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FOREWORD

This publication contains the technical papers presented at
the Aircraft/Stores Compatibility Symposium, held at Stouffer's

National Cénter Hotel, Arlington, Virginia on 2-4 September 1975.

The purpose of the symposium was to bring together engineers,
technicians, and others interested in aircraft/stores compatibility
to learn of the latest developments in that field. Representatives
of industry and governments throughout the world were in attendance,
It i1s most important that the adverse effects of stores and suspension
equipment on aircraft be minimized, The same is true for the reverse,
the effects of aircraft on stores. Only if the designers in both fields .
interchange requirements, development information, and problems, can
optimum designers in both fields interchange requirements, develop-

ment information, and problems, can optimum design be achieved.

The symposium committee expresses its deep appreciafion to all

who contributed to the success of the endeavor; those who wrote and pre-
sented papers; the session chairmen; and the attendees. Special thanks
are extendeda to Carolyn M, Steeper, Robert P, Phelan, Fred S, Pierce,
and Herry P, Lehman for their dedicated efforts in connection with the
arrangements and day-to-day workings of the symposium, The committee

- 1s also most grateful to Vice Admiral Kent L., Lee, U,S.N., Commander
of the Naval Air Systems Command, for acting as official sponsor of

the symposium,
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Publication of this document does not constitute approval of
the technical papers' findings or conclusions by the Naval Air
Systems Command, the Joint Commands, or the JTCG/MD, It is pub=-
lished only for the exchange of information, data and ideas re-

lating to aircraft/stores compatibility.

Wm, P, STEEPER

Chairman

Aircraft/Stores Compatibility
Working Party No. 12

JICG/MD b
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ABSTRACT

These proceedings contain the technical papers presented at the
Aircraft/Stores Compativility Symposium held at Stouffer's Nationé.l
Center Hotel, Arlington, Virginia on 2-4 September 1375, whicﬁ was
sponsored by the Naval Air Systems Command and hosted by Working
Party No., 12 for Aircraft/Stores Compatibility of the Joint Techni-
cal Coordinating Group for Munitions Development (JTCG/MD). The |
purpose of the symposium was to bring together engineers and others
concerned with aircraft/stores compatibility to exchange ideas_ and
information related to that field. Technicel papers were presented = .
in five sessions: General, Aero-Structures, Store Separation, Bomb/
Racks Interface, and Experimental. Each paper in the proceedings has '
its own abstract, presentation of data, conclusions, and associated
photographs, charts, and disgrams. This compilation should prove to
be of value to both sircraft and stores/suspension equipment designers
and engineers to keep them abreast of the latest expveriences in the

field, thereby enabling them to produce better products.
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THE USE OF THEORETICAL AERODYNAMIC TECHNIQUES
FOR DESIGN AND ANALYSIS OF EXTERNAL STORE SHAPED

)
(Article UNCLASSIFIED)
by
L. D. SMITH

Vought Systems Division
LTV Aerospace Corporation
Dallas, Texas 75222

ABSTRACT. (U) Shapes of external stores are often determined by considerations other than
aetadynamic. The result is usually a mechanically well-designed store that often creates unnecessary
drag, withstands its own buffet environment, but occasionally causes cracks in adjacent skins. The
aerodynamicist is in part responsible because, in the absence of readily available tools to evaluate the
shape, he must make arbitrary judgements.

This paper presents an example wherein the shape of an external store was determined using
theoretical tools to consider not only the isolated store flow field, hut the captive store flow field as
well. The primary tool was three-dimensional potential flow; however, this techinique was supported
by use of two-dimensional potcntial flow and by boundary layer analysis. Also presented are flight
test results for comparison with theoretical predictions. The success demonstrated in this example
should show that theoretical tools are useful during preliminary and primary design and can have a
positive impact on the selection of external store shapes. In fact, the complexity of the shape can

be reduced by such a lugical approach, thus reducing the potential for design and fabrication
problems.

Approved for public release; distrilution unlimited.
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1. INTRODUCTION

Past cxperience with external store shape selection has demonstrated an unhealthy attitude
toward the aerodynamics of not only the stores but the parent aircraft/store combination as well.
This disrespect coupled with the residual effect — a store shape once selected will last forever — has
plagued perfo. mance-minded designers in recent years. A typical example of this situation is multiply-
carried M-117 on the F-111.

A second-generation technique for store shape selection considered such lofty parameters as fineness
ratio for bodies, aspect ratio for fins or wings, forebody shape, and boattail angle. In the final analysis,
however, most of these criteria were ignored in favor of an old shell that was handy, thiough the residual
effect, for the prototype article; and, when the program felt the press of budget and time, the old shell
became a new store. This phenomenon has not always prevailed. Occasionally a good shape was de-
fined, as in the case of the MK-80 series stores, but even the performance of these shapes are degraded
by the resicual effect of lugs, fuses, and swaybraces.

Several years ago, a new breed of external stores began to appear on aircraft bomb rack.. These
new stores rather than being deliverable ordnance were carried for airborne function. To support their
function, these stores sprouted antenna, air turbines, cooling air inlets and exhausts, and windows. The
complex shapes n quired to package these functioning stores require even more of the aerodynamicist’s
attention than in bombs, because, in addition to aircraft/store compatibility, i.c., lift, drag, and buffet;
there is 2 storc/function compatibility, i.e., boresight and internal environment, that must be addressed.

Today’s tasks ther become those of defining a new breed of old shells whose characteristics,
compntibilitie-, anu limitations are know . and can be applied to fullest advantage. Favorable changes
will not occur instantly but rather through a gradual process in which we all have a part.

This paper, hopefully, is one such example where equipment at hand, namely the computer and
existing theoratical tcols are teamed to define und analyze a shape for a functioning store that will have
the smallest impact on the parcnt aircraft flow field and still meet the function criteria. It will be shown
that the use of these tools aiso provides by-procucts of design simplification and timely design data that
are as beneficiz! as the initial intent of shape ~nalyzation.

The plan of this pape. is as follows:

introduction

Design Task

Theoretical Techaiques

Fiight Test Data

comparison: of Theoretical Results and Flight Test Data
Conclusions
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2. DESIGN TASK

The parent aircraft in the design task was the A-7E which is a single-place, carrier-based, light
attack aircraft with a 35" swept wing mounted high on the fuselage. Each wing has three external store
stations. It was the right-hand inboard store station that was selected to locate a pod containing a
Forward Looking Infrared (FLIR) sensor. Figure 1 shows the A-7E aircraft with the pod installed on
the right wing inboard store station. The FLIR, on the A-7E, is a part of a Target Recognition and
Attack Multisensors system; thus, the pod is named the TRAM pod. The TRAM pod operating criteria
required a maneuvering envelope of 0.5 g to 2.0 g out to Vy of the A-7E. Structurally, the pod was
to be designed to the limits of the basic aircraft.

O

1570

o Q

Figure 1  A-7E with TRAM Pod

The design task was to select a pod shape to contain a FLIR that would be compatible with the
A-7 aircraft. Criteria for the FLIR required a forward field of view past the : scraft fuselage, which
determined the forward location of a flat window 2nd a stable line of sight, i.e.. stzady airflow around the
pod at least within the aircraft Mach number and load factor regime where the FLIR is to function.
Criteria for aircraft compatibility also required steady airflow nea the pod, but in addition, included
minimum drag and minimum mutual interference between the pod/pylon/wing and fuselage throughout
the transonic Mach regime of the aircraft.

g?w?ﬁ%ﬁfa;w, TR DU VLA
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The TRAM pod is, for purposes of design, divided into three sections, nose, mid, and afterbody;
with the FLIR sensor located in the nose and the attendant hardware in the pod mid section. It is the
nose section which contains the FLIR window where the bulk of the aerodynamic design effort was
concentrated. To meet the field of view criteria, the FLIR window required a twelve-inch diameter
(front projection) flat glass canted 30° to the vertical plane. A true view of the window therefore is

More specifically now, the aerodynamic design task was to define g fairing between these two end

MID
1;;:4. TN
mo
21-IN.
SECTION

Figure 2 Geometric Constraints

3. THEORETICAL TECHNIQUES

Theoretical techniques to predict flow field behivior have been in existence for many years,
During the last fifteen years, coincident with the availability of the largecapabity high-speed computer,

disciplines. This situation was typified during the preliminary design phase of the TRAM pod when it
became necessary to identify, at least in peeliminary form, a fairing for the pod nose section,




The most appropriate theoretical tool available to- evaluate the TRAM pod nose section fairing was
a three-dimensional potential flow routine developed by Hess.! However, the development of the
appropriate geometry for a large number of candidate fairings would have been too time consuming and
the computer time costly for so many runs. This necessitated a paring of the numbers of candidate
fairings to a_more manageable task. This paring was accomplished using a computerized version of the
Theodorsen” potential flow technique for two-dimensional wings to analyze eighty candidate fairings.
Three of these candidate fairings were selected and then analyzed using the Hess program to predict
local pressures and the McNally3 routine to predict boundary layer separation. Figure 3 presents a pro-
file view of the three fairings and the results of the Hess and McNally routines for each fairing. The
final pod nose section fairing was selected using the criteria of external flow and internal area distribu-
tion. This final fairing was also analyzed using the Hess routine. The success of this procedure is
demonstrated by the fact that preliminary air loads distributions generated by the Hess program were,
after favorable comparison with flight test data, rereleased as final design airloads.

3.1 HESS ROUTINE

The principal theoretical tool used for this investigation was a three-dimensional finite element
computer routine that solves the full incompressible potential flow equation. This routine developed by
John L. Hess uses nonlinear boundary conditions, i.e., boundary conditions are satisfied on the surface
of a lifting wing rather than in the plane of the wing. Bodies, like the pod and fuselage, are treated as
nonlifting surfaces. The routine is intended to calculate flow properties for incompressible conditions;
however, 2 modification has been included that accounts for first-order Mach effects. Still, the routine
is limited to applications where subcritical flow is expected.

Two constraints prevent the application of this routine for the daily design task. One is cost
which will be discussed later. The other s the time required for geometry definition. The routine
requires the use of flat panels to represent the body surface, and pressures are calculated at the centroid
of each of these panels. In representing the pod nose section, particular attention was paid to the
region of the flat face and adjacent fairing because of the steep pressure gradient expected in that
region. [t is in this application that experience is required before confidence in the results can be
achieved.

The initial investigations using this routine were made on three isolated bodies, each of which
represents a family of candidate fairings. Figure 3 presents predicted pressure distributions over the
nose section of the pod with these three candidate fairings. After the final fairing was selected, the
isolated body geometry was married to the full geometry of the A-7E aircraft and the total flow field,
pod/pylon/wing and body was analyzed.

IHes ' hn L., “Calculation of Potential Flow About Arbitrary Three-Dimensional Lifting Bodies,”
~icDonnell Douglas Rpt. No, MDC J5679-01, dated October 1972.

?’l‘heodorsen, Theodore, “Theory of Wing Sections of Arbitrary Shape,” NACA TR411, dated 1932.

3M(:N:ally, William D., “Fortran Program for Calculating Compressible Laminar and Turbulent Boundary :
Layers in Arbitrary Pressure Gradients,” NASA TN D-5681, dated May 1970. 'v
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Computer solutions are normally considered to be a monetary short cut to wind tunnel testing.
The calendzr time saving of computer analysis over wind tunnel testing is fully recogiized. Computer
time is costly, however, and the dollar cost of the use of this equipment should be considered. The
Hess routine in this investigation was used with two levels of geometry input, isolated pod and total
aircraft plus pod. The computer time for each run on the CDC 6600 was 77 seconds for an isolated
body, and 331 seconds for the aircraft/store configuration.

3.2 McNALLY BOUNDARY LAYER ANALYSIS

The Hess routine, being an inviscid technique, should not be expected to adequately predict pres-
sures on the pod in the transonic flight regime where boundary layer development is so dependent upon
viscosity. To evaluate the possible flow conditions around the face and fairing of the pod in this regime,
a boundary analysis routine developed by McNally, which includes viscous effects, was used. This
routine it a two-dimensional laminar and turbulent boundary layer technique that uses local geometry
and pressure distributions to predict not only laminar-to-turbulent transition and separation, but to
indicate, via a form factor, the relative quality of the local boundary layer. This form factor is the
ratio of the local boundary layer displacement thickness to momentum thickness. The form fuctor
normally rises to a value of 2.5 to 2.8 as the shear or friction coefficient at :he surface approaches zero,
thus boundary layer scparation is predicted. Loeal flow with form factors less than 2.5 can be con-
sidered to be attached flow.

Figure 3 presents the results of a boundary layer analysis on the three candidate fairings for which
pressures predicted by the Hess routine were available. In each case, the McNally soutine did not predict
boundary layer separation because the turbulent form factors are less than the criteria for separation.

Since the McNally routine uses existing geometsy and pressure distributions, the boundary layer
analysis is virtually a fallout of previous eifort. Also, the computer time for the routine is low enough
to encourage its general application. The McNaily routine requires approximately 11 seconds of CDC
6600 time for each surface analyzed.

33 THEODORSEN TECHNIQUE

The Theodorsen techrique is intended to analyze two-dimensional wings at zeto Mach number.
The theory is potential flow using a conformal mapping technique to predict velocity, and hence, pressure
distributions on wings. The technique is nomally very accurate near the wing leading edge provided
the input geometry is very accurate. The key here is accurate geametry input. The geometry inpat
from even large-scale sketches that are carefully read has a tendency to give erroneous resafts from the
computerized version of this technique. Therefore, the input geometry was smathesnatically definable shapes,
i.e., single vadij, radius/oones, double radii (radius ogive peofile), and various ratio cllipses. Vaiations
of these fairings wers apglied as fairings to the shape repeesenting the geometric constraints presented
in Figure 2. A wedge afierbody or teailing edge was assumed to oomplete the two-dimensional wing
grometry for this analysis,

The intent of this application was to calculste an upper susface peak pressure for each falring
(wing) and select that family of fairings that showed the lesst negative peak peessures.  The vesulls for
the ecighty faitings investigated showed the family of cllipses to hive the lowsst peak ncgalive pressutes.

A5 it




In retrospect, the use of Theodorsen for this application is not recommended for several reasons.
First, although inexpensive to run, less than two scoonds of CDC 6600 computer time per run, there
are more applicable two-dimensional techniques available to do this analysis. Second, the Theodorsen
techinique depends on accurate definition of leading edge radius which for this applicatiox is difficult to
defige, particularly tf the stagnation point moves onto the flat face with increasing angle of at2ack.
Finally, by way of defense, the application of Theodorsen, as inappropriate as it may be, is stil! pore
desirable than hand waving a temporary fainng that may become the final lines.

34 PROJECTION

In the past few years, large sirides have been made towards the developiment of theoretical
methods. It is the applicability of these powerful tools to the design task that must now be addressed,
keeping in mind the requirement of timeliness. - For example, the design task described in this paper
would have been greatly simplificd by the availability of an inverse method. In this case, the inverse
method would, with the inputs of geometric constraints and flow parameters, define the best fairing
available, These thicoretical tools once available, and with confidence established, can be applied as
needed throughout the design phase to identify and address potential problem areas.

One of the potential problems faced by all aerodynamicists is the fabrication of idealistic shapes.
Optimum acrodynamic configurations tend to be compromised by other considerations when analytical
methods are not responsive enough to cvaluate penalties of the compeomise. This situation is
peevalent rowihiere more than store gesign for several reasons. First, the presence of external stores
connotates a draggy airplane and the discipline bresks down. Second, the aerodynamicist armed only
with intuition is no match for a hard-nosed, practical designer who understands the problems of fabrica-
tion. The solution to this difemima lics also in the realm of theoreticat tools. The tools avaitable,
although applicable to irmegular complex shapes, are easiest applied to simple, mathematically defined
shapes. The timely availability of defined lines in three~<limensions backed by sound logic and loads
distribution will stand the test with the designers.” In addition, the implementation of these mathema.
tically Cefined lines into hardware is far more likely v occur than 5 the more complex shapes.

4. FLIGHT TEST DATA -

As a result of analytical studies, a pod nose section was designed which incorparated a family of
elliptical fairings (ratio = 3 on the upper surface) such that every point ah the (airing of the nose
wction was mathematically related to every ather paint. This shape was fabricsted from wolded fibes.
ghs and marsied to a cylindrical extension of the mid section of a Sargent.Fietcher insiumentation pod.
This prepeatotype pad, shown in Figuse 4, was instromentad with static prassines oitices and fluctuating
peessure pickups and flight tested aboatd the ATE aireraft. The puipose of the Right test was two-fold.
Firgt, to permit pilot evaluation of the aircraft with the pod instafedd, and sevoad, 1o test for indications
of weparated flow that would degrade the tine of sight of the FLIR semsar.

Plight test data raken at 10,000 feey has been seicﬁttd for presentation in this section and for
oomparisan with theoretical analyiiz in the foflowing section.  Daly taken 51 17,008 ect and 39,000
fect shww the e relativihipe ivesentsd Rercin, o cach caie, static prosties were méanised along
the top and bottom centerline of the pod, and along the inbaard and outboard maximum halfbresdth of
the pad at Zpeyy 100, The Ouctuating presuire trassducers wee located in !m sate planes and just
downstreun ¢Mt&eaftumacymorthemwm
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Figure 4  Preprototype Pod General Arrangement

Figuse S presents u composite of the pod static pressures in the vertical plane for several Mach
aumbers. Figure 6 presents comparable data for the inboard and outboard sides along Zpgy 100. Each
data set was taken in one g flight. As one would expect, there is a rapid expansion around the forward
fairing followed by recovery and then re-expansion forward of the afterbody section. Local shocks
appear likely as tow as Mach number 0.725 to 0.75, particularly on the lower forward surface, but in
each =ase large areas of separation did not occur. These same observations hold for the effects of angle

of attack and sideslip

Daa ftom a fluciusting pressure transducer located on the lower centerliive of the pod are presented
in Figure 7. Assuming that the divergence in overall sound pressure level is an indication of separated
flow, it appears that separation started near Mach number 0.78 on the lower surface of the pod. The
peessure data in Figares § and 6 tend to support this possibility, but indicate that the area of separativn
is small snd that reaitachment doés occur. The pilot noted perceptible, but negligible, pod buffet
between Mach numbers 0.90 to 095, and buffetfree flight above and below that Mach number band.

5. COMPAKISON OF THEORETICAL RESULTS AND FLIGHT TEST DATA

A comparison of the results of theoretical analysis using the Hess routine and data obtained from
flight testing tie reprototype TRAM pod is presented in Figures 8§ through 11, In general, the compasic
won shows excellent sgreement, patticularly if the dars ate to be used to determine design running ai-
Wads distributions.  For puiposes of flow Geld analysis, the agreement s good but nuay tend to be
siightly misteading sspecially on the sides of the pod. In this arca, the Hew routine predicts a more
gentle adweese pressire gadiont both downstreun of the nuse faling and ca the afterbody faliing.
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OVERALL
SOUND
PRESSURE
LEVEL 140 —
- db Py

~ NORMAL TURBULENT FLOW

120

0.5 0.6 0.7 0.8 0.9
MACH NUMBER

Figure 7 Fluctuating Pressuce - Lower Centerline

Figures & and 9 present 3 comparison of the results as & fenction of angle of ateack. The flight

tesi data were taken at fuselage angles of attack, g, corresponding to luad factors of approxinuately 0.5,

1O, 15, and 20. The anafytical results were run 2t 3 pod angle of attack of zeso ang 102, which cus-
fespands to oy = 2% 304 130 tespectively. Predicted data for intermediste angles of attack were ob-
tzined thzough linear interpolation. Agreement of the two sots of pressure coeflicients yre passtculashy
good for the lower surface of the pad nose section, both at the peak, and in the stope of the adverse
gradiews. For the upper nose section, the analytical predictions wers high and the amount of PECATLY
was low. Gn the sides of the pad, theary under predicted the magrstude of the peak, but the shton
between inord and otydoard peak peessuze at the nose section = (e saine Far test and theary, This
difference may be attibutable 1o inydequate panel definition of the Hexs tavtire. The increase i ipan
wise Row vader the wing is evidenced in both dsta wets 25 angle of altack is wiarcased.

Figures 19 and )] present a comprion of the resulty ax 9 he “ctig of sidakp. Flight tes data
sweee tgken f; ppeaxiimately hatiauddo udeslips doth feft snd st The Hos toutive was wn foe O
and ¢ 39 sideslip b angles oF attak of sevd andd 107, ang Linea:ly interpolated (op exirgpotited) 1o
ohtzin compasable sieddip angles and angle of 2itack. in this senpazivan a5 1n Figwies B and §, the
Hest eatine peedicted the delta Feom side 1o vide but ove: pridiced bl ke peak prossure and the
gentleness of the sdvorse pressi v gradieat,

As 3 sersli of the sgracavnt between the vesslis of the Hew togtine aod flight test prevwise dita,
e peiliminary running tickads distributions refeased during the desgn Huse were ecrclensed 25 fing)
desgr sitkisads. Thess boudy, beiag geactated in cocificeat form, could be ratived by dynasuc presaste
W tepeotont doth the iage and mugnitide of the Laut airloads og the pod.
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Figure 8  Comparison of Theory and Test for Anecle of Attack — Upper and Lower Centerline
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Figure 9 Comparison of Theory and Test for Angle of Attack — Zpqpy 100
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Figure 10 Comparison of Theory and Test for Sideslip — Upper and Lower Centerline
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6. CONCLUSIONS

Theoretical tools in general and the Hess program in particular have been demonsirated by this
paper to be useful in predicting the flow field around complex external store shapes up to those cond:-
tions where critical flow exists. Also identified are limitations other than those of theory. These are
limitations of adaptability, usability, and confidence. Most, but not all, of these limitations wili diminish
with eontinued application of theoretical tools in the daily design environment. Tt is those techniques
whose limitations do not diminish with usage that should be identified for improvement. These include:

1. The need for an inverse technique where the geometric constraings and desired flow
conditions are identified, and the result is one or several shapes that satisfy the input
- criteria.

2. The need for a variable complexity technique where preliminary input yields preliminary
results plus sufficient guidance for further application. This process can be continued
in subroutine fashion until the need for final complex results is satisfied by final complex
output.

It should be noted, however, that whatever progress is made in the field of aircraft/store

compatibility, whether analytical or experimental, the very best configuration attainable for today’s
aircraft will be degraded by the sway braces and lugs with which they are mounted.
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AIRCRAFT/STORES COMPATIBILITY
ANALYSIS AND FLIGHT TESTING
(U)

(Article UNCLASSIFIED)

by

Charles S. Epstein
US Air Force Armament Laboratory (DLJC)
Eglin Air Force Base, Florida 32542

ABSTRACT. (U) 1In the past several years, the lack of
a coordinated development program for aircraft and stores
has resulted in many problems such as aircraft performance
degradation, dangerous store separation, and reduced weapon
delivery accuracy. The state-of-the-art in the field of
aircraft/store compatibility testing is rapidly being expanded
through new photographic, analytic, wind tunnel and computer . .
techniques. This unique aerodynamic discipline concerns almost
every military aircraft and involves the expenditure of large
sums of money, yet is almost totally unknown and untreated in
university degree programs. This paper will show how aircraft/
store compatibility technology is being expanded and applied
to problems of both present and future aircraft. An in-depth
explanation of the latest analysis and flight test techniques
will be given, including the unique marriage of the wind tunnel
and the high-speed digital computer in the preflight analysis
of data, and the photo-imaging technique of flight test data
reduction.

Approved for public release; distribution unlimited.
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INTRODUCTION

The compatibility with and separation of expendable
stores from aircraft is a problem which has plagued engi-
neers since the earliest days of flying. It gained early
recognition in World War I. Since that time, regardless
of the size or speed of the aircraft, or whether the stores
were carried internally or externally, weapons compatibility
and store separation have been continuous problems, despite
the staggering advances in technology during the past fifty
years. Not until the advent of high-speed jet aircraft,
however, have the problems beccme of significant magnitude.
The speed and complexities of modern fighter-bomber aircraft
have made the solution of aircraft/store compatibility prob-
lems a necessity from both tactical and flight safety stand-
points.

