848,
I

)

8
EMOMY = 99.0 FT < LBf
EMOMZ = -99.0 F'T « LBf

® Cartridges and orifioce combination

ARD-863/ARD-M06
081/,110 (inches)

(it it ahtal -

Wtk s ot V3, e 4
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1 FREESTREAM DATA RETRIEVAL SYSTEM
EGLIN AFB, FLORIDA

d
- ="

c
L -1
f 4
-2
-3 r—t—r -
-s 0 5
RECORD DATA
SYMBOL & LINE  NUMBER SET$
o——o
29 1
L -4 18 2
g-—————0 18 1
rimimmimime -* 35 72
@ -mmremnenns -0 35 73

T r—r—r

_— ™~ v ™ Y——r—

10 1S 20 25 30

ALFA

X~VARIABLE DATA NAME Y-UARIABLE DATA NANME

ALFA
ALFA

AaLFA
ALFA
aLfFa

BOTTED LINES UITH SVIDOLS AT THE ENDS ARE CURNK FiTS.

CLM (CBU-58(+)
CcLM (MK-20(+)

CLM (Mx-20(X)
CLM (CBU-89(X)
. CLM (CBU-89(+)

(+) - Fins at O deg
(X) - Fins at 45 deg

Figure 3- Pitching Moment vs
Store Angle of Attack
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FREESTREAM DATA RETRIEVAL SYSTEM
EGLIN AFB, FLORIDA
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{

ALFA

RECORD DRTA
SYMBOL & LINE NUMBER SETE: X-VARIABLE DATA NAME Y-UARIABLE DATA NAME

29 1 ALFA CN (CBU-58(+) M=.60)
. a 18 2 ALFA CN (MR-20(+)  N=.80)
G- —————0 35 72 ALFA CN (CBU-89(X) M=.70)
P S - 50 127 ALFA CN (MK-20(X) M=,70)
Gromeemnaman -0 35 73 ALFA CN (CBU-89(+) M=,70)
POTTID LINES VIt SYRIALS AT THE DNOS ARG CURVE FITS. (+) - Fins at O deg

(X) - Fins at 45 deg

i ¢ Figure 4- Normal Force vs Store Angle of Attack
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F-16 CBUBI ANALYSIS
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NOTE:

APPENDIX C

GRAPHIC ATTITUDE DETERMINING SYSTEM

OFFICE FOR AIRCRAFT COMPATIBILITY
3246 TEST WING/TY

Eglin Air Force Base, FL 32542

APRIL 1984

For the sake of brevity, only typical, representative,
plots are included herein.
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GAAPHIC ATTITVEE DETERNINING SYSTEN

™he Sraphic Attitude mmm'. System (0ADS) is o ter based tystem for cellecting and
redicing stores separation data frem \0m 118 The systen converts the f1lm isage te vides, aines it

with a videe display generated by the computer, and presents the superimposed images om 2 video momitor.
mmwuumuw'zwumnm tneges ot which point the location of the store s

known. The havdwere wes dolt BOA Systems Inc. in accordence with o detailed pecification
written hy AD/MRE, Eglin AFB, FL. A1) software was written n-house by & Kocancarski and MA. Smith.
. A1)

A1l matheds of steres separation date reduction, which uses single cameras, ore based on the
same principle. Specifically, they make vee of the fact that distance infermetion is enceded in the
filn image &8 areat distortion of the 1m- e to perspective. This "distortien® exists because as
o shject moves farther from the camrs 1t sebtends & smal lor angle withia the total field of view of the
camers. This in turn cowtes the ehject te r to shrink Loward tha optical cemter of the camera with
incressing viewing distonce. The wmeust of “distortion” of the image 13 related not only to the
distance a1s0 the focal length of the camera lens. That i3, shorter focal length lenses (wider
£1a1d of view) increase the perspective while loag focal Tength lenses (telephoto) flattem ot the
foage. By tnma.m foca) longth of the lens and the 3¢ positiona) relationship detween several
fized points on stere it s pessible to retrieve this distance information. Mith sufficieat poimts
1% 1 pessible to resolve the data into the 3ix degrees of freedon required to characterize the
separation of the stere.

Tha photogrommetric method vses precisely painted spats on the surface of the store as
veference points. These spots are then measured within esch frame of fi1n.  The data from the store
prior to separation i3 then used to locate the position of the camera with respect to the store. The
Tater frames can then be reduced with respect to the comers end then translated and rotated back to the
coardinate system of the store prior to release.

The Photo Dats Analysis System (PADS) developed at the Naval Missile Center located at Point
Muge, CA does away with the need for painted tpots. Instead an exact sodel of the store is placed on 2
mechanical positioning system The model 13 thea viewsd with & video comera using the same lens that was
used on the afrborne camers. Doing so licates the amount of perspective ia the 1un and thus
elininates focsl leagth as a varisble. vidao 18 then mixed with a video image of the film and the
suparinposad images are then displayed on & video monitor. The cperator then moves the model, using
the positioning tystem, to obtaina precise match of the two images. The position of the model can then
be recorded and later scaled to obtain tha actual position of the store.

The GADS uses a computer to generate a video image of the outline of the store. This video
1s then mixed with a video image of the fila and displayed on a video monitor. An operator then
supplies commands to the cosputer to mova the image of the store until the two images are aligned.

To make this possible the computer must calculate the amount of perspective, based on the location of
the store with respect to the cemera, and distort the image by an appropriate smount. To do 30 the
computer must know the characteristics of the camera.

EQUIPMENT

In early 1978, a specification for the GADS was developed by the System Engineering Branch of
the Directorate of Computer Sclemces at Eglin AFB, This specification was base in part on a
feasbility study which had been perforsed by S. Walters. Ouring the study, Mr Walters wrote a program
for the 1N-360 to display an image of a store on a Vector General display. Positioning of the image
was controlled through a function keyboard. A 16 me movie projector was then used to project frames of
£11m directly on the face of the display. The computer generated imige was then moved to achieve
superposition. The data collected during the test compared very well with the data resulting from the
photogrameetric solution and therefore indicated that the basic method was feasible.