In the years following World War II, United States
defense strategy emphasized the nuclear deterrent. 1In the
early 1960's, the strategy suddenly shifted to limited con-
ventional war while maintaining the massive nuclear retalia-
tion capability. Almost overnight the "instant fighter-
bomber aircraft" emerged. It was created by devising equip-
ment to allow the already-existing nuclear strike aircraft
to carry as many conventional bombs as possible. This hybrid
aircraft was capable of enormous destruction — more than
most heavy bombers of the past. To perform their assigned
multiple missions, however, expensive and complex equipment
was added — with accompanying weight. Added weight required
added power, which itself required added weight. The end
result of this spiral has been the appearance of today's
multimillion dollar fighter bombers, some of which are large
as World War II heavy bombers.

The emphasis in the past decade on conventional munitions

has produced a large family of new weapons, each designed

to provide a certain tactical effect, or to "kill" a partic-
ular target. They were, for budgetary and logistic reasons,
usually required to fit and be employed on all current air-
craft, rather than to mate with a specific aircraft. In the
US today, because of the conflict in Southeast Asia, there
are nearly 100 different conventional munitions in the inven-
tory.

Although the development of US fighter aircraft over the
past 30 years has been impressive, little attention has been
given to the carriage of external stores in the aireraft

design phase. Fighter aircraft today are still being designed

around their "clean" aircraft performance, with stores added
later on an “as much as possible” basis. The P-4, one of our
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best tactical weapons delivery aircraft, was originally
designed as a Navy long-range fleet interceptor. Many
weapons suspension racks and other airborne armament equip-
ment in use today were designed years ago to meet the crash
requirement for a limited war capability. The multiple and
triple ejector rack (MER, TER) concept was conceived over

10 years ago to pack as many bombs on an existing aircraft

as possible. The pressing situation at the time did not
permit in-depth examination of potential problems such as
store separation. This situation has led to aircraft per-
formance and stability problems, dangerous store separation,
reduced weapon accuracy, and a monumental testing workload

to certify weapons for use with each aircraft. One aircraft,
such as the F-4 or A-7, has several external pylons, each
capable of carrying different types of bomb racks (such as
MER's or TER's). Each rack, in turn, can carry many different
numbers and types of stores. With the nearly 100 types of
stores currently in the inventory, the possible loadings on
onz aircraft can be as high as 6,000,000, To cope with the
unacceptable large testing workload generated by this situa-
tion, the US Air Force created project “SEEK EAGLE" in which
aircraft/store compatibility is recognized as a distinctly
separate requirement and only certain stores are designated
for certification on specific aircraft. To further reduce
the scope of the problem, the tactical forces are asked to
identify individual aircraft/store loading configurations
they feel are necessary, and only those loadings are certified.
Since 1966, the Armament Development and Test Center at Eglin
AFB, Florida, has conducted over 800 aircraft/store compati-
bility tests involving over 85 types of stores and 18 different
aircraft types.

STORE CERTIFICATION

Prior to further discussion, it is essential that cer-
tain terms be defined (these definitions, and others of value
to the reader's understanding of this problem are contained
in reference 1),

STORE

Any device intended for internal or external carriage
and mounted on aircraft suspension and release eguipment,
whether or not the item is intended to be separated in
flight from the aircraft. Stores include missiles, rockets,
bombs, nuclear weapons, mines, torpedoes, pyrotechnic
devices, detachable fuel and spray tanks, line-source
disseminators, dispensers, pods (refueling, thrust aug-
mentation, gun, electronic-countermeasures, camera, designa-
tor, etc.), targets, cargo drop containers, and drones.
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AIRCRAFT/STORE COMPATIBILITY

. The ability of an aircraft, stores, and related
suspension equipment to coexist without unacceptable
effects of one on the aerodynamic, structural, cor func-
tional characteristics of the others under &ll flight and
ground conditions expected to be experienced by the air-
craft/store combination. A particular store may be com-
patible with an aircraft in a specific'conflguratlon,
although not necessarily so with all pylons (or stations)
or under all condltlons.

CERTIFICATION

The determination of the extent of specific aircraft/
store compatibility and the formal publication of all
information necessary for appropriate employment of a
store on a specified aircraft (aircraft series) in the
applicable technical manuals and flight operation manuals
(or interim supplements or revisions thereto).

The determination of compatibilxty of a particular ..
store with a specific aircraft is an involved process. On
present day aircraft with multiple external store stations
and multiple store carriage at many of these stations, load-
ing configurations can lead to serious weight and balance,
stability, structural, or flutter problems. Keeping track
of the approved and the not approved (and reasons for aon-
approval) conflgurat;ons is a wonumental task for even one
type aircrait. In determining the compatibility of a store
with an aircraft, many areas nusSt be examined and many tasks
performed which cut across almeost every engineering and test-
ing discipline. Some of the most important of these are dis-
cussed below. s

Pre-flight Analyses '

These include the nacessary tasks and analyses which
must be performed prior to flight testing the store. First,
the specific leoading ccn*xguratxons of interest are identi-
fied and station lcading capabilities and physical clearances
are checked analyt;cally. Te accomplish this, two documents
(MIL~-$TD-1289 and the Aircraft/Stcres Intexrface Manual")
prepared by the Joint Teéhnical Coordirating Group (JTC SG/MD)
Working +Party for Aircraft/Stores Compatibility are of signi-
ficant value. As principzl Air Force Systems Command membsr
of this commitiee, I had 2 wajor role in their preparation
and subsequent publication (see references 2 and 3). Once
physical compatibility has been confirmed, analysis is begun
to determ;ae if acceptable operat;onal carrxage and employment .




. dm

envelopes can be established. Establishing a captive
carriage envelope involves determining if any adverse
stability and control, structural loading or flutter
problems are caused by the carriage of the store on the
aircraft. Similarly, establishing an employment envelope
involves determining if any adverse store separation or
jettison problems exist. Once these envelopes have been
acceptably established, a flight test plan is then formu-
lated which identifies the minimum flight test demonstra-
tion points that are required to clear the entire opera-
tional envelope. These analyses often require considerable
amounts of electronic computer and wind tunnel test time
and sometimes involve the conduct of ground vibration and
other structural tests prior to allowing the store to be
flown. We have the capability to perferm these captive
envelcpe analyses on the F~-4 and will soon obtain this
capability on the A-7.

Fit and Function Test

Prior to actually flying the store on the aircraft, a
physical and electrical compatibility fit test is conducted.
Procedures for accomplishing this test are contained in MIL-
STD-1289 (Ref 2); however, in general, the store is fitted
on the aircraft in the desired loading configuration (or
configurations! to insure adequate clearances exist between
all parts of tie store, the aircraft, the ground, and other
stores. If the store has electrical connections, the physi-
cal mating of ali plugs as well as pin functions are checked.
It is at this time alsc that procediures for loading the store
on the aircraft are verified and that arming wire or lanyard
hook~-ups are determined.

Flutter Flight Tests

Prior to flying any aircraft/store configuration, a
mathematical flutter analysis is made to determine whether
any flutter modes will be encountered within the expected
captive flight envelope for the configuration. Unfortunately,
even though we have developed cowplex =ophisticated aircraft
analytical flutter models, this mathematical analysis often
tells us only that a problem may exist. If this occurs,

- flights with a specially instrumented flutter aircraft must

be performed to confirm or reiject the analysis prior to pro-
ceeding further. Currently; the USAF has no flutter-instru-
mented aircraft in its inventory and, if such flights are
required, they are contracted to the aircraft manufacturer.

It should be stressed, however, that after some f£light experi-
ence has been gained on a particular aircraft, it may be
possible to develop an analytical flutter prediction capabiliiy
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which, through tests; has shown a high enough degree of
reliability to preclude furthsar flight tests, We have
almost attained such a capability within the Armament
Laboratory for the F-4 and are in the process of gaining
it on several other aircraft.

Captive Structural Integrity Flights

One discovery, very importan~ to the field of aircraft/
stores compatibility, was made as a direct result of US
participation in the Southeast Asia conflict. Many times
stores were loaded on aircraft in Vietnam and flown, but
not dropped, due to lack of a target or other operational
reasons and were still attached upon the aircraft's return
to base. Stores sometimes made as many as three or four
flights before being dropped. In addition, many missions
to Northern Vietnam required one or more inflight refuelings
enroute. In these cases, the store might be subjected to as
much as two or three hours of maneuvering flight (some of it
highly evasive) prior to being released. As a result, fail-
ures of the stores themselves were being experienced -— fins
cracked, fuzes failed, arming wires became loose, etc. To .
simulate these conditions in the initial aircraft/store com-
patibility testing, we initiated a specific captive flight
test. This qualitative flight test, using uninstrumented
aircraft, usually consists of two sorties for fighter type
aircraft because of fuel requirements; however, some aircraft
have the fuel capacity for accomplishing the specified profile
in only one sortie. If two sorties are required, stores are
not downloaded or otherwise disturbed between sorties so that
an accumulative effect of maneuvering and vibration may be
assessed. During these flights, the store (loaded on the
aircraft in the desired operational configuration. including
other stores such as fuel tanks if necessary) is subjected
to various maneuvers (such as pushovers, pullups, stick
pulses, rolling pullouts, etc.) at various speeds and load
factors up to the maximum predicted allowable. The minimum
total flight time for the two sorties should be the time
aquivalent of the aircraft's combat radius plus 508. Of this
total time, approximately 30 minutes should be performed at
0.9 Mach (or the maximum allowable airspeed, whichever is
lower) at the lowest practical altitude commensurate with
weather and safety of flight (500 to 1000 feet above sea level
is recommended). A more thorough discussion and detailed
instructions for this flighi test may be found in Section 5
of Ref ). Since initiation of these qualitative flight tests
several years ago, we have found and cocrrected many structural
deficiencies which otherwise might not have been found until
the configuration was in use operationalily.
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Weapon Separation Tests

Separation testing involves releasing (employing)
stores loaded on the aircraft in realistic operational con~
figurations at various airspeeds, attitudes (level flight
and dives) and release modes (single, pair, ripple) in
sufficient quantity to demonstrate that an operational
envelope may be cleared. These separations must demonstrate
that the store can be safely released from the aircraft with-
out excessive disturbances, store-to-aircraft or store-to-
store collisions, and with sufficient repeatability to allow
accurate delivery. Since this part of the flight test program
prasents the greatest cost and hazards to flight safety, pre-
flight analyses should be used to the maximum extent to reduce
the amount of actual flight testing required. To do this,
the analyses must be verified early in the flight testing.
In 1966, when we first began attacking aircraft/stores com-
patibility with a planned program, little constructive infor-
mation or technology on store separation existed. The infor-
mation that did exist was woefully fragmented in the engineex-
ing departments of many different aircraft manufacturers.
Because of the rapid buildup of the conventional weapon inven-
tory, there was a serious lack of manpower and facilities
available (or able) to accomplish the necessary preflight
analyses and wind tunnel tests prior to flight tests. Far
that reason, most flight tests were run in what is called
the “"brute force®" method. Based on whatever information we
had, an initial flight test pcint was determined analytically.
Store releases were made at this point, and subsequently in
increments of increasing (or decreasing) speed, usually 25
to 50 knots, until the maximum predicted envelope was demon=
strated. Level flight was completed prior to dive angles.
Single drops were made prior to ripple releases, and decisions
to proceed to the next point were based exclusively on a
qualitative analysis of this film. Today, however, as a
result of experi>nce and newly~developed technology, we are
able to reduce the number of actual test flights on any given
aircraft/store combination to about 1/4 of what they were in
1966. Today's methods involve the use of any of a number of
newly-developed analytical and wind tunnel technigues tu
define the predicted safe separation envelope of the store.
A minimum number of flight demonstration points are then
selected from this analysis, and store releases are made a3t
these points, while recording the stores' separation trajec-
tory through the use of onboard high-speed motion picture
cameras. This quantitative store separation data is then
reduced utilizing procosses such as photogrammetry oxr photo-
imaging, and a direct comparison mace betwcen the flight test
and predicted separation trajectories. Time, excessive safety
hazards and cost have made the "brute force,” or gualitative,
method of flight testing prchibitive,




Bomb Ballistics

The near flow field of the aircraft and ejector rack
characteristics of each type aircraft can materially affect
the initial trajectory of a store immediately after release,
thereby having a substantial effect on its impact point.
Because of this, releasing a number of stores on an instru-
mented range may be required to establish accurate bombing
tables.

2 Electromagnetic Compatibility (EMC)

EMC testing involves determining if any electrical or
electronic equipment on the aircraft, other stores, ground
support squipment, or enemy ground installations might pro-
duce an electrical potential in the weapon, causing an cxplo-
sion, abnormal operation, or other undesirable side effect.

It consists of testing for both electromagnetic interference
(EMI) and for hazards of electromagnetic radiation to ordnance
(HERQ). Our office has the capability to perform EMC analyses
on almost any type of store. The Armament Development and
: Test Center has the capability tc perform HERO tests. EMI
testing, on the other hand, requires extremely sophisticated
. and specialized test facilities, not available to us at Eglin
: AFB. We usually perform such tests at other Air Force and
contractor facilities.

-

STORE SEP-RATION ANALYSIS

Wind tunnels have been used for a number of years to
determine aerodynamic loads acting oh stocres on or n=ar an
aircraft in flight. Initially, store models were mounted
on the aircraft model and only total captive store loads
were measured. As wind tunnel equipment was refined, later
capabilities included a secondary store support sting which
permitted the measurement of loads on the store as it was
released from the aircraft. To cbtain a store trajectory by
this methad, however, a large anmcunt of experimental data had
to be obtained and forces integrated using manual interpola-~
tion betwean points. Nany hours of tedious calculations were
required to determine a single store separation trajectory.
The spectacular development of high-speed digital computers.
however, has permitted important adevances in the use of wind
tunnels to study store separation problems. With theiy vast
memory storage capacities, computers can store all the aero-

. dynanic lsads data and perform both the spatial interpolations
. and trajectory integtrations in seconds, It has now beccze
) practical to use experimental data to ‘valuate the separation
characteristics of specific stoyes over a wide range of flight
copditions, rather than merely spot check theoretical predic- -
tions. Currently, the compatibility eaqineers im nmy office
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use four separate techniques for the preflight prediction
of store separation trajecteries. All of these techniques
involve the unique marriage of the high-speed digital com-
puter and the wind tunnel. None of the techniques is, in
itself, the entire answer to store separation prediction.
Each has its advantages and its weaknesses. Rather, the
compatibility engineer must decide, in each case, which
method most closely meets the needs of his particular
situation. Each techunique is discussed in detail below.

Captive Trajectory System (CTS) Testing

In recent years, the computer's speed has been utilized
to perform store separation calculations "on-line" (while the
wind tunnel is operating) utilizing separate stings for the
aircraft and the store. (See Figure 1l). This technique is
referred to as Captive Trajectory System Testing. First
attempts to accomplish this type of testing utilized an on-
line analog computer. Later tunnels used digital computers,
primarily because of their speed. The USAF's newest digital
computer controlled wind tunnel with a CTS capability is
located at the Arnold Engineering Development Center (AEDC),
Tullahoma, Tennessee. This tunnel, the four-fcoot transonic
tunnel known as 4T, is cur primary analysis tool. The 4T
tunnel is a closed-loop, continuous flow, variable density
tunnel with a Mach range from 0.1 to 2.0. Two independently
operated stings are used. The aircraft is mounted on its
sting inverted (for ease of mechanical operation only), and
the store to be released is mounted on a separate sting with
its own internal balance. Aall stores in the specific loading
configuration cther than the one being separated are mounted
rigidly to the aircraft model. This is a very important
aspect since complex aerodynamic interference flow fields
generated by today's multiple carriage of stores externally
are virtually impossible to predict analytically. Interacting
shock waves and pressure distributions affect the store during

_ separation, and any perturbations caused by them generally
determine whether or not the store ssparates cleanly. When
the store is properly positioned on its sting as close as

" possible to its carriage point on the aircraft and desired

tunnel flow conditions are established, control of the store
“model is given to the on-line computer. The computer measures
- the captive position loads and moves the store away a small
distance, simplating initial separation. Forees acting on .-
-the store are again measured, examined by the computer, and
" a prediction made as to the next expected position of the
S ‘'store in its separation trajectory. The computer automatically
activates a control system which then moves the store to the
predicted new position. In making its predictions, the com-
puter considers alrcraft speed, attitedd, and load factor,
the bomb rack mjector forces (if.«n§) and the aercéynamic Ilow
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field around the aircraft and store. If, upon reaching a
point, the measured store forces do not agree with the pre-
dictions, the computer automatically backs the store and
obtains additional intermediate measurements. 2After tunnel
conditions are stabilized and repetitive runs are begun, up

to eight runs per hour can be made. One of the unique fea-
tures of CTS is that the wind tunnel is of secondary impor-
tance — the computer being the dominant component. The
computer is pre-programmed to solve the six~degree-of~-freedom

. equations of motion with real time as the independent variable.
‘During the runs, the tunnel operators are provided continuous
TV pictures of the model, and the on-line computer, using a
high~speed printer, prints out the separation trajectory data
almost immediately. CTS testing is, comparsd with other wind
tunnel methods, very fast. Low-cost reusable store models

are utilized. Because all of the store mass parameters are
input to the computer for its trajectory solution through the
store internal balance, the mvdels need only be shells with
accurate outside shape, and no inertial or mass property
simulation is required. Again, because of the computer's
ability to manipulate mass and acceleration data in its solu-~
tions, CTS store separation testing can be accomplished at
simulated aircraft dive angles — something which is unique

tc the CTS method. Data printed out from CTS runs are com-
plete and may, therefore, be used with no further reduction

or manipulation as the prediction of an actual store separa-
tion. Although the computer may be programmed to plot any
particular parameter, or even to cross-plot several parameters,
the usual output for our engineers is a complete tabulation of
all data plus six selected plots. These plots are used directly
in the preparation of a fliight test plan and in the subsequent
comparison of flight test and predicted separation trajectories.

Drop Model Testing

Another method of using wind tunnels for store separation
simulation is called Drop Model Testing. This method has been
in use for several years, and involves actually releasing
store medels in the tunnel from the aircraft model. Such
store models must, of course, be extremaly accurately scaled,
both in aercdynamic and in dynamic mase properties. The store
models are photographed during tunnel release with high-speed
motion picture cameras from at least two directions, usually
side and bottom, This film is then reduced frame-by-frame
using a computer to define the spatial position of the store
versus time. Two problems immediately face the eagineexr desir-
ing to use the drop model method. First, since most external
stores today are ejected from the aircraft, some method of
accurately simulating the ejection force, and its point of
application to the store, must be provided in the aircraft
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e model. Constructing such a device in the small-scale air-
: craft models used is no easy task. Quite often calibrated

. springs are used, with electrical burn-through bolts pro-

: viding the release on command. Secondly, constructing the

store models is extremely difficult, particularly for small-

scale models, and moments of inertia may be impossible to

simulate even when exotic metals such as tungsten or gold

are used. Because of this, wind tunnel engineers have devel-

oped two basic sets of model scaling relationships, the so-

called "light model" and "heavy model" methods (see Ref 4).

Although a detailed description of these two methods of

scaling is too lengthy to include here, suffice it to say

- that, with "light" model scaling, the angular motion of the

N store versus time seen in the movie film of the separation

’ will be essentially correct, but the vertical distance versus
time will be in error. When "heavy" model scaling is used,
the vertical distance versus time will be essentially correct,
but the angular motion will be in error (usually more motion
will be seen in the tunnel than in actual flight). Some
engineers use a hvbrid method in which the "light" model laws
are used to construct the store model, and the ejection veloc- ‘

M ity is intentionally increased by a calculated increment to
offset the store model's mass deficiency. Drop model testing
at high speeds is, compared with CTS, very slow. One run per
hour is not uncommon. Also, the store models are expensive
and, in most cases, not reusable. Because of the potential
for the released store models to damage the tunnel equipment,
this method is not available at many tunnels. Drop model test-
ing is, however, most advantageous in investigating separation
trajectories of low density, unstable stores such as empty
dispensers, pods, napalm bombs and tanks. This type of store,
because of its large angular excursions during separation,
almost always causes abbreviated CTS runs due to contact of
the store model with the aircraft or due to the sting's mechan-
ical limit being reached. Drop model testing, on the other
hand, produces complete trajectories -- even if the store
impacts the aircraft. Multiple (or ripple) releases of stores
may also be made in drop model testing, but only level flight
releases are possible. Reduced data from drop model testing

B may also be used directly in the preparatiocn of £light test

- plans and in the subsequent comparison of f£light test with

¢ prodicted separation trajectories.

- Grid Testing Technique

s : : Possibly the oldest of the still-used wind tunnel tech-
1 niques is the Grid Method. 1In this method, the aircraft is
B : mounted on one sting and the store to be investigated is

g - : mounted on a separate sting with its own internal balance,

g s , just as. in the CT¢& method. Once tunnel flow conditions have
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been stabilized, the store is moved to various discrete
positions below the aircraft, and forces and moments

acting on the store are measured. These points describe a
three-dimensional box, or grid, below the point from which
the store is to be separated. Grid runs are then made for
each configuration of interest and at several different

Mach numbers. Free-stream store aerodynamic data are also
needed so that, if the data are not already available,

these data may also be gathered on the same test by merely
removing the aircraft model and performing pitch and yaw
polar runs with the store still attached to its sting.

Once the free-stream data and the forces and moments on

the store with the flow field are obtained, they are input

to a six-degree-of-freedom computer program which calculates
the trajectory by combining the data into the equations of
motion of the store. The grid technique is less expensive
than CTS or drop model testing in that less actual wind tunnel
test hours generally are used — particularly if store free-
stream aerodynamic data are already available. Grid testing,
however, does not produce complete store separation trajec-
tories. Cunsiderable data reduction and manipulation are
required prior to being able to predict specific store separa-
tion trajectories in support of a flight test program. Once
the wind tunnel test has been accomplished and the computer
program checked out, an almost infinite number of store sepa-
ration trajectories, run at any conceivable set of conditions,
may be obtained quickly. An additional advantage is that if,
during the flight test program, something unusual or unex-
pected occurs, the phenomenon may be investigated by changing
various parameters in the computer input and attempting to
identify the causative factor by duplicating the actual trajec-
tory. Such fault analyses are not possible with the other wind
tunnel techniques without additional tunnel testing.

Flow Field Anqularity Technique

The three prediction methods discussed above, although
dissimilar in their methods, all represent empirical
approaches to the problem of store separation. Such empir-
ical approaches measure the forces and moments on the store
in the interference flow field, and are generally useful
only for a specific store and a specific set of separation
conditions. All are relatively expensive in that they con-
sume considerable amounts of wind tunnel testing time for
the given stores being investigated. If, later, it is
desired to predict store separation trajectories for addi-
tional store types, the previously acquired wind tunnel data
are of only minimal usefulness. Several engineers in the
past few years have studied and proposed & number of purely
theoretical approaches to the store separation problem utiliz-
ing potential flow theory, vortex lattice, or finite difference
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techniques. Although much work has been performed in these
areas, and some of it very encouraging, for the most part the
resultant methods are highly complex and extremely time con-
suming and unusable for predicting the large amount of store
separation trajectories necessary in a flight test. Because
of this, the Air Force has developed a hybrid method called
the Flow Angularity Technique, which combines the inexpensive-
ness of the theoretical analysis with the speed of the wind
tunnel to provide an excellent prediction tool which is usable
for a large variety of stores over a wide range of separation
conditions. Because of its wide application, it is most use-
ful when stores are initially being certified on an aircraft
or when a large number of additional stores are added to the
aircraft's certification list. It is essentially a one-time
test in that, once accomplished, the data can be used to pre-
dict store separation trajectories on many new stores. The
technique, developed by a young Air Force engineer in our
office, is described in detail in references 5 and 6. How-
ever, the essential elements are as follows:

a. First, a wind tunnel test is run in which severail
stores of interest are loaded on the aircraft model in various
configurations. While these stores are in the captive car-
riage position, the aircraft flow field below and beside the
store is explored with a pressure probe to measure velocity
vectors. The output from this test is a set of data showing
the changes in angle of attack and angle of sideslip of the
flow field caused by the immersion of the store into this
flow (store interference effects).

b. Store interference aerodynamic coefficients are then
calculated by using the store free-stream coefficients and the
flow angularity values obtained empirically from the wind
tunnel. A series of wind tunnel tests and analyses over the
past few years has shown that the predominant factors affect-
ing a store's separation behavior are the forces and moments
on the store while in the captive carriage position. Tests
have shown that these forces and moments can be represented
effectively for most conventionally shaped stores by two
forces —~ one on the nose-body and one on the tail. Total
store aerodynamic interference coefficients are those caused
by the nose-body plus those of the tail. These incremental
coefficients are calculated using the flow angularity values
obtained in the wind tunnel. :

¢. After calculating the store aerodynamic interference
coefficients, a six-degree-of-freedom computer program is then
used to solve the equations of motion of the store during
separation., Again, as in the grid method, the wind tunnel does
not supply complete store separation trajectory data. A com-
puter program must be used to combine these empirical data
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with analytical methods. Once the data have been acguired,
however, and the computer program operational, large numbers
of trajectories may be produced in a short time. Also, like
the grid method, post-flight analysis of unusual occurrences
can be made by varying the computer inputs. Unlike the grid
method (which provides data only for the store being tested),
the flow angularity technique provides data which can b:: used
later in predicting separation trajectories of other type
stores. It is, of course, cheaper than CTS or drup model
testing, and more widely applicable than grid testing.