While conducting the feasibility study, one problem ares becams very apparent. This
concarned control of the computer image. method that had been used was to use function keys to
start, stop, and change the direction of motion of the image in its six s of freadom. While this
was not a problem in X, ¥, and 2, 1t was very difficult to control roll, pitch and yaw, Specifically,
1t was very difficult for the operator to relate use of the controls to the direction that he wanted to
rotate the store in, This was compounded by the fact that if, for exasple, the store were to ym such
that it points in the opposite directiom, then the roll and pitch contrels reverse diraction, That is,
a sot'on of the control which used to cause pitch up, now causes pitch down. It was areat that using
Jayst-.cks as had been &lanmd would not be much bettor for contolling the rotatioms. ed lorgely on
1ders formulated by V.6. Clements, the design for the special purpose attitude control shews in Figure 1
took shape. [n this design the rod represeats the store with ore ond designaied as the nose and other
as the tatl. This rod i3 fres to rotate mprexisately plus or mines 30 detrnes OR each of three axes.
These three movements supply thres analog voltage Tevels to the computer which are thea interpreted a8
rotation commmands about the thres axes. Each axis {3 uﬁu‘ 1oaded to cause it to returm to its zevo
position when the operator releases it. This a)lows the attitude comtrol to be used as a velocity
rather than a positional control. That is, tae wore the control is displaced the faster the computer
image i3 rotated. la addition to the spring loaded rotations, the control was specified to have detents
every 15 degrees on the pitch and yaw anes. This allows the centrol to be positioned in approximately
%ho same mit‘i.u 2s the store 30 to enhance the sbility of the operator to relate coatrol movements to
nage BOveNents.

The block diagrem of the system spacified in the final statemsat of work appears in Figure 2.
A1 specified components with the exception of the attitude control and the packaging of the syitem were
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to ba off the shelf equipment. On § Moy 1978 the cantract wes awarded o m Systems Inc. in Netbourne

FL a3 & competitive bl The system wat actually delivered

§ February 1978, It has since been

o
opanded in-toute through several additional competitive dids. The curreat configuration of the system

wppears in Figure ).

\ SONPUTERS
v The GADS wses a Syatem t:’mnﬂn Laberatortes SEL 32/78 computer system. It s a 32 Bit
, uﬁutn configired with 30K hytes cove atmery amd harduare floating peint. The system has the
' follotwng peripherals:

1 Terminet-30 teleprinter (System Console) General Eiectric

2 Model 9762 80 MAyte disk drive Centrol Data

2 T<8640A 45ips QU0 BPI Tepe Drives Pertec Computer

1 AlR-l1a Brograsmers Terminal Leor Stegler

1 Medel 1012 4 color drum plottur Calconp

1 Nodel 7410 mwmu Subsystem SEL

1 200 cwp Card Reader True Data Corp.

OPERATOR 'S CONSOLE

The GADS operator's console delivered by DBA Systems Inc., includes the
and the video subsystem. The vimgxmisa 1000 line

cwmeras, and o vl afxer. The

It atso includes a M
graphics processor.

1cs systom was built
1024 by 1024 raster scan system with 4 memory planes. This allows wp to 16 gray levels to be gemerated.
speed Mardw. o « aracter/vector generator as well as the standard
optics System contists of two film tramsports projectt

r.h!es mnarator,
system, consisting of a video monitor, two
Genisco Computers Inc. and comsists of @

programmibie

of the video cameras. Three film transports (1-35am and 2-16mm) are .vmm."w mounting on the two
trangport stations. Thase transports may be either manually or computer controlled. Also included in
the contle is an analog/digital subsystem which interfaces the two x/y joysticks, the attitude control,
the footswitch, and the film transport controls to the computer. the actual cosponents included are as

follows:

16am fiim tronsports

35 m film transport

S(T-3000 graphics display system
Alphanumeric keyboard

1120 high res. video cameras

21" high resolution B/ monitor
Yideo mixer

Attitude control

x/y Joysticks

footswitch

INFRARED CONSOLE

- o) ant mt et P\ b et et P

Vonguard lnstr,

¥ ard Instr.
Genisco Computers
Genisco Computer
Cohu Electromics
Conrac

DBA Systems

DBA Systems
Krafts Systems
Line Master Switch

directly onto the face

In late 1979, components were procured to builld an infrared profile amalysis coasole in-
housa. The function of this console 1s to process infrared profiles (recorded on video tape) using the
GADS computer tem. A block diagram of the console appears in Figure 4, It operates in a manner
siatlar to the console in that {1t mixes video data with computer generated graphics to allow the

oparator to intersct with the data, It s however, a NTSC compatible 525 line color

ten, The

computer graphics generator iIs capable of displaying up to 256 colors from 1ts 4098 color set

simltoneous 1y on a raster by rater basis.
rastor configuration. It also imcludes a M
components includad in the console are as fol lows.

6CT-300 color graphics system
GCT-303 color video mixer
6CT-3071 alphanumeric keyboard
8CT-3073 J-axis jJaystick

13 inch color monitor

V02000 video cassette recorder
EFS-1A video disc recorder
P36-311 color sync gemerator
PCO-363 NTSC chroma decorder
CCE-850 NTSC chrome encoder
Video switching logic

SOFTWARE
AVl applications software rumming

—t at et it b ot ettt it

graphics generator hs 8 mamory planes in a 480 by 512
speed hardware character/vector gene—ator. The

Genisco Computers
Genisco Computers
Genisco Computers
Genisco Computers
Nitsubishi

Sony

Echo Sclence
Lenco Inc
Lenco Inc
Lenc: Inc.
In=house

on the SADS was written at AD/KR  The software is written

almest eatirely in Fortran IV and runs under SEL's RTH operating system, Version 6.0. The software
consists of thres primiry programs and several smaller programs.

WODEL DEFINITION PROSRAN

The Node! Definitien
be uged for reducing data on the

e e e ot e e

Y e i e T e — e ————— m——— e e e s - e e

am (MOP) 13 an interactive program for defining geometric models to
™ .rm- {s general purpote

stores. the program s written completely in I Fortran IV with all system

seven subroutines, making the program very easy to transport to other systems.

the program was written and debugged on COC-8600 prior to delivery of the GADS.

and mot restricted to defini
original version of

t code 1solated to
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NOP has & very flexshle command 3at. e—-mmommuuumiwn ]
possible. A1) input through & parsing sebroutine which ol lows uier to shbreviate commands to
ARy Unique correctly tpel Yed sequence. tionally alt form with sptiona!
decimal points. Perameters may efther be entered one por Vine, n, or anything Detween.

I the parser runs out of parameters, the wser will be prompted for

1t a3ty for someene to Tearn the commends while not 5lowing Sown the
questioning and antwer seasion. Additionally, limit check n“i: ormed on 8
ppropriate error messages are printed for 1) Tegal entries. 011 a
avat 1ab 14 commands:

CENTER Oefine XVZ center of an ttem

cory Copy dufinition of an iten to another item
DELETE Delete some attribute of an item

OISPLAY  Graphically ¢isplay the ohject

&ltﬂt Define item s a duplicate of mmother

1

g
£33%
2 |
i

ODefine an nr
FOGAL Define the viewing focal length
1TEN Set curreat 1tem nusber
LIST List some attributres of the object

NMBER Re=number item to compress deleted attributes
ORIENT Change orientation of an 1tem

PLANE Oefine a plane

PRINT Print a isting of &)l attributes

QIT Exit the program

RADIYS Define radit

ROTATE Rotate the displayed image

SAVE Save the model data base
SCALE Scale 0 1t
TYPE Define an ftem's type

VERTEX Define the vertex

WNINDOW Define the viewing scale
? List all commands

< Abort this command

When using MOP the user must decompose the object into sub-components which are refered to as
items. Items may be either of two types, geometric or cylindrical. Seometric solids are ttems which
ire composed of corners and straight line segments. To define a geometric ftem the user first specifies
X, Y, and Z locations of the verticies. One can then specify as existing between any two
verticies. Finally, one may optionally define planes to assist in hidden line removal in future prograa
versions. Alternately, the user can define an item as being a cylindrical solid. Essentially this type
of item consists of a cylinder whose axis is atong the X-axis. The user may specify the radtus of the
1tem at any two or more points al the X-axis. s allows objects like a store's body to be defined
as 2 single 1tem by changing sufficient radif to duplicate the taper of the body., The coordinate
systom used for the ftem definitions 1s shown in Figure & Once an ftem has been defined its
orientation may be chinged with respect to the object center. This is done by using the center commend
to offset it in X, ¥, and/or Z or by using the orient command to change 1ts roll, pitch, and/or yaw.
Additionally, there are copy and duplicate commands, which when combined with CENTER and ORIENT, allow
body features such as four identical fins to be specified very quickly.

MDP provides full editing capability for mode)s. It allows the user to insert

items, verticies, edged, planes, and radii at will. It also can 11st or delete any of these. The entire

®odel data base may also be saved or retrieved from disk, Additionally, MDP allows the user to
enphicall,y display an image of any or 211 items on the operator's console (Tektronix 4014 terminal for
0C version). user has the option of setting the orientation (roll, pitch, yaw). and viewing
parameters (focal length, scale) prior to displaying the object. The ity to actually see the object
is very useful in deteraining the correctness of the model since minor errors caused by typographical
errors often stand out very clearly when viewed from certain orientations.

The number of items, verticies, edges, etc., in the data base are essentially limited only by
the amount of mamory available. The program is currently configured to allow up to 50 ftem. AN
verticies, edges, plames, and radii are contained in one array with each (except planes) requiring one
¢lement per entry, The maxisum number of entries is set to 1 at present.

ATTITUDE DETERMINATION PROGRAM
The Attitude Determination Program (ADP) 1s the primary data collection program for the

Graphic Attitude Daterminin System. ADP consists of a main seguant and seven overlays. The averlays
and their functions are as follows:

ADPH Main segment

ADPPR Pre-processing of data base

ADPPA uglnnin? of pass pmossing/callbntions
ADPOISP Interactive display of mode

ADPCYD Keyboard command processing

ADPLOG Logging data samples/film advance

ADPEOP End of pass processing/data storage
ADPEXIT End of job processing

The main seguent is dlways core resident and controls which over) are loaded into memory
and executed. The first overlay executed is dlvays the pre-processor (ADPPRE). This overlay bagins by
fdentifying the current version and requesting operator and mission identification information. The

e s s b 1

e e




sext step 8 te ask for the made! tdentification, spen the file, and redd 1n the medel date dase.
ADPPRE porforma soun pre-precessing on the sedel. This includat perferming orientation and
coatering changet to geemmtric ehjects and serting of radii by X-axis @istance.

Overlay ADPPAS's are tham loaded and executed This evertay begine by asking for the pass
ausber. 1f & zere 1s eatered, then cuntrel will Be pasted © overlay 17 for terataation.
Otharwise the data sterage file will be searched fer the correspending pass aumber, If f the data
wil) be loaded nts the randen access tenperery file. The program alse checks whather there 13 al
seme data in the temperary file a3 a result of an shaorma] tevminatien. 1If 50 1t gives the operator
option of recovering this data. If this i3 & mew pass the om will ask for the mmber of
calibration 1ines. If less them eight them thare are tasufficieat 1ines ta calidrate the system. In
this case the program will request the X ceater, Y caater, focal 1} , Wnd window 312¢ which the
mrltw it supply from another source If el‘ fhrations are availeble the operator will be prompted for

fmage 8i2¢ in inchas which hes been previovs 1y read en the Telereader, A crosshair 13 then
displayed which the operator positions o the sides of the calidration cube shawm in Figure & Once
these msasurements have been made, the computer uses the data to solve for the optical center of the
canera 1n terms of display screen coordinates, the ification of the GADS cptical system in screen
coordinates, and the focal length of the cemera. A then inftializes severa) other variadbles and
returns to the main segment.

Control is now passed to overlay ADPDISP. This overlay then begins by determining whather or
not the program is in the edit wode. If so, the program reads the previously measured attitude data
from the temporary data file and positions the wode! appropriately. If not in edit mode the program
will locate the requasted number of fized frame points. Thase points u{ be used tn a later data
reduction program to remove the effects of wing flexure from the data. Alternatsly, a separate sodel of
the aircraft wing could be matched to precisely determine the location of the camers in esch freme. The
program then begins a loop where it clears a1l points 1n a Genisco memory plane; draws the geometric
solids; draws the cylindrical solids; writes the attitude parameters; enables display of the memory
plane just written into; enables writing of the other plane; updates the A/D readings of the controls;
checks for and processes function keys; and then repeats the cycle. It will remain in this loop until a
ey, a function button, or the footswitch is pressed. Pressing a key will cause control to pass to
overlay ADPCMD. Pressing a function button will cause either a ch in the state of various dhpl.{
functions, or will cause control to pass to overlays ADPEOP or ADPERIT. Pressing the footswitch wil
cause control to pass to overlay ADPLOG to log the data from the current frame,

: Upon starting overlay ADPLOG, all attitude information is saved in a buffet which is then
written to the random access tesporary data file. The program then advances the proper film transport.
If the auto predict mode is enabled, the computer will then predict the next image location based on the
last two points and the error for the previous prediction and set the inftial coordinates of the display
for the next frame. Control is then passed back to overlay ADPDISP,

Mhen the end of pass function button is pressed, overlay ADPEOP is invoked. This overlay
scans through the existing data file to locate the current pass. If it already exists, the progrem
replaces it with the new data. Otherwise, ft will insert the new pass into the data file. Thiz file is
sequential by pass number. Control is then passed to overlay ADPPASS to initialize a new pass.

Overlay ADPEXIT is invoked for job termination. It makes an entry containing the number of
frames read and the elapsed time in the accounting file, produces an optional raw data dump, and then
restarts or terminates the program.