The flow angularity technique is now in constant use by
our compatibility engineers for predicting store separation
from the F-4 aircraft. We have also recently expanded its
use to the F-15 and A-10. Flow field data have been collected
this year for the A-7D, and the prediction prougram for the A-7D
will be operational soon.

STORE SEPARATION FLIGHT TESTING

After the preflight analyses have been completed, and
predicted safe carriage, jettison and separation envelopes
have been developed for the particular store loading configura-
tion, flight test demonstration points are selected and a test
plan formulated. These demonstration p~»ints are held to an
absolute minimum consistent with flight safety. If the store
appears in the analyses to be relatively well behaved and
insensitive to large changes in Mach number, airspeed or dive
angle, as few as three points may be selected for demonstration.

Much emphasis in the past few years has rightfully been
placed on the preflight analysis efforts of aircraft/stores
compatibility due to the high cest and risk factors that
accompany actual flight testing. However, nc¢ analytical or
wind tunnel prediction technique can be effectively used to
reduce flight testing without 3ome method of correlating the
predicted store trajectory to its actual inflight trajectory.
Without a quantitative inflight store separation trajectory
definition system, it can never be determined if the prediction
techniques used are accurate. To do this, we require that the
aircraft used to release the stores be equipped with several
high speed, l6mm motion picture cameras, operating at 200
frames/second and having time annotation on each frame. The
cameras are mounted to view the store release from at least
two angles, one of which should be as close as possible to a
side view. So that camera data will be of the highest quality,
the cameras should be equipped with automatic exposure control,
and wired such that when the pilot activates the stores release
button, the cameras are immediately turned on but the stores
release sighal is delayed by 0.5 seconds. This delay in
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release allows the cameras to reach full running speed prior
to the photographing of the store release. The cameras then
run for a preselected time (usually 3~5 seconds) and then
automatically shut off. This relatively simple delay circuit
installation has caused a significant increase of usable camera
data since its initial use a few years ago. In addition to
these data cameras, we also record aircraft conditions at time
of stores release by means of a cockpit camera, an onboard
data recording package tied into the aircraft instrument
system, or (occasionally) by pilot,or flight crew readings of
the cockpit instruments.

Once the store separation has been made, the quantitative
photographic data must be reduced to a form similar to that of
the predictions so that a direct comparison between predicted
and inflight trajectories may be made. To do this, we cur-
rently employ two techniques; one, called "photogrammetry"
developed by the Air Force at Eglin AFB, and the other called
"photo-imaging", developed by US Navy engineers at the Naval
Missile Center and Naval Weapons Center. Both provide excel-
lent data but the photo-imaging technique is superior in its
usefulness and considered to be state-of-the-art.

Photogrammetric Data Reduction

In this method, both the store being released and the
aircraft pylon must be painted with a background color and
a contrasting-color pattern of dots whose positions are
accurately known with reference to some specific point (see
Figure 2). Size and color of the spots is not fixed; they
are optimized for accuracy and ease of film reading. How-
ever, 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 the part of the aircraft
adjacent (pylon, for example) are visible on the film. After
the release, each frame of the onboard-gathered movie film
is processed through a film reader manually. These data,
along with a series of geometric and physical constants, such
. as location of the reference dots with respect to a specific
position, camera location and lens focal length, are input
to a computer. The computer is programmed to solve the
equations of motion and defines the store trajectory, print-
ing out roll, pitch, and yaw angles and X, ¥, and Z displace-~
ments of the store versus time. Although a two-camera solu-
tion would be preferable, we have found that a one~camera
solution can be used most of the time, and will provide
accuracies of about % 2 inches for displacements and x 2°
for angular motions. The photogrammetric computer program
requires starting estimates of store and camera orientation
with respect to the aircraft. A final, iterated, solution
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is then obtained which achieves convergence for even poor
starting values. After the first frame, the program employs
previous frame results axz the estimate for the succeeding
frame, Because of tais, wing flexure and vibration are
automatically eliminated. %he computer is programmed to
print out the trajectories in both a tabular and plotted
format, so that a direct comparison may be made between
predicted and inflight trajectories.

Photo-Imaging Data Reduction

This system utilizes an image matching technigue to
obtain spatial pesition and orientaticn of photographed
objects with respect to recording cameras (see Figure 3).

It consists of projecting each frame of the onboard flight-
gathered data fiim through an optical system into a high
resolution video camera and displaying the resulting image

on a TV monitor located on an operator's console. Ancther
high resolution video camera is positioned near the console
to view an exact scale model of the store. This store model
is mounted on a remotely~-controlled six-degree-of-freedom
model positioner mechanism. The video signal from this
second TV camera is fed through a video mixer and the
resulting image is simultaneously displayed on the same TV
monitor as that from the data film. The operator can adjust
the position and orientation of the store model through the
use of a gset of levers on the console. He adjusts the store
model 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 t0 using a camera range finder).

Once the two images are exactly aligned and superimposed, the
operator can press a single button which transfers the encoded
frame count and position data to an IBM card. Each frame of
the film is similarly reduced, until a card deck is generated.
This deck is 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-
lar data and selected plots which accurately define the store
separation trajectory to compare directly with the predictions.
This technique produces extremely accurate data (3 0.1 ft for
displacements and * 1.0° for angles) and has the added advan-
tage of not requiring a complex painting scheme on the store
and aircraft. Because of this, the cost of reducing the £ilm
data from a specific store separation is about one half that
of the photogrammetric technique. A photo-imaging system

now exists at three US Navy testing locations and we are
attempting to have one installed at Eglin AFB. In the mean-
time, we are utilizing the Navy's system at the Naval Missile
Center, Pt Mugu, CA, for reducing all the store separation :
flight tesat data for the A~10 and P=15 aircraft. A complete F
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description of the photo-imaging system currently in use
by the Navy at Pt Mugu can be found in reference 7.

5 Both of the methods described above provide accurate,
useful quantitative data, both in a tabular and a plotted
format. We have run comparisons of the two mechods by
inputting the same film strip of a particular store drop
and comp.ring the output plots. No useful purpose could
be served by presenting this comparison in this paper as
a figure, as the data superimposed from both methods results
in essentially the same line. This brings us to an impor-
tant conclusion. We have examined several methods of reduc-

- ing flight test data, the kinds described above, and others
developed by various airframe contractors. All of them are
inherently accurate enough to provide good, usable data.

Yo The degree of mathematical accuracy attained is not as
important as how many of the error-causing factors are
accounted for by the method, and (more importantly) whether
the factors are compensated for or corrected. Data reduction
accuracies of + 2 or 3 inches and + 2 or 3 degrees can be
absolutely adequate, but not if the effect on store separation
of wing flexibility, for instance, is not properly accounted
for. Of all the error-causing factors, the ones which seem '
to be the most important (and most difficult to correct for)

. involve those connected with the camera optics. Errors

caused by lens/camera alignment, calibration, internal manu-~

facturing 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 intro-
duce other, larger errors through the human factor. A method
which requires an inordinate amount of human input and manipu-
lation of data prior to and during computer reduction is

- extremely liable to errors, particularly if no built-in-test

features are incorporated,

CURRENT AIRCRAST DESIGN PROBLEMS

I have already mentioned the many hundreds of aircraft/
store compatibility tests performed at ADTC in the past few
yeart. I have also described the methods employed to conduct
those tests, and how we have continuously improved and refined
our methods. This refinement has saved millions of dollars
over the last {cw years ($16.5 million on the A~7D alone).

All of these improvements, although representing large advances
in techinology, have only resulted in our being able to mora
efficiently and safely test items that already exist. The
real promise in the development of aircraft/stores compati-
bility technology lies in our ability to apply this technology
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to future aircraft and stores design. There is an old
truism which says that a problem is easier avoided than
solved. The aircraft that are on the drawing boards or
in early infancy today are complex vehicles with amazing

- aerodynamic performance. Aircraft/store compatibility,
if not treated adequately early in the design stage, will
create enormously complex problems. There are five major
proplems facing today's aircraft designers which affect
the overall problem of aircraft/stores compatibility.

Mission Definition

When a new aircraft is being designed, the procairing
service gives the prospective contractors a stores list
for which the aircraft should be capable of carriage and
employment. More often than not, this list is not consis~
tent with the real operational needs of the aircraft. For
example, a recent Air Force air-superiority aircraft had a
list of over 50 conventional munitions in its original
specification. These weapons, some of which had aiready
been cancelled, ranged from rocket pods and dispensers to
a Korean War vintage 3000-1lb general purpose bomb. Instruc-
tions are usually given to the contractors in such cases
that carriage and employment of the weapons should be an
. *off-design" capability. In other words, the aircraft
: should be designed for its primary mission, and the service
will accept whatever performance penalties are necessary in
order to carry the stores. All too often, however, lurking
in another part of the aircraft specification, is a reguire-
ment to carry the stores "throughout the aircraft's flight
envelope," which is usually in excess of 6.0 g's. Such
ancmalies or oversights as these, of course, almost always
lead to aircraft design points. Even though the contracter
may privately doubt the wisdom of, say, carxyinyg a Korean
War type 3000-1b bomb on an air-superiority fighter up to
six or reven “g's," he is also engaged in a fierce competi-
tien wit . other contractors for a lucrative contract. Qften,
then., he accepts the store requirements as valid and designs
N nis aircraft to match them — including, in many cases, the
' additional structure necessary. Removing unrealistic stores
from the list later does lit+'e good. because by that time
the basic aircraft structure anas already been designed.

"

Store Loading Copfigqurations

The aircraft designer should know, in addition to which
. stores the service wants cerried, how they sant them carried.
; : That is, how many of each store conld be realistically used
on a migsion; how should they be carried (MER's, TER’S, single
pylon), and what stores axe likely to be "mixed™ with cther
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stores (rockets and bombs, or bombs and napalm) and in what
desired quantities? Rarely, however is this done. As a
result, the contractor usually analyzes his own design and
advertises the loading configurations which maximize the
numbers of the stores carried, regardless of the opera-
tional usefuiness of such configurations. Even a conscien-
tious attempt to develop usable operational configurations
is wholly dependent on the contractor's familiarity with
current stores and tactical air operations.

Store Mass Properties

Many of today's fighter-bomber or attack aircraft can
carry a large number oI weapons on a single loading. Flutter
and structural analyses of the aircraft while carrying stores
are dependent on knowing the physical or mass properties of
all the stores. Unfortunately, these numbers are often not
Known accurately. During the development and test of a
weapon, mass properties are usually determined and con-
trolled. Once the weapon goes into production, however, the
control is rapidly lost. Because weapohs are bought in very
large numbers, an encormous amcunt of money is involved.

Those agencies engaged in weapons procurement are continually
looking for ways to cut unit procurement cost. Unfortunately,
this desire usually leads to a relaxation of inspection and
guality control standards as well as 3esign changes which

cut costs. These factors both may cause mass praperty varia-
tions in the store. Manufacturing tolerances are almost non-
existent today because to impose them would make the weapon
more expensive. Through a rather exteasive survey over the
past few years, we have determined that most stores can he
described in their production mass properties with a & 5%
tolerance in weight, £ 0.5 in tolerance in center of gravity,
snd a ¥ 5% tolerance in mowents of inertia. It is imperative
that aircraift designers use these manufacturing tolerances in
their calculations because weight or center-of-gravity vaxia-
tions of the maynitude we have measured ian che past could
cause flutter orxr structural analyses to be invalid. To
‘ferther complicate the issue, there is no cataloyg, book, or
central location which the contractor can use to obtain

- authorized store mass properties. My office has been
appuinited the ceatral USAF source for this information, but
wa do not have the resources to continuovnaly saaple stores
¢ ipsyre that our data are valid, BRather, our high usage

of the stores in tests provides us a random ganpling, and i€
variations become appavent, more stores are wmeasured utiliz-
ing a very accuridte machine which we have at Eglin AFB.




Store Design Strength /////////

The aircraft contractor, in order to insure t%&t his
aircraft can carry the specified stores throughzdt the
required flight envelope, must analyze the s%fucture of the
aircraft and the store attachment provisiaﬁg. fo do this,
he should know the failure strength of e stores and racks
which are furnished to him by the gsvernment. To his sur-
prise, when he asks the procurinz service for *this intorma-
tion; he is told it does not &kist, or that only a small
amount is available. Neariy all of today's stores are
designed to the prov151w/é of MIL-k~-8591. However, this
specification does not”’cover local store failures, and stores
are rarely static tested to destruction to confirm their
failure strength. 2s a result, almost all the aircraft con-~
tractor is told is that the specific store is currently
certified on soms other aircraft up to the limits shown in
that aircraft's technical orders or manuals. In addition,
suppose the contractor were told that a certain store would
fail if it receives 5000 pounds of side load at the ferward
lug. With today's technology, and assuming multiple carriage
of stores is employed, no one can accurately predict at what
condition the required failure lcad would be produced on a
particular store because of the complex aerodynamic inter-
ference flow field.

Rack Ejection Forces

After assuring that his aircraft can safely carry the
required stores, the contractor must then determine if the
stores will separate safely from the aircraft. The methods
used to accomplish this determinztion have been covered
previously. However, all of the analysis or wind tunnel
techniques require (a) the store mass properties; and (b)
the time history of the bomb rack ejector forces (including

variations fo different cartridges and rack orifice settings).

Again, there are practically no reliable inflight-measured
rack ejector rorce data available. Virtually all the avail-
able data were gathered by ejecting stores singly from a
rigid ground testing structure. Rarely, if ever, were
ejection forces or velocities measursd for stores ejected

in the ripple mode. Experience has shown us that ground test
statically-derived values of ejection velocity are higher
than those obtained inflight. For example; ground tests of

a 500-1b store from a particular multiple ejector rack (MER)
showed an ejection velocity of 8§ to 10 fi/sec. slight tests
of this same combination showed only five to six ft/sec.
Because of aircraft, pylon and rack flexibility, bombs
ejected in the ripple mode can vary all the way from the
maximum down to zero. Aside from being a dangerous situation,
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variations such as these can mean that much of the store

separation wind tunnel tests or analyses could be invalid,
since store ejection force or velocity was a primary input.

APPLYING AIRCRAFT/STORE COMPATIBILITY TECHMOLOGY

Despite the difficult nature of the problems outlined
above, there are several areas in the design of a new air-
craft in which today's aircraft/store technology may be of
great value. These areas are treated in detail in reference
1, but a discussion of some of the most important is given
below.

Aircraft Flow Field

Early in the aircraft design stages, accurate deter-
mination of the aerodynamic flow field around the aircraft
(both clean and with specific stores loaded) should be made.
This analysis should be made in a parametric form so that
good preflight analyses of new aircraft/store combinations
may be made later. We have already obtained these flow
field data on the F-4, F-15, A-10, and A-7 aircraft.

Environmental Studies

Thorough thermal, acoustic and aeroelastic analyses
should alsc be made =~ with and without stores — as early
as possible. We have flown empty instrumented dispenser
muritions on an F~4 inboard station TER and measured sound
levels of 170 db and vibrations inside the store of &0 g's.
Navy flight tests a few yearz ago showed that shock waves
from the aircraft wiag, pylon or rack impinging on a store
can act as heat ducts, incrsasing the rate of heat transfer
by factors of five cr ten. Also, most conventional munitions
today are filled with explosives based on TNT (such as
tritonal), which melts around 160°F. Although most engineers
think of temperature probiems as being associated with the
supersoric flight regime where most current fighter aircraft
cannot operate with stores attached, several studies have

shown that severe overheat problems can be experienced sub-
sonically., One such study, conducted in the United Kingdom
on the F~4 aircraft showed that thermal problems can vccur
at lower subsonic speeds (sse references 8 anag %). The
current practice, generally used by the aircraft industry,
of restricting the aircraft/store combination to the flight
regime where the stagnation (or adiabatic wall) temperature
does not exceed 1650° is totally unrealmatzc, since it does
not consider time or heat flux rate, ' 4
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Aircraft Stability and Control

In the majority of cases, the handling qualities of a
new aircraft are optimized on a clean aircraft with the
degradation caused by external stores being treated on a
set of predicted "worst case" conditions. Because of the
inability to pre-pick the true worst cases, .t is not unusual
to discover an aircraft stability or control problem after a
particular aircraft/store combination has bezn cleared for
operational use, When this does cccur, it can generally ke
traced back to that particular configuration being cleared,
without flight test, by similarity to another configuration.
We have found that every store should be flown in one or
more configurations before release for operational use on
that aircraft. The qualitative captive flights we use to
evaluate aircraft handling qualities and structural integrity
have already been described. These flights are not intended
to replace our stability and control analyses that we gen-
erally make on the "worst case" basis — rather, our flight
tests are intended to supplement the analyses. A few of the
problem areas that we have identified with our flight testing
are:

1. Most conventional munitions are designed for
subsonic flight. Because of this, they do
not materially affect the basic static direc-
tional stability of aircraft designed for
supersonic flight., Weapons designed for
supersonic flight, however, usually do affect
the aircraft's directional stability.

2. Stores often noticeably affect Dutch roll and
short period motion, Dutch roll damping is
often improved by the presence of long slender,

3.

8.

finnad stores.

delivery, since
longitudinal or
target tracking

Speed stability
tional stores.
to he wntrue in

This is very important in bomb
any degradation of aircraft
directional stability makes
moxe difficult,

is rarely affected by conven-
This, however, has been shown
the case of some of the new

family of free-fall guided weaponrs which have

very large fins

Stick force per

airspeed, and a drastic change may occuyr rapidly,

and canards.

*g“ may vary considerably with

with little warnxng, over a relatlvely small

airspeed regime.

45

¥
)

*




5. Stores loaded considerably forward or aft of
the aircraft center of gravity can cause severe
aircraft control problems upon release. The
sudden gross weight reduction, coupled with a
c.g. and center of pressure shift, can cause
large pitch excursions of the aircraft (pilots

o‘{)d

%;\ call it "g"~jump or instant "g"). In trying
o] to overcome these excursions, the pilot may
e easily overstress the aircraft.

_ 6. During dive delivery, releasing large, bulky

B stores from only one side of an aircraft while
: retaining a like store on the other side can
cause severe control problems during pull-out
when the high "g's" demand high angles of
attack.

Store Structural Integrity

. As previously explained, because of the store structural

. failures being experienced in Vietnam, we use qualitative

L captive flights to evaluate the structural integrity of both
the store and the aircraft/store combination. Since initia-
tion of these tests a few years ago, we have found many store

. structural deficiencies which were either corrected or the
configuration was not certified. More importantly, there has
not been one reported case of store failure on a configuration
which we certified using the captive flight tests. It should

ey - be stressed that these failures can occur on only one specific

" aircraft type or in only one configuration.

Stor> Separation

. Store separation problems are not necessarily accidental,
A _ Many times they are built into the store or aircraft design.
‘ I have divided some of the things we have learned in this
area into aircraft design aspects and those of the store.

Aircraft Design - Such things as high wings, low
horizontal tails, close pylon spacing, multiple
carriage racks, flexible pylons and racks, and
low store ejector forces are prime contributors
to store separation problems. The flexible
ejector rack with its low force and a single
ejector piston located away from the store
center of gravity is one of the biggest problems.
. High aircraft wings cause stores to remain in
;a< the disturbed aircraft flow field longer, and-

‘ to be "sucked" in toward the fuselage centerline.
Low horizontal tails present two major precblems.

1
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The first is that they are directly in the path
nf rearward dispensed storez and debris. The
other problem is not so obvious. Stores which
change shape immediately after release (such as
the opening of a retarded bomb fin) radically
affect the airflow behind the store. If this
drastically disturbed air hits a low aircraft
horizontal tail, very large aircraft pitch or
roll excursions may occur. Balanced against
these problems, however, is the low tail's
superior control performance at high "g's" and
high angle of attack. If all of these points
are combined into a single aircraft design, the
probability of store separation problems is very
high.

Store Design - To minimize store separation prob-
lems, stores, ideally, should be both statically
and dynamically stable. Usually, to insure good
store separation, a store should have a positive
static margin of at least one body diameter and a
slenderness ratio (length to diameter) between
eight and ten. Nose fairings should be two to
three body diameters in length. Large diameter
stores with short, or hemispherical nose fairings
almost always exhibit severe store separation
problems (absolutely blunt, or "bluff," stores,
on the other hand, usually separate cleanly).

The store c.g. should be "tuned" to the ejector
rack. If the rack has only one ejector piston,
the store c.g. should be just aft of that piston.
If the rack has two pistons, the c.q. should be
centered, generally. As a rule, the higher the

-store's mass and density, the better the separa-

tion. Moments of inertia should be kept. at the
maximum possible, particularly for dispensers
which must be jettisoned empty. Guided weapons,
because of their inherent maneuverability require-
ments, must be either unstable or marginally
positively stable. If such weapons are to be
released from an ejector rack (as opposed to

fired from a rail launcher), they must retain

some positive static stability in order to main-
tain safe store separation. Also, if the guided
weapon contains an autopilot, this system should
be inactive for the first one to twe seconds after
release so that autopilot failur=s cannot drive
the control surfaces hard over and cause an air-
craft/store collision. In such cases, the control
surfaces should be locked into whatever attitude
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necessary to enhance store separation. In con-
trast to aircraft-generated store separation
problems, if the store design is the reason for
poor store separation, this trend will likely
be evident on more than one aircraft type.

SOLUTIONS TO THE PROBLEMS

There are many companies and government agencies
involved with aircraft/stores compatibility, and these
organizations all have theories and plans for solving the
problem in the future. We cannot, however, escape the fact
that, because of the already-designed or built aircraft and
stores, the problems of aircraft/store compatibility will
be with us into the 1980's. We cannot wait for a full,
long range solution. Some interim measures must be adopted
now.

The first step in reducing the problem should be to
standardize store suspension equipment (bomb racks), the
stores being used, and the testing techniques between all
services — or at least between the Air Force and Navy,
since the Army equipment and stores tend to be specialized
for their use only. A maximum standardization of equipment
and information would drastically cut overall testing
requirements, logistic support and costs, while enhancing
flight safety substantially. Programs should be initiated
now to determine, and subsequently control, store production
tolerances, design strengths, and mass properties.

Several years ago, the commanders of the Air Force's
Systems Command and Logistic Ccmmand, the Navy's Material
Command and the Army's Materiel Command (known collectively
as the Joint lLogistic Commanders, or JLC) convened a working
group of civilian and military experts to look into the
problems of aircraft/stores compatibility. This group, of
which I am the principal member from AFSC, chartered under
the aegis of the Joint Technical Coordinating Group for Air-
Launched Non-Nuclear Ordnance (JTCG/ALNNO), became Working
Party 12, The Working Party recognized quickly that the
principal obstacle to overcome was the lack of directive
documents in the field of aircraft/store compatibility, and
set as its primary task the publishing of the necessary
documents. The result of this effort has been a design
manual for the aircraft, the store, and the rack designer
(reference 1, a Military Standard which defines ground fit
tests and store clearance requirements (reference 2), and a
manual which depicts the interface now existing on all air~
craft, to which stores must mate (reference 3). The group
is now working on a document which will standardize, between
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the Navy and Air Force, ground and flight testing techniques
used for store certification purposes, and an addition to
reference 3 which will give the geometric and mass properties
of all currently-used stores. The group is also currently
attempting to standardize data reduction of flight test film,
using the Navy-developed photo-imaging technique. As an
aside, the JTCG/ALNNO has recently been redesignated the
JTCG/MD (Munitions Development) .