BOMB SYSTEM QUTPUT PROGRAN

The Bomb System Output Program (850P) is currently the primary data reduction program rumning
on the GADS. The program, written by M.A Smith, tnputs data from the Attitude Determination Program,
translates the data to the center of gravity of the store, and then references all data to its pre-
release position. The prograsm also changes the coordinate systom from the one shown in Figure 5 as used
by ADP to the one shown in Figurs 7. In this coordinate system Y, roll, and yaw are all defined to be
positive for outboard motions. Thus their signs depend on which side of the aircraft the store is
suspended. These conventions are based om current projects and can be easily changed for others. After
trans lation the data can optionally be smoothed by fitting the data to either a qubic or a quadratic
aquation. Smoothing is selectable over 3 to 99 data points. BSOP produces two types of output, 1istings
and plots. The listings curreatly available show rw position data, smoothed position data, and/or
velocity data for the six degrees of freedom on 2 frame by frame basis. Currently available plots show
the six degress of freedom as either smoothed or raw posftional data versus time and pitch, yaw, and/or
Y distances versus I distances. Figure 8 shows 2 sample plot.
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APPENDIX D

PRECISION MEASUREMENT FACILITY

OFFICE FOR AIRCRAFT COMPATIBILITY
3246 TEST WING/TY

Eglin Air Force Base, FL 32542

APRIL 1984

For the sake of brivity, only typical, representative,

plots are included herein,
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THE PRECISION MEASUREMENT FACILITY (M)

The Preciston Measurement Factility at laocated at tuilding 990 on Eglin AFB. The outward
appearance of this facility and its surrounding area 1s that of an isolated shop with little
significance. However, after a closer look, one will discover quite the contrary. Upon entering, the
first thing to catch the aye 13 the 861/8 Airdyne Mass Properties Measuring Unit ("Big-I). This is an
impressive piece of equipment and is essential for the PNF to fulfil) its mistion.

The aission of the personnel assigned to the PIF is to determine and provide the accurate
waight, Center of Gravity (CG), and the momants of tmertia for stores &3 required. The mission is a
short one, but the accomplishment of it requires a great deal of technical knowledge and hands-on
experience, The equipment used to determine this information is compliex and sensitive. The information
provided by the "BIG-I" is vital, Prior to its operation in 1967, there were problems encountered
during some flutter tests. After a post-flight investigation, it was determined these problems occurred
a8 a result of incorrect information concern the CG and moment of inertia of stores. The operation of
this facility provides the project officer with a source for detersining whether or not the stores meet
the specified tolerances prior to flight, It is impossible to estimate the number of problems and costs
created by out of tolerance stores which could have been avoided. However, it is safe to assume the
"81G-I" has saved the Air Force a good deal of money since it's inception.

There are six essential items required in order to determine a store's weight, C6 and moment
of inertia. These items are the "Big-I", surveyor's transit, hoist, torque wrench, calculator, and a
snll' 1r'uler. Before the operating procedures are explained there are 2 few things one should know about
the "Big-I".

The "B8ig-1* consists of 3 parts. The first of these i3 the measurement table. The
measurement table is where the store is actually placed. It is accompanied by two separate adapters.
The primary adapter s a modified MJ-3 bomb rack. This adapter was designed so the table could handle
stores of a cylindrical shape. The second adapter is usod to accomodate narrow flat surfaced stores.
The second major part is the contro) console. This item is equipped with the 532A Hewlett Packard
counter-timer. The counter-timer is where the function settings and reading displays are located. The
third and final part is the stress guage. This piece of equipment is used to weigh the store. It
provides the counter-timer with the rudin1 needed to obtain the weight. The "Big-1" operates on a dry
nitrogen gas system and requires at least 125 psi. The accuracy rate of the "Big-I" i3 outstanding and
the Yimitations are few (See Table I). The assurance of the accuracy rates are maintained by a weekly
CG calibration and a monthly calibration of the moment of inertia.

The operating procedures are broken down into three areas: warm-up, actual work performance,
and shutdown procedures.

Ouring warm-up, the transit is sighted in with reference marks on the weasurement table.
There are also calculations performed using formulas ! and 2 of Table II. It is essential to obtain
these numbers to assure the “Big-1" is properly warmed-up and to perform the actual work. The time
required for warm-up ranges from one to two hours. This time varies according to the outside
temperature. (the colder it {s the longer it takes)

The following is a step-by-step explanation of how the weight, CG, and moment of inertia are
Amally determined. A photo sequence of the operation is provided so that it may be more clearly
understood.

1. The store is first hoisted with the stress gauge. There it is suspended while the
information is taken from the counter-timer to determine the store's weight (Figure 1). The weight is
determined by using formula 3 listed in Table II.

2. The stress gauge is then replaced by a bomb sling to prevent it from being damaged. The
store is then transported along the hoist rail and positioned on the measurement table. (Figure 2)

3. The store is then sighted in and a reference point is marked on 1t. This is done by using
a small ruler and the transit (Figure 3). As this is being done the counter-timer is being set to
acquire the necessary readings for determining the CG (Figure 4).

4. Next, the measurement table is supplied with 100 psi of gas pressure an the table is
lowered onto the gas bearings (Figure 5).

5. The table is then rotated tc 90 degrees and 270 degrees (Figure 6). The readings are
taken from each of these locations and calculated using formula 4 of Table II (Figures 7 and 8). The
result 1s relayed to personne! at the measurement tadle.

6. Using the ruler and the reference point marked in step 3, the CG is marked. Whether the
result is a positive or negative number will determine whether the C6 is forward or aft of the reference
point (Figure 9). During this step, the settings on the counter-timer are once .again changed to
obtain the required readings for the moments of inertia.

7. At this time the table is positioned at zero degrees and torqued to 400 inch-pounds. The
item is then oscillated at 4 degrees. While the store is oscillating, three readings are obtained to
determine it's yaww. This is done from calculations using formulas 5 and 6 of Table II.

8. The store is then rotated on the table to a 90 degree angle and once again oscillated at
4 degrees. Three new readings are taken and again calculated using formulas 5 and 6. The results of
this will determine the store's pitch.

9. The table is than untorgued and returned to 315 degrees (which is in line with the




-

137

transit),  Then the tadle 13 reised frem the gas bearings and the gas preasure is cut off.

10, The store is then remeved from the table and returned to the tratler. There it is
stenciled with the information and tied down (Figurez 10 and 11),

After 211 required stores have besn cospleted the "Vig-1" 1s shut donm.

Table 1
1. Accuracy:
& Nelght = + 0.2%
b. Center of Gravity - + 0.008°
€. Moments of Inertia - + 0.5%
2. Limitations:
8. Store length must renge frem 2' to 20
b. Store weight must range from 50 to 4000 pounds .
tb1e. Tecouie of the BIecTE verioelfov inie T vt lon e 1t tmpusaibe to Foaly e Guterined
by actually trying to work with the store.
Tadle 11
1. Terms Used:

4. Constant = K: This is a mumber derived durin the warm=up. It 13 used to calculate waights and to
ensure the "81g-I® is properly warmed-up. When K = to 99270 the "819-1" is ready for use.

b. NT: This is the term used to refer to the opty weight of the stress gauge.

e T:Ths s the result of a calculation performed from oscillating the table without a store
on it. It is used when caleulating moments of inertia.

2. Mathematical Formulas Used:

Memor.
Nemory Rocll{
a. Formula #1. WT mass - NT = M), 2nN3+mMmex

B. Formula #2. Total of 3 Readings & 3000, Squared (x=) = T®
c. Formula #3. Store Welght - NT x K = Store's True UWeight
d. Formula 44, 90" - 270. X 15900 - Store's True NT =36.16 = x Memory recall =

e. Formula #5. (G =12 (x=) Memory +, store's true WT = 36.16 = x
Nemory recall » (resuTT 1s held 1n memory and recalled in Forumla #6)

f. Formula #6. Total of 3 readings = 3000 = (xe) =T} = X2.50= __ - Memory
recall = moments of tnertia.

NOTE: The above formulas were derived by the Miller Research Corporation.
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Figure 1

Figure 2
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Figure 3
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Figure 4

Figure 5

Figure 6
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Figure 7

Figure 8

Figure 9
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Figure 10
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USAF STORE DELIVERY ANALYSIS METHODOLOGY

OFFICE FOR AIRCRAFT COMPATIBILITY
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Eglin Air Force Base, FL 32542

APRIL 1984

For the sake of brivity, only typical, representative,
plots are included herein.
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USAF _STORE DELIVERY ANALYSIS METHODOLOGY

INTRODUCTION

In order to aim a store so that 1t will hit the target, 1t is necessary to know the flight
characteristics of the store as 1t travels the required distance to the target. This appendix discusses
exterior ballistics of unguided stores released from fighter as wel) as bomber aircraft. This
discussion covers the USAF method of test considerations, data collection, data reduction, and data
analysis.

TEST CONSIDERATIONS:

Flight characteristics of a store are obtained by conducting controlled tests. Factors to be
considered when designing the test are the store release envelopes, the types of data to be collected,
and the necessary number of stores to be released. The release envelope is usually determined when the
store is developed; however, this may be outside of the operational envelope of the using community.
The number of stores required to gather the necessary flight characteristics data will depend upon the
type of store tested. Basically, there are two types of stores. The first is a store that has a
cylindrical shape, usually with stabilizing fins, that remains intact until it impacts the targeted
area. The second type is a container, that may have stabilizing fins, designed to function at a
predetermined time after release or at a designated altitude to dispense submunitions. Either type may
have other events that alter the store irajectory. The functioning type store will require more testing
because the scbmunitions form a pattern that must be determined. The type of data required is the same

for all stores except for impact pattern data and such modifications as chutes or other retardation
devices,

COLLECTING TEST DATA:

The aircraft and store are tracked by, a minimum of three, cinetheodolite cameras operating
at 30 frames per second with Integrated Range Instrumentation Group (IRIG) time to record azimuth and
elevation data. The aircraft is tracked from five seconds prior to release to two seconds after
release. The store is tracked from release to impact for intact types, and from release to functioning
for functioning types. Submunitions are usually too small to track. In addition to cinetheodolites,
the aircraft and store are tracked with a medium speed tracking camera operating at 90 frames per second
with IRIG time to record the time of store release as well as other event times. Other methods of
obtaining release time have been used but were not found to be accurate. Since submunitions are too
small to track with cinetheodolite und medium speed tracking cameras, Milliken or other type fixed
cameras with IRIG time are positioned along a grid impact area to obtain impact time, velocity, and
angle data. The fixed cameras are used only if the functioning type store contains a few submunitions
(approximately 30 or less). The reason being that the camera readings must be correlated with W&~ . .
submunition impact points, The grid impact area is used to obtain polar coordinates of the individual
submunition impacts. The dud count for High Explosive (HE) submunitions are obtained during impact
scoring, The weight of each store is obtained and correlated with the aircraft/rack station for each
drop. Meteorological data is obtained on each misison. The atmospheric properties (temperature and
density) are obtained from daily standard base upper air observations. The wind direction and velocity
data are obtained by tracking a Pilot Balloon (PIBAL) at the test site with the cinetheodo] ites.

REDUCTION OF TEST DATA:

The cameras and associated fiim records provide azimuth and elevation data and film images at
precise time intervals with an accuracy of approximately .005 degrees. The exact position of each
cinetheodolite site is determined by first order geodetic survey, and the cameras are located and
properly oriented in a topocentric rectangular coordinate system. Precise camera orientation s
accomp1ished and checked by on-site leveling procedures and calculations utilizing fixed boresight
targets. Multiple station solutions for individual space position points are obtained. Spacial
position accuracy to one foot has been realized; and, depending upon geometry, acturacy of better than
five feet it usually accomplished using three to six cameras.

The time to start the reduction is determined and associated with the frames to be read.
These readings are recorded on magnetic tapes containing mission identifying information, frame numoers
used for time correlation, aziumth, elevation, and X and Y tracking error from the center of the frame
to the point tracked (normally the nose of the aircraft). These tapes, as well as information pertaining
to the mission, are inputs to a data reduction program.

The data reduction program first corrects the azimuth and elevation angles from each camera
for tracking and boresight errors, such as horfzontal and vertical collimation and zero set to give
azimuth measured from true North. Next the coordinates of each camera sfte with respect to the origin

are computed is well as the rotation matrices necessary to reference the measurements to a common plane
containing the origin.

The data from the first two cameras with readings for a point are rotated to a common plane
and a two-station Bodwell solution is performed to obtain an estimate of the povition. The Bodwell
solution minimizes the square of the distance between the two lines of sight to arrive at the best

result, This preliminary position estimate is used to compute a refraction correction for each camera
with readings for this point.

The direction cosines from the refraction corrected angles are rotated to the coumon plane,
and another two-station Bodwe)1 solution is determined which gives the inftial values for a Davis
solution, an {terative procedure which minimuzes the sum of the squares of the angular residual; i.e.,
the difference batween the corrected input observations and the true angles to the computed point.

e x
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After the Davis solution has converged for a particular point, the angular residuals are
examined in order to eliminate stations or cameras with bad readings. The final solution etither has all
residuals less than 0.02 degrees or is the best possible result from the input.

The convariance matrix from the final iteration and the unit variance (sum square residuals
divided by the degrees of freedom) are combined to give the error in position for the point.

Error = (6" +€,° 46‘")”-

As the data are read into the editing segment of the program, the position error is compared
to a standard value so that samples can be eliminated which have an error larger that the standard.
This standard is the mean plus three sigma value of the position error for a1l points in the pass for
which a reasorable solution was found. Additional editing is performed by fitting a moving arc
polynomial of second or third degree to the coordinates and correcting values which fall too far off the

curve.

The final step is to fit the wmoving arc polynomial to the corrected coordinates to obtain
smoothed position. The First and second derivatives or the polynomials give velocity and acceleration,
and various other parameters are computed from these.