All the efforts mentioned above will, of course, remove
some of the more pressing problems associated with today's
aircraft and stores. They will also lay the groundwork for
future designers — something which these designers have

u never had before. However, all this could be compared to

a doctor treating symptoms rather than curing a disease.
The overall cure, in my opinion, lies in taking a radical
departure from our present thinking. Our operational experi-
ences in the past few years have shown us the utter futility
of certifying stores to limits that are less than those which
can be attained by the aircraft. A pilot inbound on a bomb-
ing run over hostile territory is concerned only with safely
dropping his load and escaping. He is not going to worry
about — or even remember — arbitrary flight limitations
which tell him he must not drop his stores beyond certain
parameters. Experience has shown that he will ignore such

N limits and push his aircraft to the maximum. But, it makes

little sense to carry a load of bombs all the way to the

enemy's heartland — dodging flak, interceptors, and SAM's

all the while — and then have the bombs miss the target.

This is not only a waste of munitions, it unnecessarily

jeopardizes the lives of the flight crew.

Ideally, munitions and aircraft should be designed to-
gether as a weapons system. The weapons could then be
optimized to exploit the capabilities of one aircraft. If
cost and logistic factors outweigh the advantages of the
ideal situation, as they frequently do, then the weapons
should be designed for maximum effect and minimum impact on
the carrying aircraft. These weapons should be large,
carried singly (not on multiple racks), have terminal
guidance of some sort (preferably several interchangable
sets of different types), and be effective enough to destroy
the desired target. Single carriage of large high-density
stores also allows realistic supersonic carriage and release,
If, for tactical reasons, smaller weapons carried in large

| numbers must be employed, then these weapons should be
e carried in new, more efficient ways than those currently in
’ use — conformal (or tangent) carriage, for example.




In conclusion, I believe we have only scratched the
surface of a large new area of technology in aircraft/
stores compatibility. We must continue to go forward with
a vigorous and aggressive approach to solving of problems
associated with today's aircraft and stores, while at the
same time using our knowledge to precipitate drastic
changes in the design of new aircraft and stores as well
as store carriage techniques. Although today's problems
are large and important, we cannot allow our thirst for
knowledge and zeal for an immediate solution to cause us
to expend vast resources exploring in detail a problem
which could best be eliminated through a rigorous and
progressive design philosophy.
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"THEORETICAIL ANALYSIS AND EXPERIMENTAL MEASUREMENTS
OF SEPARATION DISTURBANCES IN WEAPON DELIVERY SYSTEMS"
(U)

(Article UNCLASSIFIED)

by
Dr. J. S. Ausman
Chief Scientist
Litton Industries Inc.,
Guidance and Control Systems Division
5500 Canoga Ave., Woodland Hills, Ca. 91364

ABSTRACT. (U) Previous theoretical and experimental work
has identified separation disturbances to be the principle cause of homb
dispersion, at least for low drag bombs, This implies that appropriate
compensation for separation disturbances in weapon delivery systems
can reduce the bomb dispersion error in those systems to the extent that
the separation disturbances are repeatable or systematic. The objec-
tive of this paper is to develop a practical method of compensatiang for
the systematic portion of bomb dispersion as caused by separation
disturbances. ‘ -

The first step is to derive analytical relationships between initial
angular disturbances of the bomb and the subsequent deflection of its
ballistic trajectory away from the unperturbed, nominal trajectory.
This analysis reveals that the principle deflection of the trajectory can
be modeled as a "jump velocity", i.e., an additional ejection-like
velocity imparted to the bomb at release. In general, this jump veloc-
ity has three components, a lateral component caused by initial yawing
oscillations of the bomb, a normal component arising from initial

~ Approved for public release; distribution unlimited.




pitching oscillations, and a rearward component which accounts for
induced drag resulting from both pitching and yawing oscillations.

Sample numerical calculations supported by physical reasoning
indicate that initial angular rate disturbances deflect the bomb's tra-
jectory far more than do initial angular offsets, even though the amrli-
tude of the bomb's angular oscillation is the same in both cases. On
this basis, one can neglect the initial angular offset effect and directly
express the jump velocity components in terms of initial angular rates.
In particular,

Vj@ = - Fad/o

ij = Faé?o

where F is a function of the bomb's physical characteristics (size,
mass, and transverse moment of inertia) and aerodynamic coefficients
(ratio of lift and moment coefficients); V'B and V; y are the lateral and

normal components of jump velocity, respectwel’y, and LI and aGo are
the initial yawing and pitching rates of the bomb.

There are two ways of measuring jump velocities. One is
through cinematographic measurements of a, and @ go followed by
application of Eq. (0). The second method is to calculate the jump
velocity required to make the predicted bomb impact match the actual
bomb impact.

The impact point matching technique was used to analyze MK84
(2000 1b low drag bomb) releases from ASE and F111E aircraft,
Table I summarizes the resulting jump velocity measurements.

TABLE {
JUMP VELOCITIES MEASURED FOR MK84 BOMBS RELEASED FROM
F111E AND AG6E AIRCRAFT

| _ Jump Velocxty
Wing Pylon ‘ Magmtude
Aircraft Station Direction {fps)
FI111E AOutb@;rd Outward , 1.0
AéE Outboard --- Zero
AGE Inhoard Rearward 1,3




In addition, the outboard wing pylon stations nn both the FI11E
and AGE aircraft were found to receive 20 pevcent less ejection veloc-
ity than normal, probably due to wing flexure and/or aircraft roll
reaction. Residual dispersion of the MK84 bomb impact points after
compensation for these systematic separation disturbances is less than
one mil, CEP.

Approved for public release; distribution uniirnitea.
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NOMENCLATURE

Maximum frontal area of bomb

Induced drag coefficient

Slope of moment coefficient vs angle-of-attack

Slope of normal force coefficient vs angle-of-attack

Pitch or yaw damping coefficient

Maximum diameter of bomb

Transverse moment of inertia

Mass of bomb

Down range miss distance

Dynamic pressure

Time constant for exponential decay of angular oscillations
Time after release

Time-of-fall

Velocity of bomb

Ejection velocity

Swerving velocity

Heaving velocity

Velocity component of bomb resulting frominduced drag ferce
Pitch axis component of jump velocity

Yaw axis component of iump velocity

Roll axis component of jump velocity
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NOMENCLATURE (cont)

Total angle-of-attack

Pitch angle-of-attack

Yaw angle-of-attack or side slip

Bomb range sensitivity to ejection velocity
Frequency of angular oscillation

Time derivative of ()

Second derivative of ( ) with respect to time

Initial value of { ) att = 0
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INTRODUCTION

As more accurate sensors, faster airborne digital computers,
and better software techniques continue to improve the accuracy of
air-to-ground weapon delivery systems, bomb dispersion eventually
becomes the dominant error source in such systems. Further
improvement in accuracy beyond this point can only come through
reduction or circumvention of bomb dispersion. Guided bombs are one
example of the circumvention approach. However, the high cost of
guided bombs still justifies exploration of the more direct solution,
that of reducing bomb dispersion itself.

To reduce bomb dispersion, we must quaiitatively understand its
root causes, analyze them quantitatively to separate out the dominant
effects, and develop practical methods of eliminating or compensating
for these dominant effects. The final proof will be to test it out with
actual bomb drops. This report follows the same general outline
described above.

Nicolaides in Reference 1 identifies separation disturbances as
the principal cause of bomb dispersion. In his treatise on missile
flight and astrodynamics, he states, '"The dispersion of rockets,
bombs, projectiles, and other ballistic type missiles is a direct result
of...... the random initial launching conditions'. He proceeds to
single out the dominant initial launching condition to be the initial angu-
lar velocity. In particular, he states, "...for the case of fin-
stabilized missiles,... the effect of initial angle of attack ... is small,
but ... the effect of initial angular velocity is large'.

Reference 2 provides experimental corroboration for these
statements and furthermore reveals the fact that a substantial portion
of the observed bomb dispersion is systematic or repeatable in nature.
In these tests, for example, the bombs released from the left wing
consistently impacted to the left of their expected impact point, while
the bombs released from the right wing consistently impacted to the
right of their expected impact point.

Combining the experimental observation of the existence of a
systematic component of bomb dispersion with the theoretical concept
that bomb dispersion is caused by initial angular disturbances, -we
conclude that there must be systematic repeatable angular disturbances.
imparted to bombs at release or during their separation from the flow
field surrounding the aircraft. These systematic separation disturb-
ances may differ from weapon station to weapon station, but they are
potentially compensable through calibration. '
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e In addition, there will be random angular disturbances

g superimposed upon th.: repeatzble motion. These random disturbances
. are not amenable to compensation by calibration and will remain as a
residual source of homb dispersion. They can be attacked through
careful mechanical and aerodynamic design of the release and separa-
tion mechanism, but this is outside the scope of the present report.

The objective of this report is to develiop a practical method of
s calibrating and compensating for the systematic component of bomb
L dispersion caused by repeatable separation disturbances. To this end
let us first review the theoretical analysis of the physical process
through which angular motion of a bomb causes it to deflect away from
its nominal, unperturbed trajectory.

THEORETICAL ANALYSIS

In the interest of oktaining a practical solution to at least a
portion of the bomb dispersion problem, the following treatment makes
no pretense to retaining complete generality. Specifically, it is pre-
sumed that the bombs under discusgsgion are fin-stabilized bombs having

. characteristics similar to those of the MK81-84 series of low drag
’ bombs.

The theoretical analysis begins with a solution to the yawing and
swerving equations of motion. The corresponding pitching and heaving
solutions follow by analogy. Finally, a study of the induced drag
caused by yawing and pitching motions completes the analysis.

YAWING AND SWERVING MOTION

Equation (1) is the differential equation for yawing motion. It
equates the time rate of change of the yawing component of angular
momentum to the aerodynamic moments acting about the yaw axis.
There are two such moments, (1) a restoring moment proportional to
the yaw angle-of-attack, and (2) a damping moment proportional to the
angular rate of the bomb about its yaw axis. The coefficients of pro-
portionality are in accordance with conventional aerodynamic usage

. (see References 1 and 3, for example)

YAWING MOMENT EQUATION

C +C_..
1, = <C, Ak, - —Mg—z-—@ Agd%y, (1)
‘ Rate of Change estoring Damping Moment
of Angular Moment
- Momentum
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Rearrangement of terms and division by I results in

o +MA dZ& +MQ =0 (2)
Y 21V a2y I v o

The three types of solutions to second-order differential equa-
tions of this form are well known. In the present case, the bombs
have comparatively small damping, and the solution of interest is the
so-called underdamped or damped sinusoidal response given by

. Eq. (3).
a = e“t/T o, cosowt +M sin wt:l (3)
v Yo wT
where
T = 41V ;
+C .
(Cymq Mg Aad
S \/ ‘M2
. w = ——’I———— - '-‘—2-
: T
q @y = initial value of a.'w att = 0
and
é &Wo = initial value of &‘/j att = 0

Substitution of J£q. (3) back into Eq. (2) will readily verify that
Eq. (3) is a solution to the differential equation of motion, Eq. (2).

Next, let us consider the differential equation for swerving
(cross-track) motion as shown in Eq. (4). It equates the rate of change
of cross-track momentum to the swerving force generated by a yaw

angle of attack.
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[ SWERVING FORCE EQUATION |

MV, = -(C\ Aq)ay (4)

Rate of Change  Swerving Force
of Momentum

Dividing Eq. (4) by M, substituting for v, from Eq. (3), and
integrating, we find the cross-track velocity to be

- t .
C.. Ag Ta + o
Na /T Yo Yo
S e ——— — 7 i d
VB ™ f e (a(l/o cos wt + T sin wt) t (5)
0

Carrying out the indicated integration yields

C,. Ag )
Vy = -( N:d )( Tz 2) [1 - (coswt - wT sinwt) e /T]aw
/\1 4w ¢
Tu' + &
17}
+ [0T - (sinwt + WT coswt) e /T](——;':I-.——B) (6)

Equation (6) shows that the swerving velocity consists of (1) a
constant cross track velocity plus (2) a transient oscillation which
decays exponentially with time. Even after the oscillatory motion dis-
appears, the constant velocity terrn remains, causing the bomb to con-
tinue to diverge from its nominal, zero cross-track velocity trajectory.

From a practical viewpoint, we can offord to neglect the oscil-
latory terms in Eq. (6) and concentrate on the coastant terms. The
basis for this simplification is that the oscillatory terms are significant
with respect to the constant terms only for short time-~of-fall trajec-
tories, for which cases the trajectory deflection does not have time to
build up to a serious extent anyway. For the long time-of-fall trajec-
tories (t >>T), the constant velocity teyrms are sufficient tc describe
the predominant dispersion effects.

If one divides the constant velocity of divergence by the release
velocity, one obtains an angular divergence which Nicolaides refers to
as the "jump angle". Accordingly, iet us call the divergence velocity
itself a "jump velocity". The (cross-track) component of this jump
velocity ia then defined as ‘
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SWERVING COMPONENT OF JUMP VELOCITY

_ Mmoo °Ne®9) T
Je't—.ooe" M

A 55 (Z"‘% + T&wo) (7)

l1+w T

Next, let us evaluate the sensitivity coefficients of 2y and &llfo to
determine their relative influence on cross-track dispersion.

NUMERICAL EVALUATION OF CROSS-TRACK JUMP VELOCITY

Tables II and III provide numerical values for the aerodynamic
coefficients and for the physical properties of the MK81-84 series of
low drag general purpose (LDGP) bombs. As a numerical example,
let us compute the jump velocity coefficients for a MK 82 bomb released
from 5000 ft altitude at 450 kt (760 fps or Mach number of 0.69). The
dynamic pressure, g, under these release conditions is 667 1b/ft2.

Substituting the appropriate numerical values for these release
conditions into the definitions of T and w which follow Eq. (3), we
obtain the following.

TABLE II
AERODYNAMIC COEFFICIENTS FOR MK81-84 SERIES OF
LDGP BOMBS

Mach Ne Mo cDZ (ch ¥ CMér)
No. (per rad) (per rad) (per radz) (per rad)
0.70 4.7 3.3 5.7 125
0.80 4,7 3.4 5.8 130
0.85 4.7 3.7 5.3 175
0.90 4.8 4.1 4.9 200
0.95 4.9 5.0 5.1 215
1.00 5.0 6.3 5.3 220
1.05 5.15 6.0 5.3 225
1,10 5.3 5.1 5.3 220
1.20 5.4 4,2 5.4 200

Notes: (1) CNa' CMa and CMq + CMéz data extracted from Ref. 3.
(2) CDZ data supplied by Mr, J. Roman of Naval Weapons

Laboratory, Dahlgren, Va.
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TABLE III
PHYSICAL PARAMETERS FOR MK§1-84 SERIES OF LDGP BOMBS

Maximum Transverse
Weight Diameter | Frontal Area | Moment of Inertia
Bomb Type| Mg (1bs) |  d (ft) A {ft2) I(slug ft2)
MK 81 274 0.750 0.442 14. 6
MK 82 527 0. 895 0.631 36, 7%
MK 83 985 1. 167 1.068 106
MK 84 1970 | 1.500 1.767 363

Note: All data extracted from Ref. 4 except the figure marked with *
which comes from Ref. 5.

4
T = v .
. (ch + cM&) Agd ‘
_ 4 X 36,17 1b-sec2—ft X 760 ft/sec
- 2 2
125 X 0.631 ﬂ:2 X 667 1b/ft2 X (0.895) ft
T = 2.65 sec (8)
C.. A dT2
Mo 9
0T =\ ——F - 1

\/;. 3 X 0.631 ft‘.2 X 667 lb/'ftZX 0. 895 ft x (2.65 secﬁ )
36.7 lb-secz-ft

1

wT

15.4 (9
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Similarly, the swerving acceleration per unit (radian) side slip
angle is

CNQAq

M

4.7 X 0.631 £#t2 X 667 lb/ftz
527 1b/32.2 ft/secz

121 ft:/sec2 per radian (10)

Putting Eqs. (8), (9), and (10) together to compute the coefficient
of ay. in Eq. (7), we have

) CNaAq T
M 2.2

1+wT

2 X 121 ft/sec2 X _2.65 sec_

1+ (15.4)2

H

2.70 fps per radian

t

0.047 fps per degree (1)

Similarly, the coefficient of &wo/w in Eq. (7) is

C,..Aq
( N:A ) Tz 5 wT = 0.0235 fps per degree X 15.4
1+w' T

)]

0.362 fps per degree (12)

The reason for computing the coefficient of &wo/‘*’ instead of the
coefficient of &,1,0 is that éwo/w is an approximation to the maximum
amplitude of the first half cycle of the sinusoidal oscillation triggered
by ¢yo. This allows a direct comparison between the effect, Eq. (11),
of an initial angular offset and the effect, Eqg. (12), of an initial angular
rate, each causing the same amplitude of oscillatory motion.

A comparison of Ega. (11) and (12) reveals the somewhat startling
conclusion that the jump velocity caused by aa initial yaw rate is an
order of magnitude larger than the jump velocity caused by an initial

i side slip angle, even though the yaw oscillations in both cases have
shout the same amplitude! Figure | affords a physical explanation for
this seemingly contradictory conclusion.
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A, INITIAL YAW RATE EFFECT
YAW ANGLE-OF-
ATTACK

OR 0 \\
SWERVE ACCELER-
ATION

B, MEAN SWERVE VELOCITY
DUE TO INITIAL YAW RATE

SWERVE
VELOCITY —f — -\ — — N\ — —

C, INITIAL YAW ANGLE-OF-ATTACK

EFFECT
. YAW ANGLE-OF.
! ATTACK

OR 0
SWERVE
ACCELERATION
D, MEAN SWERVE VELOCITY DUE
TO INITIAL YAW ANGLE-OF-ATTACK
SWERVE

VELOCITY of-=-=—= \_./ v

Figure 1, Swerve Velocity Caused by Initial Yaw Rate
and by Initial Yaw Angle-of-Attack




Figure la and lc both describe lightly damped oscillations in the
yaw angle-of-attack, one (the damped sine wave of Fig. la) beginning
with an initial yaw rate and the other (the damped cosine wave of
Fig. lc) beginning with an initial yaw angle. Because the aerodynamic
swerving force is proportional to the yaw angle-of-attack, the swrarving
compnnent of jump velocity ie proportional to the integral of the yaw
angle-of-attack curve,

In the case of an initial angular rate, the integral of the damped
sine wT curve of Fig. la is the damped 1 ~ cos wt curve shown in
Fig. 1b. Note that in this case, the swerve velocity is always of the
same sign and has an average velocity approximately equal to one-half
the peak swerve velocity. However, in the case of an initial angle-of-
attack, the integral of the damped cosine curve of Fig. lc is the
damped sine wave of Fig. 1d which would have a mean value of zero
except for the damping effect which causes the oscillations to be
slightly asymmetrical.

, The physical insight brought out by Fig. 1 reveals that even an
undamped yaw oscillation started by an initial yaw rate would generate
a jump velocity, whereas an undamped yaw osciliation started by an
initial yaw angle-of-attack would not. The theoretical expression,

Eq. (7), confirms this behavior for undamped (T=«) oscillations.

The above discussion leads us to the conclus’on that we can
neglect the ay , effect in Eq. (7) and apyroxi.v. :te the swerving compon-
ent of jump velocity with

v ~-(CN“'AQ) Tt & (13)
36 M ) a it wo -

We can simplify Eq. (13) even ) .aer by noting from the Jefini-
tions of T and w following Eq. (3) that

°

{14)
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with this substitution, Eq. (13) becomes

APPROXIMATE SWERVE JUMP VELOCITY

v z_CNaf I

—a (15)
U
J6 C [ Md o

Let us now proceed to analyze the heaving component of jump
velocity caused by pitching oscillations of the bomb.

PITCHING AND HEAVING MOTION

Equation (16) is the differential equation for pitching moticn. It
equates the time rate of change of the pitching component of angular

momentum to the aerodynamic restoring and damping moments acting
about the pitch axis.

PITCHING MOMENT EQUATION

C.. +C_.. f
- .. = - - M Ma 2&
Iaa CMﬂAqda'O -——-g—-—-———zv Aqd P (16)

Rate of Change  Restoring Moment Damnping Moment
of Angular

Momentum

The heaving force cquation, which equates the lift force generated
by a pitch angle of attack to the rate of change of linear momentum
zlong the yaw-axis, appears as Eq. (17).

HEAVING FORCE EQUATION

Rate of Change  Heaving Force
of Momentwn

Because Eqs. (16) and (17) have forms which are identical to
those of Eqs. (1) and (4), respectively, we can anticipate their golution,
Eq. (18), by its similarity to Eg. (7).
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HEAVING COMPONENT OF JUMP VELOCITY

_ lim _(CNaAq T
Jo T t—=w ¥ VU M

(2, + Ta_ ) (18}
- wZTZ 8o o

\Y

The same numerical argument which allowed us to neglect the a,
effect in Eq. (7) also applies to the agg term in Eq. (18). Accordingly,
we can neglect the @gy term and, with the aid of Eq. (14), reduce
Eq. (18) to its approximate form given by Eq. (19).

4 APPROXIMATE HEAVE JUMP VELOCITY

C
° "‘a», e 8
- JY - C,,, Md 6o

(19)

With Eq. (13) and (19j, we now have formulas for two components
of jump velocity. The next section takes up the thiru component, the
roll axis component.

INDUCED DRAG

Pitching and yawing oscillations of the bomb create an induced
drag proportional to the square of thc angle between the bomb’'s axis
of symrietry and its direction of travel. Eguation (28} is the mathe-
matical representation o this behavior

INDUCFD LAAG EQUATION

: FA
v = . (C
M o (CDqu) @ {20)
where
2 a 2
o ] a"v,‘_ + ‘?6

The induced drag is an additional drag force acting on the homb,
over and above the z2sro angle-of-attack drag force accounted for in the
weapon delivery system’s ballistic trajectory solution. This induced
drapg effect will cause a rearward divergence of the bomb from its
expected fiight path.

Let us first consider that portion of the Wnduced drag caused by
the yaw angle, a . From Eq. {3)




a. COswt $ ———
Vo wT

]
- . [
Ta X'
-2t/T Yo wo . ]
e ———— sinwt

LSl v

e

<0 wT

[ Ta, +a 2
- v L2
e /T a?' coszut + (M) sin wt (21

.T&(i'o ¥ aa&o
+ 2{—————]a sin wt cos wt
wT Yo

Substituting Fq. (21) into Eq. (20} with ay temporarily set to zero,
we have after dividing by M and integrating,

t

C.-,4q
lim _ lm . D2 2
(Vi) = e (V) Tt ( v )I @, dt
a9 =0 ¥ = 0
_ Cpafag (1 1 )az
2 - byl ¥
M 4 1+ NZTZ ‘o

¢ 21— w7 'I‘ag o e&’e\ {z2)
M TR oT %o} F

By applying the same approximation made to the othet jump
velocity comporents, namely that | is negligible with respect to T, we
can simplify Eq. (22) to the following

- .2
(Y, .) = = (_‘:"mg_}_z“iq l( 2 +§B) (231
Jé'ag:ﬂ ) M 3\ " 2 -
¢
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By analogy we can write for the part of the roll axis jump
velocity due to ag,

. 2
(v_) x - (—-————CDZAq) 2 (az +i8-°-> (24)
1 . M 4\60 2

Adding Eqg. (23) and (24) to obtain the total roll axis jump velocity, we
have

APPROXIMATE ROLL AXIS JUMP VELOCITY

, ) L2
v s _.__-_CDZAq\;T a? 42 (25)
Jo ~ M j4\o w2
where
2 2 2
= +
% T %o “6o
and
2 . &2 +az
P Yo o

Note that, contrary to the sicuation in the swerving and heaving
components of jump velocity, angular oscillations caused by initial
angular offsets and initial angular rates are equally effective in pro-
ducing roll axis jump velocity, This is understandable because induced
drag depends only on the ampliiide of the angular oscillations and not
on their phase.

COMPARISON WITH PREVIOUS THEORETICAL RESULTS

The foregoing analysis sho s that separation disturbances which
cause pitching and yawing oscillations of the bomb create a trajectory
divergence which can be charactsrized as a constant velocity. This is
an important conclusion from the standpoint of our stated goal of finding
a nractical method of compensating for systematic separation disturb-
ances, because it means that the weapon delivei y system can model
such disturbances simply as additional ejection velocities, albeit in
three dimensions.
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Later on we will apply this concept to some actual bomb drops to
see if it can be used to reduce the amount of apparent bomb dispersion.
First, let us compare the jump velocity formulas with previously pub-
lished theoretical results.

0 As previously stated, Nicolaides in Ref. (1) stated that for fin-
stabilized missiles, jump angle results mostly from initial angular
rates rather than from initial angles-of-attack. The foregoing analysis
supports this statement. Furthermore, the formula relating jump

. angle to initial angular rates in Ref. (1) is

FROM REF. 1

2’

Pitch A 1
J;nip Angle ® na & = N & (26)
’ MV(CMaAqd) bo MVCMad to

B where the notation of Ref, (1) has been changed to correspond to the
! nectation used herein.

\ ‘ A comparison of Eq. (26) with Eq. (19) shows that the pitch jump
' angle as defined by Nicolaides is equivalent to the jump velocity divi-

* ded by the total velocity. Thus, the two formulas are completely
4 reconcilable as regards the swerving and heaving components of jump
velocity.

Reference (5) reports results of a 5 degree-of-freedom (5DF)
computer simulation of bomb trajectories in which the bomb receives
an initial angular disturbance. It will prove instructive to compare
the simplified solutions afforded by Eq. (15), (19) and (24) with the
more elaborate analysis included in that reference. One of the cases
included in Ref, (5) is that of a MK 82 bomb released from 5000 ft alti-
X, tude in level flight at 450 kts, a Mach number of 0.69. Figure 2 shows
a plot of the cross~range miss distance vs the ""maxirmum yaw angle
for the first half oscillation'!, & wo/“” as taken from Ref. (5).

v

For comparison, the swerve jump velocity calculated from
Eq. (15) in terms of &wo/“’ is

. F :-, y

- (G i) e -
» ~ = W }
56 % "\C,,, Md




CROSS-RANGE MISS DISTANCE (FT)

N

100~

/
/
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/
7
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/
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JUMP VELOCITY ,’

THEORY, EQ. (28),
60 /

/
/
/
/
/

sl / 5DF SIMULATION

(REF. 5)

RELEASE CONDITIONS:

~0 MK 82 LDGP
5000 FT ALTITUDE
450 KT TAS
ILEVEL
0 ] 1 ]
0 5 10 15 20

MAX YAW ANGLE FOR FIRST HALF OSCILLATION (DEG)

Figure 2. Cross-Range Miss Sensitivity to Yaw Oscillations
as Predicted By Jump Velocity Theory and By 5DF
Simulations of Ref, 5,
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Substituting the appropriate values from Tables I and II and
Eqgs. (8) and (9), we compute

2 S 2 ia
4.7 % 36.7 lb-sec -ft X 15,4 X 32,2 ft/sec (abo)
w

Vig = - 3.3 X 527 1b X 0.895 & X 2. 65 sec
&, &, (28)
-20.7 fps/radian (T) = -0.362 fps/deg (—5—0*)

In order to compare this figure with the corresponding miss dis-
tance plot of Ref. (5), we must multiply the swerve jump velocity of
Eq. (28) by the time-of-fall, which is 16.8 seconds in this example.
Figure 2 shows this result, 6.1 ft/deg, plotted as a straight, dashed
line. The comparison shows Eq. (28) to be somewhat pessimistic rel-
ative to the 5DF simulation reported in Ref. (5).

Reference (5) also reports the downrange miss distance resulting
from a yaw oscillation. Figure 3 displays this result along with the
corresponding prediction based on Eq. (25) which is

o)
1

.2
SO -l B Y )
m Jof M 4 1\ w

; 2
5.7 X 0.631 ftz X 667 lb/ftzx 2.65 sec X 16,8 sec (alr’/o) (29)
w
527 1b/32.2 ft/seczx 4

o \2
-0.497 £t/(deg)’ (—‘é’)—?)

@ 2
-1,631 ft/(radian)z (7‘%2)

n
i

The parabcla represented by Eq. (29) follows Ref. (5)'s simu-
lation results but, again, is slightly pessimistic with respect to those

results.

As cne more comparison with the 5DF simulation results, we can
compare the downrange miss sensitivities to pitch oscillations as
reported in Ref. (5) and as computed from the jump velocity components
of Eqs. (19) and (25)., The 5DF simulation result appears in Fig. 4.
For the level release example, the miss distance computed from the
jump velocities is

4
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-~ 140 —
-120—  RELEASE CONDITIONS: /
MK 82 LDGP
5000 FT ALTITUDE !
450 KT TAS / 5DF
LEVEL
o0l ! | smiuration
, H
: REF, (5)
=)
O
%
&80 -
2
(a}
0
10p]
—~
3
63} - L —
‘ B -60
4
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=
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A -40
~20 -
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MAX YAW ANGLE FOR FIRST HALJF OSCILLATION (DEG)

Figure 3. Down-Range Miss { asitivity to Yaw MDscillations
as Predicted by Jump Velocity Theory and by 5DF
Simulation of Ref, (5).
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Down-Range Miss Sensitivily to Pitcn Qscillations
as Predicted by Jump Velocity Theory and by 5DF

Sioaalations of Ref, (5),
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3R
Rm - V.nb (BVE) * VJ¢tf (30)

where OR/3Vy is the miss distance sensitivity to ejection velocity and
is equal to 22 ft/fps (Ref. 5) for a 5000 ft, 450 kt, level delivery of a
MK 82 bomb. Because the equations for computing Vyy, and Vy, from
&Qo/w are numerically the same as for computing Vjg and Vj4 ?rom
&WO w, we can utilize the numerical results of Eq. (28) and (29) directly

in evaluating Eqg. (30). Accordingly, numerical evaluation of Eq. (30)
results in

&

@ 2
R_ = 0.362 fps/deg x 22 ft/fps x(-—gﬁ) - 0,497 ft/(deg)z (.._?_9)

]

e

p 5 &8 2
= 7.96 ft/deg | —5=) - 0.497 ft/(deg)” | =2 (31)

A plot of the parabola represented by Eq. (31) appears in Fig. 4
for direct comparison with the corresponding result published in
Ref. (5). The two curves in Fig. 4 do have the same general character-

istics, although they differ somewhat numerically, especially for
large disturbances.

- Considering the simpﬁc"i%y of the jump velocity concept in com-
parison with the more comprehensive 5DF simulation technicne, the
agreement displayed in Figs. 2, 3 and 4 is reasonably good, especially
in the important region where angular disturbances are of the order
of 5 deg or less. Certainly, the agreement justifies an attempt to
apply the jump velocity concept to some actual bomb drops to see if it

can successfully compensate for at least a portion of the apparant bomb
dispersion.

APPLICATION TO ACTUAL BOMB DROPS

Haviung reached the conclusion that we can probably account for
systematic separation disturbances by introducing an add tional,
3-dimensional, jump velocity or pseudo-ejection velocity into the
weapon delivery equations, the next quection is, ""How do we determine
the jump velocity?"' The direct way would be to instrument some bomb

(X

- Bt

B SEET AT AR RN AR




drops with high speed cameras s0 as to measure the angular
disturbances imparted during release and separation. This data in
conjunction with Egs. (15), (19), and (25) would suffice to determine
mean values for the jump velocity components.

A second, more indirect method is to measure the release con-
ditions accurateiy, predict the impact point of an unperturbed bomb,
and then infer the jump velocity based on the actual impact relative
to the predicted impact. Ideally, both methods should be used on the
same bomb drops as a cross check, but the author knows of no such
available test data.

The MK 84 bomb drop tests reported in Refs, (6), (7), and (8)
provide the best set of available data for the impact point matching
method. The reason is that the release point was instrumented very
accurately with a bomb scoring pod carried by the aircraft, which mea-
sured release position and velocity (verified by cinetheodolite and
laser tracker data), aircraft attitude, air speed, air density, and
bomb lever arm effects caused by aircraft rolling or yawing at the
moment of release. With all the major rzlease conditions measuread
except for ejection velocity uncertainties and separation disturbances,
the actual bomb impacts relative to the computed or predicted impact
point should provide a gooa measure of the jump velocity.

Under the conditions of the tests reported in Refs. (6), (7) and (8)
(MK 84 LDGP bombs released in level flight from 1500 and 5000 ft
above ground level at 400 and 500 kt) the bomb scoring pod has a
reported bomb impact prediction accuracy of about 12 ft (CEP), based
on release point measurement accuracy alone. This means that the
impact data from these tests should allow us to determine the horizontal
components of jump velocity to a probable accuracy of 12 ft divided by
the time-of-fall, which was about 18 sec for the 5000 ft drops and atout
9 sec for the 1500 ft drops. Similarly, the probable accuracy of the
vertical component of jump velocity obtainable from these test data is
12 ft divided by 3R/3 Vg, which was about 25 sec for the 500 kt drops
and about 20 sec for the 400 kt drops. On this basis, we should expect
to be able to measure jump velocities to probable accuracies between
0.7 and 1.3 fps for the horizontal components and between 0.5 and
0.6 fps for the vertical component.

Figure 5 shows the bomb impact pattern relative to the predicted
impact for the 22 MK 84 bomb drops reported in Refs. (6), {7) and (8).
For the purpose of this figure, all predictions are based on standard
ejection velocities of 10 fps for the F111E and 15 fps for the AGE, with
no jump velocities included., This differs from the original data wherein
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Figure 5, MK 84 LDGP Bomb Impacts Relative to Impacts Fredicted
On Basis of Release Point Mcasurements Alone,
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the predicted points were modified by jump velocities which changed
during the course of the test series as more and more bomb impact
data was accumulated.

The shape of the symbols which mark each impact designate the
weapon station. The shaded symbols signify the high altitude (5000 £t)
releases; the open symbols signify the low altitude releases.

A perusal of the impact pattern for each weapon station reveals
definite correlations. The F111E bomb impacts are all long and to the
left of the predicted impact with little or no difference between the
high and low altitude deliveries. The A6E bombs released from the
inboard wing stations are mostly short of the predicted impact, espec-
ially those released from 5000 ft altitude. The outboard station
releases from the A6E, on the other hand are all long with respect to
the predicted impact point, and there is little or no difference between
the high and low altitude drops.

In level deliveries of low drag bombs from different altitudes,
the miss sensitivity to variation in horizontal release velocity varies
directly as the time-of-fall, while the sensitivity to veriations in
vertical release velocity is nearly independent of altitude. This fact
tells us that the appropriate component of jump velocity to use for
downrange compensation of the outboard station releases from both
types of aircraft is the vertical component, V- On the other hand,
V3¢ is a better component to use for compensating the A6E inboard
station releases, because those impacts did exhibit downrange misses
which were correlated with release altitude. For the left-biased F111E
impacts, a Vg component is needed. Table IV shows the numerical
values of the jump velocities as determined for each weapon station.
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TABLE IV
JUMP VELOCITY FOR MK 84 LDGP BOMBS BY WEAPON STATION

Jump Velocity (fps)
v v

Weapon Station Je Je VJ@

F111E, Left Outboard -1.0 2.0 0
AbE, Left Inboard 0 0 -1.3
Right Inboard 0 0 -1.3

Left Outboard 0 3.0 0

Right Outboard 0 3.0 0

Applying the above set of jump velocities to each of the impact
points plotted in Fig., 5, we obtain the corrected impact plot of Fig. 6.

DISCUSSION

A comparison between Fig. 5 and Fig. 6 shows that apparent
bomb dispersion can be reduced significantly by calibrating and
assigning a "jump velocity” compezsation for each weapon station on
an aircraft. The example illustrated herein revealed a reduction in
apparent dispersion of MK 8¢ LDGP bombs from 47 ft (CEP) to 20 ft
(CEP). This residual ground plane dispersion of 20 it (CEP) represents
an angular dispersion of less than 1 mil for those bombs released from
5000 ft above ground level.

In order to account for the long impacts from the outboard wing
station, it was necessary to postulate an upward jump velocity com-
ponent Vyy of 2 fps for the F111E and 3 fps for the A6E. These upward
components cannot be attributed to angular oscillations of the bomb as
theorized in the preceding analysis, because such oscillations should
also produce induced drag and an associated rearward jump velocity
component.

Because these upward jump velocities occur ouly on the outboard
wing stations and amount to about 20 percent of the total ejection
velocity (10 fps for the F111E and 15 fps for the AGE} in each case, the
best explanation for their occurence is that they really represent a
20 percent reduction in the effective downward ejection velocity. Suach
a reduction could be caused by an upward reaction of the wing or a
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roll reaction of the whole aircraft when ejecting a 2000 1b bomb off an
outboard wing pylon station.

The leftward jump velocity (Vy, = -1 fps) observed for the MK 84
releagses from the left outboard station of the FI111E can be attributed
to a systematic aerodynamic separation disturbance such as outflow
along the wing. The amplitude of the initial yawing oscillation neces-
sary to cause this outward jump velocity can be estimated from Fig. 2
to he about 3 deg. Figure 2 actually pertains to » MK 82 [.LDGP bomb
instead of a MK 84, but a simple dimensional analysis of Eq. (27) will
demonstrate that for similar bombs the slope of the straight line repre-
senting the jump velocity theory in Fig. 2 is indepern:lant of bomb size.

The same type of dimensional analysis shows that Fig. 3 applies
equally wel’ t¢ any bomb in tha MK 81-84 series as long as the aero-
dynamic coefficients remain the same. Hence, the 3 deg yawing
oscillation should produce a slight, rearward jump velocity amounting
to 0.2 fps (4 ft range decrement divided by an 18 sec time-of-fall) to
account for the induced drag effect of the yawing oscillations. However,
such a small magnitude is less than the measurement error previously
ascribed to these particular test data. In the interests of simplicity,
VJ@ was left at zero and is so listed in Table IV.

Although no bombs were released from the right wing of the
FI111E, we can anticipate a symmetrical outflow of air away from the
fuselage to cause an outward jurap velocity of Vyg = +1.0 fps for MK 84
bombs released {rom the right outboard pylon station of the ¥FI11E.

The rearward jump velocity {(Vy, = -1.3 fps) attributed to the
inboard station releases of MK 84's from the AGE has no corresponding
Vyg or Vy, components. This can be explained as being an initial
angle-of-attack effect rather than an angular rate effect, hut the initial
angle-of-attack would have to be 7 deg (see Fig. 3) in order to account
for the 23 ft average range decrament observed in the 5000 ft drops.
Perhaps a more accurate model would include a Vy, component as well
a8 a Vju component and follow a characteristic similar to that shown in
Fig. 4, where a -2.5 deg initial oscillation amplitude accounts {er the
23 ft range decrement.

This points up one shortcoming of the Lmpact point method of mea-
suring jump velocities. It is difficelt to split the observed downrange
diecrepancies into Vg and Vj,. Ia effect, there are two unknswms and
only one observable. Neoleases from different z2ltitudes coupled with the
theoretical equations which predict the jump velocity intereclationships




and their variation under different release conditions can help to clarify
the picture.

CONCLLUSIONS

Initial pitching or yawing rate of a bomb has an order of magni-
tude larger effect on the angular dispersion of the bomb than
does an initial pitch or yaw offset angle even though the angular
oscillations have the same amplitude.

Rearward dispersion due to induced dray, on the other hand,
depends only on the amplitude of the oscillation.

Systematic separation effecis causing a bomb to diverge from its
nominal, unperturbed trajectory, can be adequately described by
jump velocity, a 3-dimensional ejection-like velocity imparted to
the bomb at release,

Analysis of actual bomb drops shows that jump velocity compen-

sation for systematic separation effects can reduce the apparvent
bomb dispersion by more than a factor of 2.
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SYSTEM SAFETY
(ARTICLE UNCLASSIFIED)
BY
James C. Phillip
System Safety Engineer
McClellan AFB, Califormia 953652

ln sowe circles, safety {s a dirty word. No one says safety
is not good. That would be like you're against motherhood. But:
"It costs roney:" "It takes time.”

Engineers particularly resent it since everyone knows their
whole objective is to be safe. Manufacturers claim, "We build safe
systeas."”

Yet, accidents do occur, and malfunctions continue to plague
us, costing money, time, and lives.

This morning, Ladies and Gentlemen, I'd like to tell you about
a new concept in safety. It's not the hard hat/steel toe shoe
approach; "It's a uew science called the System Safely Engineering
Coucept."l | _ |

System Safety is defined as ;tbe opum degree of safety
within the constraiats of operatiwai effectivensss, tiwe, and )

cost, attaiued chrough specific fpplicium of systen safety

wansgemsnt and suginsering principles throughout all life cycle

phases of a systea. :Proper sgplication of the systen safety coucept

provides a fundaseatal approach to &ccident prevention.

Iant of the following text {s taken fm Dr. Harold E. Roland's
Workbaok Svtttn Saf«;x,tourse.
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In the past, safety programs have been established entirely
on an after-the-fact philosophy of accident prevention which is
commonly referred to as the "Fly-Fix-Fly" approach. When an
accident occurs, an investigation 1is conducted to determine the
cause., Accident data are thus reviewed and discussed in an effort
to determine what i{s needed to prevent similar accidents from
occurring in the future. The resulting system modificat{on, retrofit,
or other after-the-fact correction of design is made to the existing
operational equipment. The aystem safety approach to accident
prevention involves a before~the-fact proceas which is characterized
as being identify-analyze-control safety. The emphasis {s placed
upon an acceptable safety level being designed into the equipment
prior te actual production. The system safety approach provides
for the early identification andanalysis of potential system hazarda
and subsequent synthesis of coatrols for residual hazards to provide
a system vhich can be produced, testid, operated, and maintatoed
safely, Required corrective action is made before-the-fact., Proper
application of the system safaty coucept raquires ad undezotnndiﬁg
of the technical aspects of system sufely as a systeus enginncring
element, togethar with the managewent controls nocessary to sssure
its ciaely aud economical completion. A little history of system
safety might ba beneficlal at this potnt. ' |

-8
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In September, 1947, a paper entitled "Engineering for Safety"”
was presented to the Institute of Aeronautical Sciences. In this
paper, it was stated that "Safety must be designed and built 1n;o
airplanes, just as are performance, stability, and structural »
integrity. A safety group must be just as important a part of &
manufactute:'s organization as a stress, aerodynamics, or a
weights group." This technical paper provides one of the earliest
recordings of the gyateh safety concept. It was not uatil the
early 1960's that the system safety concept was formally applied
by contractual direction. This formal delegation of safety
responsibility by éontrac:ual requirement replaced the familiar
practice in which every designer, manager, and engineer presumably
assumed his shareféf the responsibility for safety. The groéth

and development of the system safety approach to accideat prevention

~can, in fact, be keved to the publication of exhibits, spec!flcacions.

and standards, 2&& Atonic Evergy Comm'ssicn had established very
strict éafg;y centrols on the use and exposure to nuclear aatetial“‘
In Apxil, $§625 the Afr Farce published a document, "System Safety
Englomering for tha Development of Air Force Baliistic Missiles,"
applicable ;afbaliistie systens division programs. This document
establishng Qyoren saiicy requirenments for the assoclate contractors

on the Niouteman mlesile program vhers the firet veal system safety

gtounduogk was done. In September, 1963, the document vas revised
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into an Air Force specification, "General Requirements for Safety
Engineering of Systems and Associated Subsystems and Equipment.”
With very minor revision, i{n June, 1966, this specification was

made a Department of Defense requirement. Finally, in July, 1969,

 the specification was further revised and became what we now use:

HIL—STD-BSZ, "System Safety Program for Systems and Associated
Subsystems and RBquipment: Requirements For." Department of
Defense approval of MIL~STD-882 for use has produced a mandatory
réquirement for a systenm safety program on all procured material.

In order to comply with all facets of this military standard, the

Department of Defense agencies must provide trained personmnel

terfficiently wmanage the system. Safety portion of procurement
and contrsctors must provide trained, experienced personnel to
wanage and perform the required system safety efforts.

This redirection of safety efforts from the later operational

phases of the system life cycle to the earlier design phases has

~ esulted from s growing avarocuess that utilization of the svaten
" safety concept is the wost effective and ecousmical epproach for
- accident prevantion/control. The major reu ... v+ this evolutton

‘of systes safety philosophy “tato effective, thorough, analysical

uaféty deciston/aaking risk wanagemsat programs fanclude, to past:
© (e Cose. R |

' " Yo the tuenty;yeat;pcrlod from 1953 to 1972, the USAP
aigcrift‘sccident rate vas isproved from 24 to 3

uccidguco pex 1eo.oda‘£xyxng hours. Ths uunber of




(b)

(c)

aircraft destroyed annually decreased from 900 to

137. The pilot fatality rate imoroved from 4.8 to
approximately 1.0. The total fatality rate improved
from 11.1':0 approximately 3.0, The cost of ailrcraf:
accidents, both major and wminor, in 1972 was three hundred
twenty-eight million dollars which represents §itfram¢
cost only. This dollar loss is more than'doublé the
annual loss of twenty years ago.

Complexity.

Syitem complexity 1s fncreasing rapidly in order to

meet changing mission requirements. Technelogical
progress has beeu phenomenal. Today's highly ancemaied
systems {ncorporate instant commmications, high speed
transportation, information storage and retrieval, high
eoergy sources, sicrominatuvization, advanced manu- |
facturing techaiques, etc. As we Seuign. develop,
produce, and use these facreasingly camplex systens,
ve mnst concurreatly devclop the cap:btltcy to soslyxe
and undexscand thex.

Spectalizeticn. _ _ A
Ffagncncattou of aﬁuigautnt ¢u§1:esp°&§ibi11§y in design
groups is oakiog utilizstion of the gystems ébaéepii’_
focceanfogly wore difficult., Syatem safety e&giatefins
sbould be s prosess uhich is fully' capable of sesuaming
8 leadiog vole io systes desiga .miayo;s.
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(d)

(e)

(£)

N A .

1
'

Liabilicy,

The legal cousiderations or product liability
cases is causing an awareness of system safety
principles in industry. Lawyers are becoming
more cognizant of the'snfsty'aspacts of product
design, manufacture, test, transportation, and use.
Response to Failure. |

The response of govermment, the company, and the
general public to failure/accident {s becouing
more crit;cal. This responsiveness is due in part
to a public which is easily aroused by consumer
groupsladva@ates and 13 producing an increased
wanagement awareness of the safety implicatious

~f failure. |

Nature of Eveats.

Technological change has produced the discovery

~ of ensrgy gources vhich creste hazard event

potentials vith most catestrophic affgcts.A The
cffects of au insdvertent missile lauach, nuclear
explosion, or 19;&verc§u= bomb 3rop axe 30 sexiocus
that even ooe of these events canzot be ﬁ:‘ol'euwi.
Purther, testing or otherviss assuricg opétational
capability vith these aystaxs is l!nﬁte&i TheraZore,

apnlicatioa of systex sufety priaciples duvlag

destgn and developmant of these systems 1 imparative.
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Now, I'll talk about system acquisition. The systems
acquisition life cycle consists of five major ohases, with high-
level decisions required before proceeding with the second, third,
and fourth phases. The phases and devision points are as follows:

Conceptual Phase ~ Program Decision.

Validation Phase - Ratification Decision.
Full-scale Developuent Phase - Production Decision.
Production Phase.

Deployment Phase.

System safety should be applied throughout each phase before
woving to the next phase: Undoubtedly, the most {mportant phase
is the conceptual when the preliminary hazard analysis (PHA) should
be completed as this PHA will be the road map for all further.
ifnvestigation.

The degrec of safety achieved in a system {s directly dependent
upon wanagesent emphasis, i.e., the gbility of the procuring sgency
toeclearly stats system safety objectives and reguivements and the
contractor's sbility to translate these vequitemsnts fuoto safe,
functionsl hardvare. An effective system safaty progras should
result fn the folloving mansgemsat and technical informstion for
decisiou-aaking:

. (a) Systea Safety Flans.
| {1) Systen Safaty frogram Plan.
{2) System Safety Enginsering Plans.
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(b) System Safety Inpute to Specificatiouns.
(1) Facilities.
(2) Equipment.
(3) Procedures.
(c) System Safety Support to Design Revievs.
(1) Preliminary Dasign Reviewvs.
(2) Critical Design Revievs.
. (d) Documented System Safety Analyses,
(e) Documented Reviews of Test Plans and Operating Procedures.
{1) Development Test.
(2) Quslification Test.
(3) Acceptance Test.
(4) Special Safety Tests.
(5) Potentially Hazazdous Operatiocus.
(£) Specisl Safety Studies.
(1) Haxzardous Haterials.
(2) Spacial Procedures.
(3) Safety Devices. |
(4) Energy Souxces.
(g) BRisk Assessment,
(1) Hezexd
4. Probabllicy.
b. Severity
€. Exposure
€2} ldmtification.