The smoothed aircraft T1ne-Space-Posit10n-lnforlntion (TSPI) is normally printed at 0.2
second intervals and contain such parameters as position, velocity, acceleration, Mach number, dynamic
pressure and f1ight path angle correlated with time. Release time (T-0) being the time of first
?o\]lement of the store from the aircraft is determined from reading the medium speed tracking camera
ilm,

The store TSPI data are obtained using the same reduction method as for the aircraft. The
store event times are obtained from reading the time-correlated medium speed tracking fiim These event
times include such things as fin opening, chute deployment, chute separation, fins canting, and time of
jmpact. For functioning type stores, the time of impact is obtained from reading the fixed camera film.
The submunition impact velocity and angle data are computed by correlating the surveyed impact point
with the fixed camera readings. Due to the correlation of the surveyed impact with the f11m readings,
impact velocity and angle data cannot be obtained on most of the functioning type stores because of the
number of submunitions.

Individual submunition impact points are surveyed in polar coordinates. These polar
coordinates are transformed to the same rectangualr coordinates as the aircraft and store.

The PIBAL tracked cinetheodolite £i1m data are reduced using the same method as that for the

alrcraft and store. The position and velocity data are then translated to wind direction and velocity.
The temperature and density data are obtained from the atmospheric observation nearest the time of the

mission.

ANALYSIS OF TEST DATA:

An unguided store ballistic analysis is the development of the store ballistic data (drag
coefficient, event times, etc) for use in a mathematical model to predict the flight path of the store

from release to impact. The analysis also develops the methodology and necessary data to predict the
impact pattern for functioning type weapons.

In order to analyze the ballistic performance of the store, theoretical trajectories are
computed using an in-house "nguided Store Ballistic Analysis Program®, with the following information.

1. Positions and velocities of the store at release (T-0) as determined from the TSPI data
for the aircraft. The positions are corrected to the position of the store on the aircraft (stnce the
cinetheodolite film measurements are made on the nose of the aireraft).

2. Velocity at which the store is ejected from the aircraft (ejection velocity).

3. Store diameter and observed weight.

4. Drag coefficient (K, vs Mach number or time).

5. Meteorological data (temperature, density, wind direction and velocity).

6. Observed event times that affect the drag of the store.

7. The “Particle" equations of motion.

The “particle" equations of motion assume that the only forces acting on a store are (a) the
drag force which acts in a direction opposite to that of the air velocity vector of the store, and (b)

gravity.
The drag force, D, is then:
D=m = .(k,d.‘v" where
D = drag force ( 1b - ft/se:)

m = mass of store (1b)
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a = acceleration of store due to drag (ft/sec" )
p = air density (lb/ff’)

k = drag coefficient (dimensionless)

d = store diamecer (ft)

v = air velocity of store (ft/sec)

cb. used by many aerodynamicists, is related to K. by the formula
Ko* %’ Co
and drag, 0, may be expressed as
kS
D T yz{c’ SV
where S = 7'_'_{" = cross secitonal area.

The "UnguidedQ Store Ballistic Analysis Computer Program® conputes point mass three-
dimensional trajectories using the modified Euler integration method.

Using the above program inputs, theoretical trajectories are computed and compared with the
observed trajectories (TSPI). This comparison {s usually at 1.0 second intervals as well as at impact
or trajectory termination. If the delta range and time (observed minus computed) deviations for each
store are large and biased in one direction, it must be determined if the deviations are due to drag or
separation effects. Separation effects are due to the interaction between the weapon and the airflow
about the aircraft. In order to make the distinction between drag and separation effects, additional
trajectories are computed using the positions and velocities at some time T-1 after release, Time T-1
is usually 1.0 second but should be far enough along the observed store trajecatory for the store to
settle down. If the comparison of the T-1 trajectories with the observed produce Jarge and biased
deviations, the initial drag must be adjusted or derived.

After adjusting or deriving the drag, trajectories starting at time T-0 with the new drag are
computed. If the comparison of these trajectories with the observed produce large deviations, a
separation effect analvsis must be accomplished. If the deviations are small this portion of the
analysis is complete.

1f the comparison of the T-1 trajectories with the abserved produce small deviations, the
initial drag is appiicable. The large deviations obtained when comparing the T-0 trajectories with the
observed are due to separation effects. Therefore, a separation effect analysis must be performed.

As mentioned earlier, the separation effects are due to the interaction between the store and
the aircraft flowfield. When a store is released from the aircraft, it is immersed in the common
flowfield and its motion is temporarily dominated by the flowfield interaction. The interacting flow is
not uniform around the store as it would be in free flight in an unperturbed atmosphere, and the store's
trajectory may be significantly perturbed.

The store is in the aircraft flowfield for only a short time (less than a second) before
entering freestreem conditions. When the store moves away from the flowfield interaction region, it is
usually oscillating in pitch and yaw as well as changing its rell rate. As the store continues along
its trajectory, it motion damps to trimmed conditions. When the store's motion achieves quasi-steady
conditions, it falls along a point mass trajectory to impact or to its functioning point.

Several methods of analyzing the motion of the store due to aircraft flowfields have been
studied. The most accurate method would be to use a 6-degree-of-freedom (6-DOF) dynamic simulation. A
6-DOF simulation would require a large data base and 1s not cost effective when generating ballistic
tables for the Aircrew Store Delivery Manual (-25 and -34 series T.0.).

The method currently used is a second order polynomial or least squares fit of the horizontal
and vertical velocity differences at time T-1 with T-0 Mach number and dynamic pressure respectively.
An attempt is made to have one curve for a given store from all delivery aircraft.

After the store drag has been verifiad or derived, theoretical trajectories starting at time
T-0 are computed to obtain the difference in the observed and computed horizontal and vertical velocity
components at time T-1, time T-1 being the trajectory start time when verifying or deriving the store
drag. The velocity differences are then rotated to horizontal through the store release angle obtained
at time T-0. A curve or straight line is then fited to the rotated horizontal velocity differences and
Mach number. A curve or straight 1ine is also fited to the rotated vertical velocity differences and
dynamic pressure. The cosfficients of the curve or line fit are then used in an algorithm to compute
the release adjustment to be applied to the store's velocity components at time T-0. This adjustment
will force the theoretical store trajectory to have the approximate position and velocity as the
observed at time T-1, This method works well within the range of test data and is cost effective when
producing aircrew store delivery manuals. Therefore, it is important, when designing the test, to cover
the operational range of the store from all aircraft.

The analysis of the test data to predict the flight path of intact and functioning types
stores is complete, For functioning type stores, the observed impact patterns must be analyzed to
determine the patern prediction methodelogy and/or data.

To analyze the patterns, the first thing is to determine their shape (circle, ellipses, etc.)
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and dimensions (diameter, major and minor axis, etc.). The USAF has looked at statisticc) methods of
determining pattern shapes and dimensions. In almost all patterns there are outlying submunitions.
Outlying submunitions are those that, for some reason, do not follow their deu?ned flight path. The
outlying submunitions that are greater than three sigma from the Mean Point of Impact (MPI) are
rejected. After rejecting the outliers, the circles that contain eighty and ninety percent uf the
submunitions are calculated. The centers of the circles and ellipses are the MPL. This method works
well if you have a uniformly distributed pattern. If the pattern has a heavy population of submunitions
in the front or back, right or left side, the MP1 is biased toward this area. Using the bias MPI to
caleulate the circles and ellipses will result in an area within the circles and ellipes that does not
contain submunitions. Most patterns are not uniformly distributed; therefore, this method is not used.

The method used is to first eliminate the outlying submunitions by visually inspecting the
plots of the impact patterns. An attempt is made to have ninety percent or more of the submunitions to
remain within the pattern. This pattern is defined as the effective pattern. At the time the outliers
are eliminated, the geometric shape of the pattern is determined and drawn on the plot to encompass the
effective pattern. The Geometric Center of Impact (GCI) being the center of the geometric shape (i.e.
center of the circle, ellipse, rectangle, etc.). Now the effective pattern dimension must be determined
by measuring the diameter of the circle, the major and minor axis of the ell1pse or length and width of
the rectangle. Now that each observed pattern has been analyzed to determine the shape and size, the
pattern prediction methodology must be developed. There are several methods of predicting patterns.
The two primary methods are the angular dispersion and forced ejection. The angular dispersion method
of predicting patterns assumes that, as the functioning munition opens {dispensar opening) and the
submunitions are exposed to ram air, the submunitions s1ightly separate from each other and follow their
individual trajectories. This results in the submunitions departing from dispenser opening with a
characteristic angular displacement about the normal dispenser velocity vector. This displacement does
not provide for natural or designed dispersion of the submunitions induced during their free flight.

To derive the displacement angle(s), theoretical trajectories are computed using the
dispenser opening conditions (postitions and velocities), adjusted, in both the vertical and lateral
planes, by the displacement angles(s) and the necessary submunition data. The theoretical pattern
dimensions are then compared with the observed effective pattern dimensions. This process is repeated
until a vertical and lateral displacement angle is derived so that the theoretical patterns closely
approximate the observed patterns. The vertical and lateral displacement angles may or may not be the
same. The angular displacements may not be used in the functioning type munition model to predict the
pattern dimensions.

The forced ejection method of predicting patterns assumes that the submunitions are expelled
or ejected perpendicular to the dispenser velocity vector. The tangential velocity is a function of the
submunition ejection system (i.e., gas generator, explosive charge, spinning dispenser, etc.).

Theoretical trajectories are computed in the same manner as for the angular dispersion method
except the velocity vector at dispenser opening is adjusted, in both the vertical and lateral planes, by
the tangential velocity vector. The theoretical pattern dimensions are compared with the observed
pattern dimensions, and if necessary, the process is repeated until a tangential velocity is derived so
that the theoretical patterns closely approximates the observed patterns. The tangential velocity may
now be used in the mathematical modeling of function type stores to predict the pattern dimensions.

Once the ballistic data to model the store flight path and to predict pattern dimensions for
functioning type stores have been developed, the analysis is complete.
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Annex 1
AGARD FLIGHT TEST INSTRUMENTATION AND FLIGHT TEST TECHNIQUES SERIES

1. Volumesin the AGARD Flight Test Instrumentation Series, AGARDograph 160

Volume
Number Title
1. Basic Principles of Flight Test Instrumentation Engincering
by A.Pool and D.Bosman
2. In-Flight Temperature Measurements
by F.Trenkle and M.Reinhardt
3. The Measurement of Fuel Flow
by J.T.France
4, The Measurement of Engine Rotation Speed
by M.Vedrunes
5. Magnetic Recording of Flight Test Data
by G.E.Bennett
6. Open and Closed Loop Accelerometers
by LMclaren
7. Strain Gauge Measurements on Aircraft
by E.Kottkamp, H.Wilhelm and D.Kohl
8. Linear and Angular Position Measurement of Aircraft Components
by J.C.van der Linden and H.A.Mensink
9. Aeroclastic Flight Test Techniques and Instrumentation
by J.W.G.van Nunen and G.Piazzoli
10. Helicopter Flight Test Instrumentation
by K.R.Ferrell
1. Pressure and Flow Measurement
by W.Wuest
12, Aircraft Flight Test Data Processing — A Review of the State of the Ant
by L.J.Smith and N.O.Matthews
13. Practical Aspects of Instrumentation System Installation
by R.W.Borek.
14, The Analysis of Random Data
by D.A.Williams
1S. Gyroscopic Instruments and their Application to Flight Testing
by B.Stieler and H.Winter
16. Trajectory Measurements for Take-off and Landing Test and Other Short-Range Applications
by P.de Benque d’Agut, H.Riebeek and A Pool
| 17. Analogue Signal Conditioning for Flight Test Instrumentation

by D.W.Veatch and R X.Bogue

Publication

Date

1974

1973

1972

1973

1974

1974

1976

1977

1979

1980

1980

1980

1981

1981

1982

1985

1986
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At the time of publication of the present volume the following volume was in preparation:
Microprocessor Applications in Airborne Flight Test Instrumentation
by M.Prickett

2. Volumes in the AGARD Flight Test Techniques Serles

Number  Tide

AG237  Guide to In-Flight Thrust Measurement of Turbojets and Fan Engines
by the MIDAP Study Group (UK)

The remaining volumes will be published as a sequence of Volume Numbers of AGARDograph 300.
Volume

Number Tide

1 Calibration of Air-Data Systems and Flow Direction Sensors
by J.A Lawford and K.R Nippress

2. Identification of Dynamic Systems
by REMaine and K.W.IIiff

3. Identification of Dynamic Systems Applications to Aircraft

Part 1: The Output Error Approach

by R.E.Mainc and K. W.Iiff

4, Determination of Antenna Patterns and Radar Reflection Characteristics of Aircraft
by H.Bothe and D.Macdonald

5. Store Separation Flight Testing
by RJ.Arnold and C.S.Epstein

At the time of publication of the present volume the following volumes were in preparation:

Identification of Dynamic Systems. Applications to Aircraft
Part 2: Nozdinear Model Analysis and Manocuvre Design
by J.A.Mulder and J.H.Breeman

Flight Testing of Digital Navigation and Flight Control Systems
by F.J.Abbink and H.A . Timmers

Techngiues and Devices Applied in Developmental Airdrop Testing
by HJ Hunter

Aircraft Noise Measurement and Analysis Techniques
by HH.Heller

Air-to-Air Radar Flight Testing
by REScott

The Use of On-Board Computers in Flight Testing
by R.Langlade

Flight Testing under Extreme Environmental Conditions
by C.L.Hendrickson

Flight Testing of Terrain Following Systems
by C.Daltimore and MK Foster

Publication
Date

1979

Publication
Date
1983
1986

1985

1986

1986
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Annex 2

AVAILABLE FLIGHT TEST HANDBOOKS

Al-l

make readers aware of handbooks that are available ona variety of flight test subjects not
necessaily related to the contents of this volume.