{3) Evaluatica.
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Now, ve get into the management side of sy:tem safety which
is primarily the same as any management program. 1°'l1 dispense with
that and get into some of the primary analyses that are used to
identify hazards before the fact, prioritize them so that emphasis
can be taken vhere needed, or vhere it can be afforded, and show
how these analyses can be employed.

System Safety Anslyses.

This section is used to identify the methods and the types
of analyses that will be used to evaluate poteatial design and
oparational hazerds. First let us define:

Hazerd Identification.

The idencification of hazards encompasses both surveillauce
and montitoring, as vell as saiety analyses. Surveillaace and
wooitoring novmally consists of an on-site reviev of the manufacturiog,
testing, handling, storage, transportation, and operation faciiities,
as vell as determination of conformance with sefety standards and
requirenents. Safety analysis ie ¢ detailed study of che design |
asd havdvare performsd on a total system baste. It is this acalysis
vhich serves as the fundsmentsl system safety baseline agaiust which
havrduare changes, procadure chauges, and the parsounsl fafluesces can
be measured to damonstrate s isproveseant or loas io total salely.
& rveviev o che techoical salety szctivity st all lawels sa~ 1d
deterwine that:

8. Safety survailiasce and wmonitoriug is provided for all activities.

95

T




3

. Results of these efforts are reported to management.

€. Management responds to the hazard reports in an appropriate
Ranfier.

d. !Methods have been developed and imposed for safety analvsis
to be performed.

e. Analytical method used is adequate.

f. Effort is consistert among the various programs.

3- Hazard identified by safety aralysis are reported {n a
suitable medium.

h. Corrective action recommendations influence the design.

£. Closed-loop hazard identification and corrvective acticn
.aysteus are used.

- Preliminary Hazard Analysis (PHA}.

A prelininary hazard apalysis is an faductfve process vhich
should be conducted early in the design phase of the scystem iife
cycle to ideotify fu broad or gross terms the soteniial harzards
associated vich the postulated coerseionsl cousept. The analysis
f{e a comprehensive, qualitative, evaluation of the system vhich
coosiders thas systew frow the viewpotot of tts cpevaticnal
eavivoumeat. &s poteatizlly hazavdous opavatioas, aaterials,
aad designs ave identifted, this faformatica should be used ia
the davelopment of safety criteria to he imposed iu the performicce/
design speciticaticns. Prelimivary haserd snslysis. thevefore,
‘becomte & nectamary system safety progras elesent to provide
essurance that the systen safely requiremeate become an Sutegral

part of the overall techpical design regquivements.
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The preliminary hazard analysis should include, but not be
limitnd to, the following activities:

(3) A review of pertinent historical safety experiemce data,

(b)Y A categorized listing of basic energy sources including
an identification of possible causes in each catsgory.

(¢) An investigation of the various energy sources to
determine the provisions which have been developed for their
control.

(d) 1Identification of energy sources for which inadequate
control has been provided in the proposed design/procedures.

(e) The provision of specific safety requirements/criteria
which should be incorporated into the program documentatiocn to
ensure control of the energy sources which present unacceptable
hazard levels.

A general listing of areas in the system design to be considered
should include the following:

(a) 1solaiion of energy sources.

(b) Fuels and Propellants: Their characteristics, hazard levels,
qualitv distance constraints, handling, storage and transporcation
safet; features, compatibilit; factors, etc.

(c) Exvlosive devices and their hazard constraints. -

(d) Material compatability.

Subsyst:n/System Hazard Analysés.

These are described in MIL~STD-882, and several techniques,

iacludipg tha £ault tree snalyses (FTA) may be employed. The purpose

is tu verify design criteria prior o the sritical design veview (CDR).
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To be effective there must be a very close working relationship

between the SSO and designer.

Operating Hazard Analysis (OHA).

The OHA covers the safety critical aspects in such areas as
testing, maintenance, storage, shipping and handling, training,
facility operations and deployments. The OHA should be initiated
sufficiently early to provide inputs to test requirements, preliminary
technical orders and. shipping/storage criteria.

An éxample of a hypothetical, single hazard, preliminary
hazard analysair entyy woul& be Figure Numbei 1. Pigures Number
2 and 3 depic. a system and a fault tree analysis of the system.
These are only 2 few of the tools used bi the lateat:SyStgm Safety.
Engineers. Unfortunstely, this paper barely opens the doors to the
possibilities of systea safety engiﬁeering. Be ptepa?ed. it's on lta»wAyﬁ
The growth of consumerism has recently brought about an almost universal
concern with system safety aspects of most all equipment and activl;ie&l
that touch upon human affairs. If you, the designers and managers |
vork closely with your System Safety Engineers you will £ind ch;t

everyone will benefit as there i{s much to be gained from & well-

conducted systen safety engineering progran.
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PREDICTION TECHNIQUE TO DETERMINE EFFECTS
OF EXTERNAL STORES ON AIRCRAFT PERFORMANCE

(U)
(Article UNCLASSIFIED)

by

R. D. DYER
Air Force Flight Dynamics Laboratory
Wright-Patterson Air Force Base, Ohio 45433

and

R. D. GALLAGHER
Vought Systems Division
LTV Aerospace Corporation
Dallas, Texas 75222

ABSTRACT. (U) The Air Force Flight Dynamics Laboratory (AFFDL)
is currently developing under contract with the LTV Aerospace Corpor-
ation, an analytical technique to provide design, development, and
certifying engineers with a rapid, and accurate means of determining
the interference effects cf external stores on the parent aircraft in
the subsonic, transonic, and supersonic speed regimes. This paper pre-
sents the formulation and application of generalized techniques for
predicting the aerodynamic effects of external stores on the 1ift, drag
and side force as well as the pitching and yawing moment of the carrier
aircraft.

An earlier AFFOL contractual effort verified the feasibility of
using an empirical approach for technique development for the 1ift,
drag, and pitching moment terms. At the conclusion of this effort the
predicted accuracies of the force terms were generally within ten per-
cent of the incremental loads, with neutral point prediction accuracies
less than ane percent of the mean geometric chord. The currvent tech-

~ nique development refines the performance equations originally derived
and extends their applicability as well as deriving new correlative
techniques for side force and yawing moment.

Oue to the complex flow patterns associated with the various air-
craft/store configurations, empirical reiations must be developed
since there are no theoretical techmiques available at present for

(Article "nclassified)
Approved for public release; distribution unlimited.
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handling the local shock waves, viscous effects and flow separation.
The method development is based upon a parametric correlation of exten-
sive test data of many aircraft types obtained from a comprehensive
data search of both contractor and military facilities as well as data

~ . from a parametric wind tunnel test of the A-7 and F-4 aircraft. These

wind tunnel tests emabled the developers t= readily define the corre-
lation parameter trends. By perturbing only #no variable independent of
the other geometric and flight parameters, detaiied flight correlations

were developed. This method of development although costly with respect
to ﬁe?t time enabled reliable correlations and well qualified prediction
echniques.

A11 techniques- are capable of calcu]ating the parent aircraft per-
formance for both single and multiple carriage on arbitrary aircraft
configurations for any number of store stations. In addition the pre-
diction equations can determine performanse decrements for parent air-
craft with leading edge sweeps up to 752 and for high, mid, and low wing
placement aircraft. The paper presents sample formulations and accuracy
comparisons for varicus store configurations. Each equation delineates
the interference variables of importance which will enable designers of
- future aircraft to better determine store/hard point placement.  This
new methodology will be-available Yor application in September 1975. .

Approved for public release; dfsﬁribuﬁig@ dniimited.
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LIST OF SYMBOLS

Drag coefficient, (Drag)/(q'SREF)

Lift coefficient, (Lift)/(q-Spgp)

Pitching moment coefficient, (Pitching moment)/(q-SREF°E)
Side force coefficient, (Side force)/(q-SREF)

Yawing moment coefficient, (Yawing moment)/(q'SREF-b)

Rolling moment coefficient, (Rolling moment)/(q-Sppcb)
Free stream dynamic pressure, 1b/ft2.

Aircraft wing reference area, ft?.
Aircraft Wing mean geometric chord, ft.
Aircraft wing span, ft.

Basic store installation incremental drag coefficient
at zero 1ift coefficient.

Additioral incremental drag coefficient at zero 1ift
coefficient due to the mutual interference of adjacent
store installations.

Additional incremental drag coefficient at zero lift
coefficient due to the mutua: interference of store in-
stallation and fuselage.

Additional incremental drag toefficient due to lift, as -
a resylt of adding external store instailations to the
clean aircraft. - ,

Pylon frontal area, in?

Longitudinal distance from the local wing trailing
edge to the trailing edge of the given store, in. The
reference point is the wing 1.E. and distaﬁces up-
stream are negative. _

Longitudinal distance from the Tocal wing Yeading edge
to the nose of the given stove, jach.  The reference
point is the wing L.E. aid dlstances upstream are
negative. :

Naximun pylon tnuckness, .
Pylon chord lenyth at the wing-pylon juncture, in.
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- LIST OF SYMBOLS (Continuet)

Pylon chord length at the bottom edge, in.
Local wing chord length, in.

Drag coefficient based on maximum cross-sectiona® area.
Store maximum cross-sectional area, ft.*

Ballistic store drag coefficient based on maximum
cross-sectional area, ft.?

Effective wing local chord; inch. Obtained by the
vertical progectlon of the store 1nstallat1on on the
aircraft wing.

Maximum width of a store installation, in.
Maximum store diameter, in.

Store-to-store minimum clearance,in. Applicable to
multiple store installations cnly.

Total store installation length, in.  Distance from
the nose of the forward store to the trailing edge of

. the aft store. For single store installations, L is

equal to the length of the store.

Tail to nose longitudinal distance for adjacent store
installations, in. That is, the longitudinal distance
from the nose of the aft store installation to the tail
of the lead adjacent store installation.

Total number of stores attached to a multiple or triple
ejector rack.

" Wing spanwise distance between two given points, in.

Minimum clearance between adjacent store installations,
in,

Geometyric aspect ratio of the aircraft wiag.

‘Naximum depth of a store installation (Dylon 1ncluded).

in.
Reference pyion height = 1.883 ft.

. Average pylon height, in.
Zep,

]
Aivcraft mods) angle of attack, degree.
Aivcraft modei angle of yaw, degree.
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LIST OF SYMBOLS {Continued)

Affected wing area, the area defined by projectina
that portion of the store installation beneath the
wing vertically upon the wing chord plane, in.?

ferodynamic canter of a body, n.

Rircraft neutral point location relative to the air-

craft wing leading edge at the MGC, in.

Multiple ejector rack.

Triple ejector rack.

Lift curve slope of an isolated sture, per degree.

Lift curve slope of an aircraft model, per cegree.
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INTRODUCTION

Performance anaiysts are continually faced with the problem of
determining the interference flow field between the attack aircraft
and its external stores for mission analyses. The ipability to pre-
dict the interference performance losses is particularly evident when
considering the non-linear aerodynamic effacts in the transonic speed
regime. There are no known theoretical techniques available which
predict aircraft performance while carrying external stores in the
complex flow field. Therefore, the Air Force Flight Dynamics Labora-
tory (AFFDL) initiated a program in 1970 to determine if it was possi-
ble to determinc the symmetric forces and moments on attack aircraft
in the subsonic, transcnic, and supersonic speed regimes, by devel-
oping empirically based method: from existing data. The results of
the effort described in AFFDL TR-72-24 entitled, "Technique Develop-
ment for Predicting External Store Aerodynamic Effects on Aircraft
Performance”, displayed the fact that it is feasible to develop pre-
diction techniques with reasonable accuracies (10-20 oercent of the
incremental load) for the lift, drag, and pitching moment terms.
While these accuracies were considered generally good within the
limitations imposed by the data available for method development,
areas existed where improvements were needed. Consequently the
AFFDL initiated a follow-on program with LTV Aerospace Corporation,
Vought Systems Division to refine and extend the range of application
of the original baseline prediction techniques and to develop new
techniques for side force and yawing moment. The follow-on effort
had as its objectives to develop prediction methods for al! aerody-
namic performance variables and to increase the accuracy and exiend
the applicability of the ini%ial programs techriques. In addition,
AFFDL desired a performance prediction methad that could be applied
to both single and muitiple carriage for both wing and fuselage
meunted stores and 3 method capable of predicting the influence of
partially loaded myltiple store rack installations on aircraft
performance, This paper briefly describes the resylts of
the current effort and presents the equations developed, emphasizing
the important variables, and presents some of the significant findings.
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DISCUSSION

At the initiation of this program, a literature search was per-
formed whose objective was to gather specific types of data identified
as needed from the previously mentioned 1970 effort. The original
baseline techniques were developed from existing data and the definite
shortage of data imposed limitations on accuracies and capabilities.
In this program specific areas of data deficiency were concentrated
on. These data concentrated on higher Mach number, wing sweep, and
angle-of-attack data as weil as corformal stores data. As the result
of this literature search and data retrieval an aerodynamic data
catalog on both aircraft and store installation airioads was com-
piled for many tactical aircrafi. These data are indexed according
to data type(s), aircraft type(s), store type(s), etc. accompanied
by the corresponding title of the reference. The catalog contains
some 600 references. This data catalog is a valuable teol for ob-
taining airloads data on arbitrary aircraft/store configurations.

This data index is included in the final report of the subject p:o-
gram which is available through the Air Force.

The data from the literature search did not permit independent
variable is.lation due to more than one test variable changing at a
time. Therefore, two wind tunnel tests were performed to systemati-

. cally “"isolate® the variable effects. One major problem associated

with correlating existing data from the literature is that these data
entail different aircraft/store configurctions and flight conditiens.
Therefore, the parametric wind tunnel tests enabled the engineer to
cortrol the aircraft configurations and testing parameters for the
explicit purpose of better defining correlation parameter influence.
The tests were performed on five percent scale madels of the A-7

and F-4 aircraft. The stores and racks were identical for both models,
3s well as the test conditions. The tests were performed in the
Arnold Engineering and Development Center four foot trisonic test
facility. From the testing, both pavent mode! and store pylon in-
stallation loads were gbtained by use of strain gage balances. Fig. 1}
and 2 are photographs of typical installations of the F-4 and A-7
sircraft in the test section. Fig. 1 displays the various store
statigns tested on the F-4, with clean pylons visible on the left wing
(inboard 2nd outboard stations) as well a5 the fuselage conterline.

A fully ioaded MER with H-117 bombs is discernable on the right wing
inboard station. Parent aircraft data were obtained in the wind
tunnel test for many different variable changes, Table [ summarizes
the types of conditions tested for each aircraft. The maia geo-
metry test variables included spanwise store location shifts, pyvlen
height variations, chordwise mavesment of the store-pylon install-
ation relative wing, store chordwise shifts velative to pylun, stere
nose bluntness, and adjacent store variations. As can be sceen fram
Table 1 a wide variety of flight conditions, aircrsft/store configur-
ations and store/rack types were consideved. This '
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broad variable coverage was tested due to the desirability ot isolat-
ing and ranging as many primary interference variables as possible in
the limited test time provided. The A-7 ard F-4 aircraft models were
chosen as candidate airplanes due to their availability, performance
capability differences, and configuration differences. These air-
craft were &lso chosen for testing because of the extensive amount of
existing data on these two systems for the parameters analyzed.

From the airloads data obtained in the wind tunnel test and from .
the data survey effort, detailed data correlitions were performed .
with identification of pertinent correlation variable trends. Prediction

techniques were then developed based on the previous correlations.

The following sections give the final developed equations for each of

the performance variables.
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TABLE 1
TEST PROGRAM VARIABLES
A-7 and F-4 Aircraft Models

®  FLIGHT CONDITION - (WIND TUNNEL AND FLIGHT TEST DATA)

Angle of Attack - -4 to + 16 Degrees
Angle of Sideslip - -8 to + 8 Degrees

g Mach Number - 0.6 to 1.2, 1.6, and 2.0 -
Reynolds Number - 3.9 to 4.9 ¥ 108/t

e  AIRCRAFT-STORE INSTALLATION DESIGN -

- Relative Wing-Fuselage Design
- Wing or Fuselage Mounted
-~ Tangent or Pylon Mounted
- Relative Spanwise, Vertical or Longitudinal Placement
. - Adjacent Store Presence ‘
' - Horizontal Tail Influence

o STORE AND RACK DESIGN -

= Store Diameter

- Store Type

- Nose Bluntness

- Rack Type (MER, TER, Singie)

Loading Arrangements -

Wing Stations - Six (A-7); Foyr (r-a)
Fusalage G Stations - Twe (A~7); . One (F-4)
Symmetrical and Unsymmetrical
With/Without Adjacent Stores o

® & o o
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PREDICTION EQUATIONS:

In the following paragraphs the prediction equations will be
summarized for all the performance variables. However, only the
drag force and neutral point prediction equations will be presented
in sufficient detail to enable the reader to understand the technique
development.

Drag Equations:

The basic technique approach for the drag equation. consists of
obtaining incremental drag "build-ups" to account for each of the
various ctore installation hardware items carried externally on the
aircraft model such as pylon, rack, store, etc. The summation of
these drag increments yields the individual store installation drag
contribution. These drag contributions for all individual store in-
stallations can be combined with the clean aircraft drag to determine
the total aircraft-with-stores drag. The method presented here is
an extension to that developed earlier. The additional data from
the wind tunnel program permitted a more comprehensive correlation
to improve accuracy and include additional types of store carriage.
The present method has equations for the following aircraft-store
installation cases: wing pylon-mounted single and multiple stores,
fuselage tangent-mounted single and multiple stores, and fuselage
pylon-mounted single and multiple stores. A more detailed explana-
tion of this buildup is provided in the following delineation which
explains the drag make-up for generalized aircraft-with-stores con-
figurations. Consider aircraft with external store installations in
a steady-state flight condition, that is, in equilibrium flight at
a constant altitude and speed. The total aircraft-with-stores drag
coefficient for this steady state flight condition is:

c = DRAG /(q + Spep)
AIRCRAFT REF
~ STORES

Tpe equations developed for each loading case are presented
below in generalized form as Equations (1) through (6). In each of
the aquations presented the value calculated is the incremental
drag coefficient due to the addition of the store installation to the
aircraft.  Remember, our definition of store installation is
any armament-associated hardware which are extevnal to the clean
aircraft. Thus an empty pylon or a pylon with an empty MER/TER rack
15 considered a store installation. The K-tewms used in defining
some of the equation terms identify that an equation or velatione
ship has been developed to account for that specific variable.
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Case 1: Wing Pylon-Mounted Single Store(s)

= AC + ACD + AC

ACDStore % 0 %
Installation Pylon gﬁlﬁ"' éingtEd
Pylon-Store- °Adjacent Store (1)
Aircraft Interference
Interference
Opdjacent 'Drag Due
Fuselage to Lift
Interference
Case 2: Wing Pylon-Mounted Multiple Stores
AC = AC + AC + AC
DStor‘e 0°p lon DOP Ton- DOStOre-
Instailation y Rﬁck Rack
+ACDo + NNo. of * ACDO
Sway Stores isolated
Braces - Store  (2)
+ACD + ACO .
9 tore-Rack- OAdjacent
Aircraft Store
Interference Interference
*Cp + 4G,
Oadjacent iDr'e\g_llwe
Fuselage - to Lift
Interference -

Case 3: Fuselage Tangent-Mounted Single Store (s) -

5€DS£ore B ACDO " HMuo.of * Kiing-Fuseiage
Installation . §§°iated Stores - Position

“Kstore * Kstore T Ko of’ Kno. of (3)
Tandum Lateral  Store ~ $tores
Spacing Spacing  Rows. Per Row
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Case 3 (Cont'd)

" Kstore * o, of AaDO
Longitudinal Stores Fuselage
Location Rack
Case 4: Fuselage Tangent-Mounted Multiple Stores
o = Acoo * 8y * Mo, of
. Store Sway Stores
Installation Rack Braces
’ ACD0 {0+ Ksyore-Rack-)  (a)
Isolated Aircraft
Store Interference
Case 5: Fuselage Pylon-Mounted Single Store(s)
AcDStore ) AcD0 " Ko. of  Kwing-
Installation Isolated Stores Fuselage
Store Position
“Kstore " Kstore Kno. of
Tandum Lateral Store
Spacing Spacing Rows
" Kyo. of ° KStore " Kstore (5)

Stores Longitudinal Depth
per Row Location

" Kpyron * (8Cp * 80 )

Depth %ylon OFuselage
Rack

" Mo, of

Stores

Case 6: Fuselage Pylon-Mounted Multiple Stores

Store () o
Installation Pylon gglgn-
' + 80y + a0,
0
9%tore - oSway (6)
Rack Braces
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Case 6 (Cont'd)
* Nio. of ' ACDO
Stores Isolated
Store

Some identical terms appear in both the wing mounted (Equations
(1) and (2) and fuselage mounted (Equations (3) and (5) store cases.
This is the result of numerous cormonalities in pylon-store geometry
and placement that are relatively independent of whether the store
installation involves a single, multiple, pylon or tangent mounting
arrangement. By proper surmation of the drag increments (from
Equations (1) through (6) into Equation (7) below, the total drag
coefficient of the aircraft with stores can be determined.

N
0 = ¢, + 3t (ac,
Aircraft with Clean i=1 Store

Stores Aircraft Instaliation

C ) (7)

where NI is the total number of store instaiiations.

Empirical curves are provided to permit the engineer to manually
determine the incremental performance values. The general nature of
the correlation efforts and the variables involved in evaluating the
various drag contributors are suggested by an examination of Figures
3 and 4. Figure 3 is the basic correlation for predicting the pylon
drag increment for wing and fuselage pylon-mounted single and

multiple store cases. As evident from the figure, the geometric and

flight condition variables involved in deriving the correlation are
the pylon frontal area (height and thickness) and Mach number. The
data presented in this figure represent slopes of the parameter BXX
as a function of pylon thickness-to-length ratio. Therefore, the
parameter BXX can be computed for many values of pylon thickeess to
length ratic. The aeradynamic data used in developing Figure 3 in-
volves ten different aircraft types selected to encompass as many
variables as possible, i. e., spanwise and longitudinal armament
station location, relative wing-fuselage position, etc. Hind tunnel
test data points for the A-7 and F-4 aircraft are shown in this ‘
figure. The correlation shown in Figure 4 predicts the single stove
drag increment due to longitudinal location along the wing chovd. .

Yest data for MK-84, 300 tank and Mk-82 stores carried on A-7 and

F-4 aircraft models ave shown in this figure. These data are for

pylon heights of 11.5, 17.0 22.6 and 28.2 inches. In surwmarizing the .
total correlation task involved in the development of the resultant -

drag equations, over 70 final correlation plots involving approxi-
mately 230 data curves were prepared.
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Neutral Point Equations:

The neutral point of an aircraft defines the longitudinal posi-
tion of the aircraft center of 1ift. The neutral point, NP, position
refative to the aircraft center of gravity can be used with the 1ift
coefficient to determine the aircraft pitching moment. The aircraft-
store loading types to which the method applies include wing pylon-
mounted single and muitiple loadings as well as fuselage pylon and
tangent mounted single and muitiple loadings.

The equations were developed entirely from wind tunnel data for
various symmetrically loaded aircraft. The correlation approach is
basically the same as the previously developed effort. However,
the expanded data base has provided the increased capabilities herein.

The basic definition of neutral point is as follows:

NP = X - 9 s inches (8)
T e T (ge) -
: L
where 'XC = Aircraft c.g. location relative to the leading
'9' edge of the mean geometric chord, inches.
L dc » L
{ 5=— ) = Slope of the C_ - C, curve for the particular con-
dCL S m L _

figuration.
The neutral point can be broken into parts given by

M hirerart = (WPoiean et MWPgeores (9)
with Stores T o '
A(“p)Storgs.‘s~t° be separated tnto‘three parts defined
as follows: _ . '
'a(&9)1 « An increment obtained by transferring the Vifting
. characteristics of the various stores to the
clean awrcraft aevodynamic center,

' xA(HP)z_* An increment oye tc the interference effects of
- the store configuration ¢a the wing flow field.