addressed to the Defence Research Information Centre, Glasgow (see
addressed to the Defense Technical Information Center, Cameron

Station, Alexandria, VA 22314 (or in one case, the Library of Congress).
Number Author Title Date
NATC-TM76-1SA Simpson. W.R. Development of a Time-Variant Figure-of-Merit for Use 1976
in Analysis of Air Combat Maneuvering Engagements
NATC-TM76-3SA Simpson, W.R. The Development of Primary Equations for the Use of 1977
On-Board Accelerometers in Determining Aircraft
Performance
NATC-TM-77-IRW Woomer, C. A Program for Increased Flight Fidelity in Helicopter 1977
Carico, D. Simulation
NATC-TM-77-28A Simpson, W.R. The Numerical Analysis of Air Combat Engagements 1977
Oberle, RA. Dominated by Maneuvering Performance
NATC-TM-77-18Y Gregoire, H.G. Analysis of Flight Clothing Effects on Aircrew Station 1977
Geometry
NATC-TM-78-2RW Woomer, G.W. Environmental Requirements for Simulated Helicopter/ 1978
Williams, R.L. VTOL Operations from Small Ships and Carriers
NATC-TM-78-1RW Yeend,R. A Program for Determining Flight Simulator Field-of-View 1978
Carico, D. Requirements
NATC-TM-79-335A Chapin, P.W. A Comprehensive Approach to In-Flight Thrust 1980
Determination
NATC-TM-79-35Y Schiflett, S.G. Voice Stress Analysis as a Measure of Operator Workload 1980
Loikith, GJ.
NWC-TM-3485 Rogers, RM. Six-Degrec-of-Freedom Store Program 1978
WSAMC-AMCP 706-204  — Engineering Design Handbook, Helicopter Performance 1974
Testing
NASA-CR-3406 Bennett,RL.and  Handbook on Aircraft Noise Metrics 1981
Pearsons, K.S.
- - Pilot's Handbook for Critical and Exploratory Flight 1972
Testing. (Sponsored by AIAA & SETP — Library of
Congress Card No. 76-189165)
. - - A & AEE Performance Division Handbook of Test Mcthods 1979
. forAsmsinstheFlyianullitiumd?erfomnceof
Military Aircraft. Vol.1 Airplanes
A & AEE Note 2111 Appleford, JK. Performance Division: Clearance Philosophies for Fixed 1978
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Number Author Tide Date
A & AEE Note 2113 (Issue 2) Norris, EJ. Test Methods and Flight Safety Procedures for Aircraft 1980
Trials Which May Lead to Departures from Controlled
Flight
AFFTC-TD-75-3 Mahlum, R. Flight Measurements of Aircraft Antenna Patterns 1973
AFFTC-TIH-76-1 Reeser, K. Inertial Navigation Systems Testing Handbook 1976
Brinkley, C. and
Plews, L.
AFFTC-TIH-79-1 - USAF Test Pilot School (USAFTPS) Flight Test Handbook. 1979
Performance: Theory and Flight T
AFFTC-TIH-79-2 - USAFTPS Flight Test Handbook. Flying Qualities: 1979
Theory (Vol.1) and Flight Test Techniques (Vol.2)
AFFTC-TIM-81-1 Rawlings, K., Ill A Method of Estimating Upwash Angle at Noseboom- 1981
Mounted Vanes
AFFTC-TIH-81-1 Plews, L. and Aircraft Brake Systems Testing Handbook 1981
Mandt, G.
AFFTC-TIH-81-§ DeAnda, A.G. AFFTC Standard Airspeed Calibration Procedures 1981
AFFTC-TIH-81-6 Lush,K. Fuel Subsystems Flight Test Handbook 1981
AFEWC-DR 1-81 - Radar Croes Section Handbook 1981
NATC-TM-71-1SA226 Hewett, M.D. On Improving the Flight Fidelity of Operational Flight/ 1975
Galloway, R.T. Weapon System Trainers
NATC-TM-TPS76-1 . Bowes,W.C. Inertially Derived Flying Qualities and Performance 1976
Miller,RV. Parameters
NASA Ref. Publ. 1008 Fisher,FA. Lightning Protection of Aircraft 1977
Plumer, JA.
NASA Ref. Publ. 1046 Gracey. W. Measurement of Aircraft Speed and Altitude 1980
NASA Ref. Publ. 1075 Kalil, F. Magnetic Tape Recording for the Eighties (Sponsored by: 1982

Tape Head Interface Committee)

‘The following handbooks are written in French and are edited by the French Test Pilot School (EPNER Ecole du Personned
Navigant d‘Essais ct de Réception ISTRES — FRANCE), to which requests should be addressed.

Number .
EPNER  Author Title poice (1989 Notes
Reference rench Francs
2 G.Leblanc L’analyse dimensionnelle 20 Réédition 1977
7 EPNER Manue! d'exploitation des enregistrements d'Essais 60 6&me Edition 1970
en vol
8 M.Durand La mécanique du vol de I'hélicoptére 155 lére Edition 1981
12 CLaburthe Mécanique du vol de 'avion appliquée aux essais en 160 Réédition en cours
vol
15 A Hisler La prise en main d'un avion nouveau 50 lére Edition 1964
16 Candau Programme d’essais pour I'évaluation d'un hélicoptére 20 2¢me Edition 1970
et d'un pilote automatique d'hélicoptere
22 Cattanco Cours de métrologie 45 Réédition 1982
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Number

EPNER  Awhor Tide rice (198)  Nows
Reference
24 G.Fraysse Pratique des essais en vol (en 3 Tomes) T1=160 1ire Edition 1973
F.Cousson T2=160
T3i=120
25 EPNER Pratique des essais en vol hélicoptére (en 2 Tomes) T1=150 Edition 1981
T2=150
26 J.C.Wanner Bang sonique 60
3 Tarnowski Inertie-verticale-séeurité S0 1ére Edition 1981
2 B.Pennacchioni  Aérodlasticité — le flottement des avions 40 12re Edition 1980
33 ClLehic Les vrilles et leurs essais 110 Edition 1981
kY) S.Allenic Electricité i bord des aéronefs 100 Edition 1978
53 J.C.Wanner Le moteur d’avion (en 2 Tomes) Rédédition 1982
T 1 Le réacteur s 85
T 2 Le turbopropulseur ........... 85
55 De Cennival Instaliation des turbomoteurs sur hélicoptéres 60 2&me Edition 1980
63 Gremont Apergu sur les pneumatiques et leurs propriétés 25 32me Edition 1972
7 Gremont L'atterrissage ¢t le probléme du freinage 40 2éme Edition 1978
82 Aufret Manuel de médicine aéronautique §5 Edition 1979
85 Monnier Conditions de calcul des structures d'avions 25 lire Edition 1964
88 Richard Technologie hélicopiére 95 Réédition 1971
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