A(P) 5 - An increment doveloped from & gain/loss of hori-
' ‘zontal tail effectivensss generated by the store

The deée%epedAéqaatiaas for the individual increments are as follows:




1 (10)

A(NP)]=

N A I
S =€ Cpgp) g1, I LG ), T OV
S, .

i3
[a0P), % %) (3K, (Ry DKy ()] }/NI
. . BASIC !
8NP = ﬁf, Latwe); 1%, Uy 1K (Zri) (12)
} BASIC -

. Where Nt = Number of store installations on the aircraft.
- “5 = Rumber of stores on installation i.
i
xs = Distance from aerodynamic center of store j on
i) store instaliation i to the leading edge of the
© aircraft mean geometric chord (the aerodynamic
center of each store is assumed to be its mid-lug
point).
XA/C = Aerodynamic ceater of clean aircraft.
;(ciﬁs )iNSI = Instatled value of_CL“ of store § on store
SR} instaliation i (The subscript “e* imp)ies
freestroas value). |
- € = G “of ciean aircraft,
B TN & .
AfC
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Span location of installation i (non-dimensional
with respect to wing semi-span).

<
—ds
t

P
n

ML Distance from local wing leading edge to mid-lug
i point of store installation i (non-dimensional
with respect to the local wing chord).

<
—t
]

Span location of store installation i (non-

i dime?sional with respect to horizontal tail semi-
span).

2T = Distance from wing lower surface to horizontal
j tail mid-line of store installation i (non-
dimensional with respect to local wing chord).

The functions A(HP)2 and A(NP)z are correlation curves which

BASIC BASIC
depend upon loading type and Mach number while the functions K] Kz

and K3 are correction factors which depend on the independent variable
cited.

The major portion of the correlation effort was devoted to the
A(NP)] term. This increment is analytical im concept and represents

the transfer of the 1ifting characteristics of each store to the clean
aircraft aerodynamic center.

One of the most difficult and time consuwing developmental
efforts on A{NP), was for the calculation of insialled store QL

These quantities were calculated as follows:

k4

. . )
€ der = %, & g - a3
ag R 9. . ,
ij ~ ij
Where {C, ], is the freestream value of the store C  curve
S | .
ang KS is a correction factor to produce the installed value. KS

depends cn the store pasitico reiattve to the aircraft wing, store
geomotry, and Nach mumber. Figure 5 gives the varistion of %5 at

M = 0.6 with the distance from the local u%qg Tesding edge te the
store nose. Note the large variation in K. for stores placed en
BER shoulder stations. In Fact, negative Values of K, are common.
iowever, in absolute magnitude, the aft store stationS have KS

“23
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values approximately half the forward stations. The data points
which do not agree well with the faired curve were brought into line
with a pylon height correction.

The A(NP), term assesses the effects of the store installation
on the aircraf% flow field. This tem is difficult to develop
directly due to the large number of significant independent variables.
For this reason this increment was developed in 3 strictly empirical
fashion. The equation indicates the influence of four basic vari-
ables: Mach number, store size, store longitudinal position, and
store spanwise locatior. Both 6(NP)2 and K, depend on Mach number

BRSIC
while K and K, are functions of span location and position relative
to the wtnq 1e§d1ng edge respectively. The effects of store size
are reflected in the (€, o terms.
' @

The horizontal tail increment, A(NP) » Was developed from an
extremely limited data base (A-7 and F-4 Exvcraft) Evaluating
this increment for specific aircraft configurations is often diffi-
cylt. Finding enouyh data to correlate a general method was not
possible. Tail effects data were not includad in the wind tunnel
program because of compremises necessary to meet tunnel allocations.
This term depends or Mach number (A(NP)3 } and position of the

BASIC

store installation relative to the horizontal tail. Although these
parameters are certainly reasenable, insufficient date were avail-
able to precisely define their effect. Care must be exercised in
appiving this correction to aircra¥t having £3i1 spons and ¥0r§i-'
tudinal and vertical tail locations differing substantially froa
the two reference aircraft. However, even with the neut-al point
method limitations, quite acceptable results were obtained as will
be seea later in the “Accuracy” section. -
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Lift, Side Force and Yawing Moment tquations:

Time only permits presenting a summary of the developed per-
formance equations for the 1ift force, s’de force and yawing moment,
accompanied by a brief definition of what variables are in each
equation.

Lift Force Equations:

The general form of the 11y coefficient equations for an air-
craft with stores :onfiguration is the algebraic sum of the clean
aircraft 1ift coefficient and the increments due to all store install-
ations carried i.e.,

C = C + AC

LAircraft Lcrean LStore (1)
With Installations
{ores

The incremental 1ift due to ali store installations consists of the
sum of the individual 1ift effects from each pair of symmetrical
store installations. The prediction equations for the various load-
ing cases are presented below.

Wing-Mounted Single Stores:

AC = AC (K, * K + Kepep) + 4C, (o0 - &)
INSTALLATION (15)
Wing-Mounted Multiple Stores:
aAC = {AC + AC - K
LsToRe Tlaasic tionerr  AWA)
INSTALLATION EFFECT

* Ky Koveon * Kpuse) T 0% (m -8 (t6)

Fuselage-Mounted Stores:

at = &C

(Kyine * Kspan’ * ACLQ(Q - 4) (17)

Lsrope Lpasic

INSTALLATION

L = Basic Vift effect of the store installation at

BASIC 40 angle of attack. Tha tertv is a function of
store installation type, store installation
planform, location and Mach ricmber.

Where at
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KpyLoN

Keuse

AC

LONGIT
ZFFECT

Kawa

KWING

SPAN

un

Parameter to account for aircraft wing sweep
effect, functicn of wing leading edge sweep
and store installation.

= Parameter to account for pylon height effect;

function of pylon heignt, store installation
location and Mach number.

= Parameter to account for the effect of store

n

Side Force Egquation:

installation proximity to the fuselage, func-
tion of minimum lateral clearance between the
store installation and the cide of the fuse-
Tage and Mach number.

Effect of aircraft angle of attack relative
to the reference case of 40 , function of
store installation location and Mach number.

Effect of longitudinal location of multiple-
mounted stores along the local wing chord;
function of store installation planform and
location, and Mach number.

Longitudinal location factor; function of
store longitudinal nlacement on the aircrart
wing, local wing chord and Mach number.

Parameter to account for the effect of wing
location on the fuselage, function of the
percent of fuseluage height from the top of
the fuselage to the wing center line at the
chord piane. .

Paramater to account for the effect of lateral
placement of the store installation, function
of percent distance from the fuselage center
line to the side of the fuselage.

As a result of the small quantities of courrelatable data avail-
able on other aircraft.store configurations, the correlations are
predominately based on F-4 and A-7 experimental data.
were aliost exclusively obtained at an angle of attach of 5 degrees
for the angle of yaw range of -8 to +8 degrees.
developed for essentially all conventional store installation cases.
The resultant equations will predict either the incremental aero-
dynamic effect of the store installation or the combined aircrafi

Those data

Equations were




with stores configuration. The store loading cases for wnich these,
equations are applicable are: wing pylon mounted single and multiple
stores and fuselage pylon and tangent rounted single and multiple
stores. The procedure was developed on the concept of combining
individual effects to predict the resultant side force. The general
form of the prediction equation for a reference angle of attack is
presented below.

i

ACY (ACY) + (ACY) + (ACY)
STORE - "BASE 7 BASIC X

. » INSTALLATION (18)
+(aCy) - Ky (acy)
| : , i | STORE-TO-STORE
e . , : , INTERFERENCE
(ACY) ‘Base side force coefficient computed for
BASE - - a reference spanwise ard longitudinal
' - store location and flight condition,
f(¢, store diameter, store fin span,
store fin configuration, rack type, store
cluster span, store-to-store spacing
within a cluster)

4

EDN

(ac

w

Effect of pylon height, f(pylon height,
7 . stores installation type, ¢

Cy
(é Y)X

y)

Effect of store longitudinal placement
“along the local wing chord, f(store
“diameter, store installation type,

longitudinal location of the store,

BASE

I 1

{agy) © = Effect of storve spanwise location on the
| : Yo wing, f (store installation depth, span-
N - _ - - 7 wise location of the store, )

‘Kﬁ B Effect of Mach number relative to a
‘ reference Mach number of 0.60, f(Mach
number, spanwise location of the store) . .

' ACY = Effect of mutual interference due to
STORE-~TN- adjacent store installations, f(Mach -
STORE number, relative Jongitudinal location

INTERFERENCE  of adjacent stores, relative spanwise
location of adjacent stores, length of
adjacent stores, AC, computed for each
of the adjacent stofe instailations)
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By using the store installation component build-up feature of
these equations, the incremental side force contribution of pylons
alone, the pylons plus racks, or the complete store installation
may be computed. Prediction of the total aircraft with stores side
force coefficient is determined by summing the total increment pre-
dicted due to stores and the clean aircraft side force.

Yawing Moment Equations:

The yawing moment is considered the product of incremental store
drag and side forces times a moment arm, £,. Though there is some
unsymmetrical 1ift and drag induced by symMetric store loadings,
this is normally very small and most of it can be related directly
or indirectly to side force. Therefore, yawing momant has been
correlated as a function of incremental side force times the moment
arm, %,,.

> M

(aC ) = (ACY
NSTORE STORE
INSTALLATION INSTALLATION

L/ b
) (oy/bggp) (19)

The arm, is defined as the longitudinal distance from the airplane
c.g. to the€ point of side force application. In this way, the in-
cremental yawing moment contributed by an element of the store in-
stallation (store fin, nose, pyion, etc.) is the product of o times
the incremental side force due to that element.

Wind tunnel test data for metric pylons, racks, and stcres were
used to derive methods for predicting the distance zv. The procedure
to predict the distance Ly requires three basic predicticns; the
first involves prediction of the incremental forces acting on each
individual hardware item comprising the store installation such as
pylon, store nose, store fin, store rack, etc. Second, the point
of force application for each of the contributing elements noted
above must be predicted. Finally, the distance can be computed
by dividing the summation of moments about the aiYcraft c.g. due to
the predicted incremental forces described above by the sum of these
same incremental forces. In equation form,

(AF.‘ ' l"'i)

(aF;)

(20)
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Where AF. is the estimated incremental force due to an element of
the store installation such as a store fin, store nose, etc., and
2, is the distance from the point of force application of that in-
cuementa1 force predicted for the element, to the aircraft c.g.
location. The variable I is the total number of elements for the
given store installation.

The general form of the prediction equation for yawing moment
coefficient 1s,

C = C + AC
MAIRCRAFT MCLEAN "DUE TO EXTERNAL (21)
WITH AIRCRAFT STORE INSTALLATIONS
STORES
Where, AC - NI (AC
DUE TO EXTERNAL R H— i
STORE INSTALLATIONS STORE INSTALLATION (22)
+ AC
N INTERFERENCE

for NI number of store installations carried on the aircraft. Correl-
ation curves have been generated to obtain the incremental yawing
moment due to the individual store installations and interference.
That is, for a given Mach number,

aC = Function of pylon geometry and pylon
NINDIVIDUAL location, store geometry and store
STORE location, rack geometry and rack location,

INSTALLATION  and aircraft center of gravity location.

And aC = Function of AC_ for individual store
N INTERFERENCE installations "as noted above, and their
proximity to other store installations.

The equations are generally applicable to pylon-mounted stores
on the wing, as well as pylon and tangent mounted stores on the

fuselage. The procedure is intended primarily for symmetrical store
installations.
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ACCURACY :

Accuracy assessment is performed by comparing the actual test
data with that predicted by the developed equations. Figs.6 to 10
provide the accuracy assessment for all the perfurmance variables
considered. Comparisons are presented for numerous wing and fuse-
lage mounted store arrangements involving various aircraft at sub-
sonic, transonic, and supersonic Mach numbers. Single, MER, and
TER store loadings are included in the data shown.

The drag force and side force accuracies Fig.6 and 7 respect-
ively, display overall accuracies of approximatciy 10 to 15 per-
cent of the incremental value. The drag predictions are equally
accurate for botn single and multiple store lradings. When compared
to the total aircraft airloads, these accuracies are usually much
less than + 5 percent. Prediction errors for 1ift (Fig. 8) are
nominally 20 percent of the incremental load but oniy about + 2 per-
cent of the total aircraft 1ift. Similar incremental errors are
noted for yawing moment (Fig. 9) as for the 1ift term. However,
yawing moment is very dependent on the aircraft configuration of
interest i.e. the distance from the aireraft center of gravity to
the point of application. The neutral point shift accuracies are
shown in Fig.10. Generally most of the comparison data lie within
a + 1.0 inch (full scale)error band with over 90 percent of the
data within a + 4.0 inch band. With respect to the mean geometric
chord of most present day aircraft, these accuracies are generally
less than + 3 percent and usually on the order of :+ 1 percent or
less. As expected, the general accuracy of this method decreases
with increasing Mach number, due to the fiow complexity at transonic
and supersonic speeds. The data indicate neutral point predictions
are more accurate for the higher density loadings.

PREDICTION CAPABILITY:

. Fig. 11 provides a good summary of the overall Mach number capa-
bility of the prediction methods. As noted for the performance
vqriables,.most carriage cenfigurations display a supersonic predic-
tion capability. In addition the methods will predict the 1ift for
angles of attack of 0% to 89, drag and reutral point at cruise con-
ditions {generg1]y 29 to 69, but will provide acceptable accuracies
for smal _variances on either side of this band) and side force and
yaw at +5°.‘ ‘he directiona! terms are able to be predicted for
angleg of sideslip between 28°, The method can handle high, mid and
low wing aircraft, with wing leading edge sweep angles up to 750,
The methods are applicable to any aircraft of convéntional design
provided no prominent flow disrupting devices exist either forward
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or closely adjacent to the store stations. In general most stores
can be used with and without fins, The technique can determine the
interference terms for any number of store stations per aircraft
side. In addition the program accounts for the interference effects
between both single and multiple loadings or even mixed loadings.

Whereas the 1970 prediction method was computerized with a
manual technique supplement. The performance prediction from this
effort is presently in manual technique only. This will enable the
compatibility engineer to observe prediction trends for his parti-
cular airplane/external store configuration.

132




o e, ST

Aavand0¥ uotIotpead Fesg g ean¥pd o “

k-3
g3 tm
2’3 ‘go PeRTA

-4 o T19-X3 ‘02 WM
& CLIIN ‘En R
s-d ‘28 WMt o
O i “xcuk ..»ﬂ.. [£4,] >
N T W g™
sazo3s #Buls O Lv O *1%0 00t ‘4f ¥A 33033 f.. b i

. ® .. ¢2
o 1
(o] (28
R R T
B i n
ey o2 S
2 ‘Go PeIRIPaId 27 av

133

o4 O~/ —1 N ..V\o-
® 670 = on wowm \ 9°0 = "o% U

v N g




$an¥5d

Aowanody 90TIOTPR2Y O304 #PI3 (L

:00T-4 9-XL *0Z XH R
A3 vTUT-4 LTTW ‘En it a2
o o W ‘2g An "to AN .wuh Mﬂgoﬂ
it % v Xy ey oLy
921038 ATIIS O LYy O AEZXaa IRk

‘TRD O0E “np AW 180103g

® :
- . 3T
w&u by PIITPOIL

L :
; %3 L
P o .wt’mqguu«.. \YM_ PORE Rt

& §
3 N3
, oo....o Pl . o, :
L\ 6°0 = Ot QoY x w.M . ‘o nus.~

s
Iz
N

" gy .. g
ey B .




L2l

AssInosy uo1Id3Pald 1331

440

o Q -2

. o o o0T-47
sar03f ar¥urg O s-aQ
: L]

L-vO

6°0 = "of Towy

L
-C.ﬁ?a?&

9 aIndi4

RETR %. EcEh 22T

-

®0

o
ToEg

oz __|
7
2't

Wwa e

1.

Rt va PFIDTIRAS

9°0 = "Op TIW

b

. ’
3 wdsuua

e ooyt H

135




£>emosoy GOTI0Tpe2g JuIwON JUIARL . 6 g

i i
ot e e AL e« o ——rr M VS Ny s

200T1~4 @ 9-XL 02 XN

LT *fy AN .

arQ | vrit-a § 28 M ‘€ M i

*AUBL ‘79D 04 :

o ¥4 0 sagatren .a:-.“ !

sagcig atduis Q v O *T¥D Q0L “ng UM ¥93503) :

136

N

N
\

.
e vad PoI23PIad n\\\w Y
of v o

e _
Q9 :
g .
i
P, 1
Y/ ‘ R
o om e a2z 0 B rengoy——oy /| ‘g3 g T
A 2w 7
o o i . .
TN 4 .uve_ o
S L ) b o

\* » B 6°0 = O WS & 90 = o Ymt

] ] i J ]




B

L5, X PR QOTIITPRLY 3308 TRy g L7 ]

ozm ¥ -
5c e ¥ ! -
Tto 4. \
s0cmiy oy \“
iy )
Q | e :
s Q - : g
U3 © 19-23 P
vuys o ooy .W ! V.K-) 3
FTLIER) Shavtan 4 . - £
: RIeTey YL 7w o2 . ‘
. g ‘1o oot 91 {49 Pe3rsgRLy . L :
30 -2 9 =Dt ® LI , !
L2t RIS 004 ) i " ] i
"-a £} o953 :
aY.0 EI/LTN
SWrdosgy 188203
1 ;
£i \,"
b _
F |
31T ol ey t~
i 1 m

T
N
R
N
N

‘uy ._.mn: payor
» t

A
N
RS

‘Y * 4R}y peATeLy \ 4

\o\ A
v - . /for
%on /8,7 wﬁ- / A\ z
AT | B ;
H\,» ﬂ“ . : ] %Y \ m.
¥ o : $0°% '6°0 = ‘o qowy \ % # LRI,
“ [ /] et




SaLILtgude) anbiudal 40 Aseuwng

(ALuo Suutay {Pu033282}Q) o8¢ O3 G- =

’ 11 &ijw&

JUNRYE P¥AS0-TIUNY

30vI3¢!

T B

ONIA ‘

IS0 HupmTy @
32404 pS @

U404 (¥43N0K @

94 e

frin o

© - T5E FoTA

*3SHNJY ~ MRA PUR'DPIS 'IUL0G LR4INdY ‘ER40 ‘.0 03 0 ~ 3441 - FCINE AN ILY =50 3TN
G.S....z 8°{ = 00 8.5....._ 9t = 0°0 K 9°L - 0°0 Wi 0°2 = 0°0
G.E% 9L =00 (9 p)R 971 = 070 Ni st~ 00 WA 02 =08
(ty) 9L - 00 S..,:z.:. 9°{ - 0°0 N 9°L - 0°C i 02 = 9°D
gy 8°L =~ 0°0 eyl 971 = 0°6
Auﬁmwzx 0'z-0'0 [ Brioz-00 | miot-00| wkoz=00
. )i 9L - ¢'0
(5% 670 = 0°0 vaxx 6°0 - 0°0
8.5...: 9°L -~ 0°0 c:....w 0°2 = 0°0 M1 9% - 0°0 i 0°2 = 0'0
(U3L/u3n)
J...o' b
0T %7 &) e
{v) “uw {v) .Hw
atdyan a1buys | arey3imi/aibusg dp3ny ‘ 3ibuis
PIIUN L =u0 K¢ pojuno =3 uabury pasunLy-uoihy pazuncy=uo g

138

L A OB LR M AR Y8, -




CONCLUSIONS

A prediction technique has been developed which can determine
the aerodynamic interference effects caused by the carriage of
external stores on aircraft 1ift, drag, and side force, neutral
point, and yawing moment. These empirical methods provide the air-
craft/store compatibility engineer with a design tool to predict the
incremental aerodynamic effects of adding external stores to arbi-
trary aircraft. The empirical approach taken proved to provide
adequate accuracies for preliminary design and in most cases even
for engineering development application. Accuracies for most of
the performance variables are with 10-20% of the incremental value
and generally within 1.0% MGC in neutral point shift. Whereas the
prediction accuracies from this effort are comparable to the pre-
vious program accuracies, tae current techniques are broader in
scope with fewer limitations, as well as providing additional per-
formance prediction capability. The technique(s) are applicable to
high, mid, and low wing aircraft at subsonic, transonic, and
supersonic speeds. The technique can handle both full and down
loaded configurations and aircraft with wing sweeps from 150 to 750.

The technique is in "handbook"” form where as noted in the above
discussion, figures and charts will provide the necessary dependent
variables based on the aircraft configuration. The parametric test
data and the bibliography of aircraft/store, pylon, rack, and store
aerodynamic data compiled and indexed through this program provide
the aircraft/store compatibility commurity with a unique data base
for performing related effcrts.

When applying the technique to advancecd systems, the dependent
variables may not be within the given bounds of the ordinate or
abscissa. However, sufficient data is provided that will enable
reasonab?2 extrapolation to pruvide minimal prediction error for the
cesired dependent variatle.
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THE REDUCTION OF THE INSTALLED DRAG OF MULTIPLE STORE CARRIERS
(u)
(Artiycie UNCLASSIFIED)

by

A.B. Haines
Chief Aerodynamicist
Aircraft Research Association Ltd.
Bedford, U.K. ~

ABSTRACT. (U) During the past few years, ARA has condu:r: 2d various
research programmes with two main aims: to improves the methoes for
predicting, and to find means for reducing the installed drag of external
stores. This paper concentrates on one particular area where the research
has shown that striking improvements are possible. Evidence is presented
to show that the installed drag of multiple carriers particularly in
underwing locations can be reduced substantially by

(i) better aerodyngafic cleanliness: typically, an excrescence
that is estjsfated to give one 'drag count' {i.e. ACp = 0.0001)
on an empty carrier can give 'l} counts' on the loaded
assembly and 24 'counts' when the loaded assembly is installed
wnderwing,

- (i1) fore-and-aft stagger of the stores,
(iii) slightly increased lateral spacing of the stores.
Proportionately, (i) is mos: effective at the lower Mach numbers
and (ii) and (iii) at high subsonic speeds but all give major reductions
in drag that should be bighly significant in terms of the operational
capability of a strike aircraft.
The modifications are based on simple established aevoudynamic

principles; some pictures from cil flow tests are included to show why
and how they are successful,

Approved for public release; distribution ualimited.
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assembly.
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l4. Effects of laterai spacing.

142




1. INTRODUCTION

The Aircraft Research Association Ltd. was set up in 1952 with the
prime purpose of building and operating a large 9ft x 8ft tramsonic
tunnel. The tunnel first ran in 1956 and since then, has been used
extengsively for research and development tests for member firms in the
U.K. and for customers elsewhere. The facilities and activities at ARA
have also been extended to include several additional subsomnic,
supersonic and hyperscnic tunnels, groups working on theoretical
serodynamics and in particular, in the present context, a Drag Analysis
Group which is engaged in comparing model and flight test drag data with
the aim of improving drag prediction methods. The drag of external
stores has figured as a high priority item in the work of this Group;
also, in the last few years, various systematic research programmes
have been undertaken in the transonic tunnel to find methods for drag
reduction. The present paper is concerned with the achievements in
one particular area viz. the reduction of the installed drag of loaded
wmultiple carriers particularly when mounted in underwing locatioms.

Fig.l is a convincing illustration of the importance of the problem
ag seen some years ago. The curves in Fig.l are based on actual
measured results for a complete aircraft model in the ARA tranmsonic
tunnel. The figure presents a comparison between the drag increments
due to two No.2 Mk.l C.B.T.E. triple carriers (i.e. one per wing panel)
fully loaded with Mk.10 1000 1b bombs, the increments due to two single
bombs and the drag of the clean model without stores. Both the carriers
and the single stores were pylon-mounted under the wing of the aircraft
at about mid-semi-span. It will be seen that the drag increment of the
loaded carrier is far greater than three times the increment due to the
single bomb/pylon and indeed, above M = 0.75, it is greater than the
drag of the clean aircraft model without stores. Three factors
contribute to these high drag values: the aerodynamic dirtiness of the
carrier installation, the mutual interference within the store assembly
and third, the interference between the assembly and the parent aircraft
wirg, The evidence presented in this paper shows how the drag can be
reduced substantially by better aerodynamic cleanliness, by fore-and-aft
stagger of the stores and by slight increases in the lateral spacing of
the atores.
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Cp clean aircraft

— a—
X—————

ACp 3 bombs on
1 triple carrier/wi

ACp 1 bomb on 1 pylon LAwing
s

N 1 | 1 i
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Figure 1. AC, FOR MULTIPLE AND SINGLE
PNDERN ING INSTALLATICNS

2. THE DRAG OF A STANDARD TRIPLE CARRIER (NO.2 MK.l C.B.T.E.)

Much of the research has been undertaken by testing relatively
laxge, e.g. | scale store assemblies mounted in the tunnel below a long
slender body as shown in the photograph in Fig.2. At this scale, most
of the detailed features of the full-scale store assembly can be
adequately veproduced. Fox example, Fig.3 shows the { scale standard
triple carrier as tested on this rig. It will be seen that not only are
major items e.g. the pylon adaptor and the ejection release units fully
represented but also details such as the «rutch arms, crutch pads and
crutch pad rests, Tesats hive confixmed that the store assemblies are
mounted weil clear of the body boundary layer and sufficiently far aft
of the body nose to be in essentially an undisturbed stream.
Interference effects from the body can therefore be treated as trivial
at least st subsonic speeds. A gensitive balance inside the body
measures the drag of either the store assembly or the store/pylon
combination end for the purpese of this paper, the data fram this rig
are described as "igolated drag data".
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Figure 4. DORAG INCREMENT DUE TO ADDING
A SINGLE B0MB
INTERFERENCE WITHIN ASSEMBLY
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Tests were made on the standard triple carrier of Fig.3 with
various loads of Mk.10 1000 1b bombs., Fig.4 presents the data in a form
rhat enables one to appreciate how the mutual interference effects
within the assembly - at least at the test Reynolds numbers - become
more serious as extra bombs are added to the carrier. 4Cp in this
picture is the drag increment due to adding a single bomb either to a
pylon or to an empty triple carrier or to a triple carrier with one bomb
already present or to a triple carrier with two bombs already present.
The first and most obvious point is the steady increase in ACy through
this progression. Second, with a given number of bombs present, AC
due to adding a shoulder bomb is alwave greater than A\Cpy due to adding a
bottom bomb thus implying significant interference between the shoulder
bombs and the body of the carrier. 7Third, it will be noted that the
rate of increase with Mach number in the adverse interference is greater
for a shoulder and a bottom bomb than for two shoulder bombs.

It has been common practice at ARA to express the data at low speed
as either an "assembly factor" (A.F.) or an "installation factor" (I.F.)
where
., Measured drag of store assembly
I Estimated drag of individual components

A.F.

Measured drag increment of store iustallation (on aircraft)
L Estimated drag of individual components

I.F. =

"Components" in this context implies not mexely the stores, carrier and
pylon but also the individual excrescences. If the estimates are
accurate, A.F. and 1.F. are a measure respectively of the interference
within the assembly and the interference between the assembly and the
parent aircraft. Any inaccuracy in the drag estimates obviously

confuses the issue and in the present casgz, it is known for example that
the ARA methods tend to overestimate the drag of the empty carrier. If
one then replaces this temm in the denominator of the expression for A.F.
by the measured drag of the empty carrier, one finds that the low speed
assembly factors for the vesults just discussed vary from 1.0 for the
empty carrier (by definition) te values between 1.1 and 1.2 for the
single bomd cases, te values between 1.4 and 1.5 for the two boub cases,
and 1.78 for the fully loaded carvier, these figures thus giving an idea
of the increase in the low speed interference within the assembly.
Further increases occut with Mach aumber as shoun in Fig.4. For esample,
by ¥ » 0.9, the drag due to adding a single bomb expressed as a
percentage of the drag of a pylon-mounted bomb has increased to 190% for
a bottom bomb er 2502 for a shoulder bemb in cases with ouly one boab
fitted or to figures as high as 400% awd S00% for the shoulder bowb in
two~bob ard three-bomb configurations.

In an attespt to interpret these high drag vaiues, oil flow rests
werée wade on the fully loaded standard carrier. Eigures S5(a) and (b)
are photographs of the oil flow at M = 0.75, Ian Fig.5(b) the bottow
bomb has been recoved to show the oil fluw pattern in the chsnnel formed
by the three bombs aud the carrier. As might be expected, the flov is
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very complicated and, before discussing in detail, it may be halpful,
for the purpose of identifying the features associated with high drag,
to note some relevant features of the flow ahout a single isolated bomb
of this type., The bomb has a clearly defined forebody, parallel
centrebody and boattailed afterbody. A calculated inviscid pressure
distribution is characterised by marked suction peaks, followed by
strongly adverse pressure gradients, at the start of both the
centrebody and the afterbody. A reduction of surface shear stress would
be predicted for these regions of adverse pressure gradient and this is
indicated in Fig.5(a) by the thicker oil deposit in the region of the
shoulder bomb centrebody, with virtually straight streamlines, not
notably affected by the other bombs or by the carrier, It can be
concluded that the boundary layer would be highly sensitive to any
further increases in local velocity, cross-flow or local disturbances
in these regions, and would be particularly lisble to separate on the

Figure 5a. OIL FLOW AT M =2 0.7%, a = 0
FULLY LOADED STANDARD C.B8.T.E.
SIDE VIEW
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Figure 5b. OIL FLOW AT M = 0.75; a = 0
FULLY LOADED STANDARD C.B.T.E.
VIEW WITH BOTTCM BOM3 REMOVED




boattail and afterbody. Returning to Fig.5(b) and starting at the nose
of the hombs, the flow diverts away from the small passages between ti.e
bombs and C.B.T.E. body. Between the bombs at the nose-parallel portion
junction, a combination of the high diversionary flow angles and the high
local velocitics due to both the bomb shape and proximity, cause a small
region of shock-induced separation to be present even at this relatively
low Mach number of M = 0.75. The effects of these separations convect
downstream in the channel to produce very extensive separations and
rolled~up vortex type flows over the rear of the bombs, The flow out of
the channel creates a marked cross-flow over the top of the shoulder
bombs. The shoulder E.R.U. forward crutching ams form a bluff
excrescence situated directly ip this cross-flow and in the region of
strong adverse pressurce gradient at the start of the bomb centrebody -
as noted above, an ideal location to induce boundary layer separation,
Fig.5(a) shows the separation spreading behind the forward crutching
arms, and causing a large area of separated flow over the top and inside
surfaces of the shoulder bomb afterbodies. The top and inner fins of
the shoulder bomb and the top fins of the bottom bomb are apparently
immersed in a highly confused wake. These oil flow pictures demonstrate
how the separate direct drag-producing effects, i.e. the proximity of
the bombs and bluff crutching arms, probably combine to magnify the
total drag of the store plus carrier assembly. In particular, consistent
with the drag data, one can note the greater extent and severity of the

* separations on the shoulder bombs compared with the flow over the bottom .
boab. :

=, 3. IMPROVEMENIS DUE TO CLEANING-UP THE TRIPLE CARRIER

The cleaniug~up exercise on the isolated { scsle triple carrier was -

.undertaken in two stages. First, the cruteh arms and restiag pads were

removed from the E.R.U. units and the pylon adspter and then second, a .

fully cleaned-up design with the E.R.U.s canpletely faived inte the

C.B.T.E. bady was devissd as shown ip the pieture for the stsggered _
° cleaned-up 2ssembly in Fig.6. It is thought that both thase cleaned-up o
versions (mete: st3ggev is uot yet being considered) are cempletely ' ‘
practicai derivacives of the original standard carrier and 1hna they
could be achieved with little o de weight pénak:y,

Fig.7 shows that the iselsted dreag of the tripla asacmbly is
substantially redused at bouh stages of this exercits. Yhe drag of the
fully clesoed-up version is only about S%2 of the dvag of the staedoxd
carrior ot the lover Mach mushars. At higher Mach numbers, the
;nprouenenu hecoeses loss pr@nDUHCe& thxs ratin rising o move than 80X
4t ¥ = 9.9 and this impiies that a8 the b:bhc* Kach numbere, rewoving
the excrescences and zthug vefiniag the passages between che stoved is not
sufficient; the basic gtore-store iaterference WAz 3¢ be vedaged,
Heverthelose, throughoet the Hach-mumber raonge, the :sanvaz of the
excrescences cina&iv CopTesouts -2 Sajor achievement.
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(i) standard corrier\

(i) crutch arms and pad
removed—-

N

O 1 | | i |
V94 05 06 07 08 M09

(iii) cleaned up carrier
iv) staggered carrier

Figure 7. REDUCTION OF DRAG OF LOADED
TRIPLE CARRIER 'ASSEMBLY'
RY REMOVING EXCRESCENCES
AND BY STAGGERING BOMBS

In Fig.8, the drag reductions are compared with the estimated low
spced drag of the deleted excrescences. One has to distinguish here
between the drag saving (B) from removing the crutch arms and pads and
from the final fairing (A - B). In the first case, the drag saving is
substantially greater than the estimated low speed drag cf these items.
This implies that when they are present, there i3 nolL only a dicect drag
force on the actual excrescences but alsv severe adverse interfereuce
effects on the flow over for exaaple, the rear of the bombs as suggested
by the oil flow pictures. On the other hand, the extra drag saving
(A - B) due to removing excrescences vther than the crutch arms and puds,
is only about half the estimated extra saving from these items. The
contrast between these twe results illustrates the weakness of an
estimation technique in which one merely adds the drag of the
individual excrescences. In general, it is found that this simple
technique provides an overestimatc of the excrescence drag for cases
where some of the excrescences lie downstream and in the wake of other
excrescences or an underestimute in cases where the excrescences induce
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ISOLATED DRAG DATA

A: fully cleaned-up
B: crutch arms and pads removed

low speed
estimate

——B
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Figure 8. DRAG REDUCTIONS FOR TWO STAGES OF
CLEANING UP THE C.3.T.C. ASSEMBLY

flow separations on major components of a store assembly.

It should be noted that if the interference within the assembly
had not been improved by the deletion of the excrescences, the assembly
factor as defined earlier would be higher for the cleaned-up assembly.
In fact, the assembly factor for the fully loaded carrier has improved
fron 1.75 to about 1.50, thus implying as would be expected, veduced
interference.

4. EFFECTS OF FORE~-ASD-AFT STAGGER OF THE STORES

The results of the clean-up exercise above were impressive but
nevertheless somewhat disappointing at high Mach number. Other concepts
are therefore needed. One of these is te stagger the stores
longitudinally relative to each other, Tests were therefore made on &
| scale wodel of the staggered faired assembly shown in Fig.6. The
bombs in the shoulder locations werc staggered forward and aft of the
bottom bomb by 0.92 calibre, This distance is near the practicsl
meximum available without a compléte redesign 0§ the carrier. It is
sufficieut to give a nctable improvement in the lougitudinal cross-
pectional area distribution of the store assembly 8s shoun in Fig.9.
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The drag data for the loaded staggered carrier are given in Fig.7,.
Relucticns in drag are obtained at all Mach numbers; they become
greater as the Mach number is increased until by M = 0.90, they are of a
similar order to those obtained from cleaning-up the carrier. The ratio
of the drag of the staggwred cleaned-up carrier to the drag of the
original standard carrier varies from about 507 at M = C.4 to about 657
at M= 0.9,

No attempt was made to optimise this staggered carrier, Indeed,
oil flow tests suggested that the versicn might be far from the optimum.
The pictures suggested that the high velocity region near the junction
of the nose and parallel portion of the most rearward bomd is too close
to tue maximum thickness of the particular pylon used for this
invest:.gation and that as a result, a shock wave is present between the
pylon and this bomb even at M = 0.75. It is possible therefore that
repositioning the starboard rearward bomb relative to the pylon or a
change to a thinner pylon of different shape could further reduce the
interference drag at high Mach mmber. Nevertheless, in other respects,
the oi! flow tests confirmed that the general flow over the stores was
far better than with the original standard carrier. The flow over the
noses of the bombs still tries to avoid entering the channel between the
C.B.T.E. and the bombs but the deflection of the surface streamlines is
congiderably emaller. There is still a shock-induced separation near
the high velocity pesk at the rear end of the bomb nose and also the
forward fixation of the bomb to the carrier still causes a disturbance
over the top of the shoulder bombs. However, both of these are very
much smaller than with the standard carrier and there is a much reduced
effect on the flow over the tail cones of the bombs. To sum up, much
has been achieved but further improvement should still be possible.

5. RESULTS FOR INSTALLED CARRIERS

The results discussed in sections2-4 above have been for carriers
tested "in isolation" on the rig shown in Fig.2. Both the standard and
the Fully faired triple carriers (but not the staggered carrier) have
also been tested as pylon-mounted installations below the wing of a
typical aircraft complete model, Naturally, this model was to a smaller
scale but it was still possible to make a tolerable reproduction of the
details of the carrier asgembly. The smaller scale model was in fact
tested on the isolated rig and the values of drag coefficient were very
similar., The results from the installed and isolated tssts are compared
in Figs.,10 & 11, Clearly, with the standard triple carvier, Fig.10,
there ic considerable excess drag due to intorference between the gtore
assembly and the parent aircraft wing. This is observed both at low Cps
and at high Mach nunber at all values of C;. The excess intetference.
drag is only trivial near C; = 0.4 or, expressed more generally, near Cy
for (Acv)min and up to M = 0.7 i.e. up to & Mach maber ahout 0.1 below
the drag~rxoe Mach nunber at this C;, for the clemn sircraft. For a
typxc;l cruise condition for the aircraft-store combination, the increase
in ACp with Mach number from the low epeed value is Abou* twice as great
as given by the isolated data. '
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Comparison of Figs.10 & 11 show that the excess interference drag
for the installed case can be reduced considerably by cleaning-up the
carrier. This improvement is particularly noticeable at low Mach number
and low Cp, as can be seen perhaps more clearly from Fig.l2 which compares
the drag reduction from cleaning-up the carrier for the installed case
at different values of C; with the isolated data and with the simple low
speed estimate for the drag of the deleted excrescences. The problem
area at low Cy is almost solved at low Mach number by cleaning-up the
carrier: at Cp = 0, one can sum up the results by saying that an
excrescence which is estimated to give one drag '"count" as a separate
item contributes 1} drag counts when part of the assembly and 24 drag
counts when the assembly is installed on the aircraft wing. At high
Mach number, however, as with the isolated data, the improvements are
still disappointing. It should be stressed that this does not mean that
the excrescences in their effects are unimportant at high Mach number.
Rather, it implies that the drag is then determined primarily by the
proximity of the stores in the assembly and by the proximity of the
assembly to the aircraft wing. If the basic interference between the
major components could be reduced or if one was considering the drag
of merely a partly loaded multiple carrier, it is probable that one
would then find that the deletion of the excrescences was more rewarding.

acy INSTALLED

s

L N
05 66 07 08 M 09

0 L

Figure 12. DRAG REDUCTION FUR CLEANING WP
C.B.T.E. INSTALLATION
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6. EFFECTS OF STORE LATERAL SPACING

The last remarks in the previous section suggest that it would be
possible to reduce the effects of the lateral spacing of the stores
within a triple assembly. This has not been specifically investigated
but some related experiments on idealised twin csrriers have been made.
The arrangements tested are shown in Fig.l3; the aim in these tests was
to use carriers that would create minimun interference so that the data
would give a clear idea of the interference between the actual stores.
Measured results are presented in Fig.l4., This figure also contains for
comparison, data for the standard triple carrier with two shoulder bombs,
for the cleaned-up triple carrier with the bottom E.R.U. removed also
carrying two shoulder bombs and finally, for two bombs on separate pylons
assuming there is no mutual interference between the bombs. It will be
seen that throughout the test Mach-number range, increasing the lateral
spacing in the idealised twin carrier from the minimum value (0.015D
separation of bomb surfaces) to the mid-spacing (0.30D) reduces the drag
significantly but the further increase to the maximum spacing (1.00D)
has little effect. It should be remembered however that since the length
of the twin carriers was altered as the spacing was changed, the results
in Fig.14 contain an element due to the different drag of the carriers
and when one allows for this, one finds that there is actually a small
reduction in interference drag between the mid and maximum spacings.

The results still suggest however that little further reduction woyld
come from increasing the spacing further and it is intriguing to note
that the apparently asymptotic values that have been attained are still,
at high Mach number, much greater than the values for the two bombs en
separate pyleons. This suggests that probably, even with these idealised
carriers, there is some major incerference at high HMach aumber due te
the pylon adaptor and carrier struts. Alternatively, it is possible .
that the variation of drag with lateral spacivg is not a smooth
wmonotonic curve and that the vesults for the widest apactwb shaun here
are near a second local maxipun in this curve.

It should be stressed that as plotted (and measured), the data in
Fig.l4 deoes not include the drag of the pylan{s), This means that Fig.ld
is meaningful in showing the aerodynamic¢ interference of the twtin carrisr
installations but for the practical designer, the separate pyloun casg
would have to bear the penalety of the drag of the extra pylon. This
could Be sufficient to offset the appavent drag advantage of this case
at low Mach number but would have lickle effect on the mote strzk;ng
differences in the variation of dvag with chh nuzmbor,

Many existing carriervs provide iszera; spacing botveen the store
centyes in the range 1.05 < Y/ < 1,25 and o Fig.i} suggests thae if
these lateral spacings could ba inereased slightly, there would he
significautiy less stere-stere intevfevence drag. it seems possible
that the savangs in drag would he more safortant thay any i$§0¢aiteé
increase in the wveight of the carrier.
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7. CONCLUDING REMARKS

Evidence has been presented showing that appreciable reductions in
the excessive drag of a standard triple carrier should be feasible by a
combination of improved aerodynamic cleanliness, fore-and-aft stagger of
the stores and increased lateral spacing of the stores. It is not
unrealistic to think in terms of installed drag increments for a good
fully loaded triple carrier that are only about a third of ttose for
the original standard carrier and which therefore are comparable with
or perhaps even better than the original carrier loaded with merely a
single bomb. Also, many of the modifications would not lead to any
significant weight penalty.

The examples in the paper show that the application of simple
established aerodynamic principles, involving relatively minor
modifications and redesign cf existing store carriers and assemblies,
can achieve large reductions in the installed drag increments that are
highly significant in terms of the total drag and operational capability
of a strike aircraft.
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ABSTRACT. (U) An extension of the FACES Technique (Ref 1) which
provides a rapid wing store flutter clearance procedure is present.d.
This extensiont consists of an improved analytical technique expauding
both engineering idealizations and the accompanying computer program.
This broadens the coverage thus providing a more useful method. The
extended FACES method now includes flexible fuselage and flexible com-
trol surface dynamics, with an improved pylon representation. The acro-
dynamics are also expanded to fully account fer the new dynamics, and
have been molularized to simplify user effort. Multicase aspects have
been improved to enhance parametric study applications. A finite mec-
tion method with programmed equations requiring only basic data iaput
is the principal approach. This allows for siungle pass vibratien and
flutter for a wing with multiple secticus, with up to two coatrol sure
taces per side, and with a mulei section flexible fuselage. From 1 to
5 flexible pylons per side with any mix of single or multiple stores
can be used. Two and three dimensional acrodyuamics for all speed ve-
gites are available.

The cowputer pregeras is available in IBM and CDC foras in staandard
batch and in interactive graphicz versions using Cathode Ray Tube (CRT)
consoles.

applications are shown for theree sodern military aiveraft with
both clzan ving 21d extornal stores, and with flexible control sur-
faces and Ylexible fuselage.
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INTRODUCTION

The flutter clearance of modern aircraft carrying external stores
can be a costly and time consuming effort. An ~arlier effort, Refer-
ences 2 and 3, was aimed at providing a rapid analytical means for im-
proving store flutter clearance. .his approach has been extended in
both the engineering idealizations and the associated computer programs,
see Reference 1. A finite section approach was again used as the main
computational method. The addition of control surface and flexible
fuselage dynamics including an improved pylon representation has heen
made te the cowputer program. The computer program was also simpli-
fied to improve the handling of multicase analyses. The original job
stepped doublet lattice aerodynamics was put in modular form to expe-
dite use, and a routine for interpu.ating aerodynamic forces versus 1/K
was added to reduce analysis costs. Single pass vibration and flutter,
storage of results for future work, flutter estimates of new stores
from existing data are still retained. The modifications made were
enly in the vibration and flutter routines. No changes were made in
the routines related to data storage, retrieval, and diagnostics. Data
is passed to the storage and retrieval system as it was in the original
program, see References 1 - 3.

Batch and graphics version for CDC and IBM computers again are
available.
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DYNAMICS IDEALIZATIONS

VIBRATION METHODS

The original concepts embodied in the earlier program have been re-
tained, Flutter computations can be accomplished in one of two process-—
es. One process uses vibration data computed external to FACES employ-
ing any method including finite element dynamics. The other process is
a single pass, highly opntimized vibration and flutter operation with the
vibration data computed inside FACES using an extremely rapid, finite
section analysis. This latter method is the core of the FACES technique.

It operates directly with basic data, and is called the Calculated Vi-
bration Module.

Figure 1 shows the basic idealization of mass and structural model-
ing, degrees of freedom and geometry. The wing is allowed to have up to
14 sections per semi-span with a serially kinked elastic axis (EA), i.e.,
the EA may have a different sweep in each section. Each section may have
mass, roll, pitch and yaw inertia about its c.g. The mass and inertia
can be based on streamwise cuts through the wing, or cuts perpenaicular
to the EA., Wing EA stiffness data can be directly used, employing the
bendirg and torsion rigidities, EI and GJ, or it can be based on deflec-
tion methods. Alternately, the corresponding influence coefficients
referred to the EA can be used. If a reference axis rather than the
EA is employed, the coupled wing influence coefficients can be used.

Root springs or influence coefficients defining the fuselage/wing root
restraint are permitted. Tha relative bending and twisting motions
between secric-; are used as the wing degrees of freedom (D/F). These
quantities are respectively denoted by qpn and qrpn in the figure. The
wing roll and pitch motions relative to the fuselage are denoted by qr
and qp in the figure.

Up to two coatrol surfaces per side can be included with a total
of 14 sections allowed. Each section may have mass, and roll, pitch
and yaw inertla about axes aligned either streamwise, or at the angle
Ay from streamwise. A straight elastic axis with sweep Ao 1s consid-
ered, with stitfness defined by EI and GJ data or by deflection methods,
or by influence coefficients. The hinge axis 1s treated as a straight
line with swcepback angle Ay. Either continuous hinges (pilano hinges)
or discrete hinges at two more points are allowed. An actuator can be
included at each control surface section, with the rotary stiffness
defined perpendicular to the hingeline. Control surface relative bend-
ing qrs and relative torsion qg4 freedoms at each section are allowed
along with one rotational freedom qy relative to the winz. A congtraint
technique 1s used to couple the q§ and q¢ terms to account for hivge at-

X

tachment to the wing. See Appendix A of Volume T, Reference 1, for more
details on the method.

Up to 24 fuselage sections can be allowed with each section hav-
ing mass, and roll, pitch and yaw inertia, which are all hased on
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streamwise section properties. A serially kinked elastic axis with up
to 24 kinks in the vertical plane is allowed, with the FA defined as a
straight line in the horizontal plane. Fuselage stiffness data can be
based on simple EI and GJ data, uncoupled stitffness from deflection
methods, or influence coefficients. If a reference axis rather than
an e.a. is used, then coupled influence coefficients can be used. For
symmetric analysis, the elastic fuselage freedoms are vertical bending
freedoms qyg:. For antisymmetric analyses, the elastic freedoms are
lateral bending qLBj and tortion QTOj-

Tone equations include provisions for one to five pylons per side,
with single, TER or MER carriage of multiple weapons. Each pylon is
idealized as having from one to five freedoms relative to the wing.
These freedoms are roll, pitch and yaw relative to the wing at the up-
per end of the pylem, and roll and pitch of the rack/store relative to
the lower end of the pylon. These D/F are respectively denoted by AQy1s
Qe1s 98s 9y2» 902. The upper and lower pylon roll axes can be arbitrar-
ily located vertically along the pyion. The upper pitch axis can now
be arbitrarily located along the upper roll axis, and the lower pitch
axis can now be arbitrarily located along the lower roll axis. Pylon
stiffness or influence coefficients cam be directly used. Elastic
coupling between the freedows of each pylon is permitted, but none is
allowed between «ifferent pylons nor wetween the pylon and the wing.
Pylon mass, moments and products of inertis are weed. Single store
mass and inertia can be iacluded.

Figure 1 also highlighty the idealizarion for multiple store car-
riage (MUR's, TER's). Each rack 1s idealized as havins from one to
six relative degrees of freedom; namely, roll, pitch, and yaw angles
for the front aad #ft ends of the rack relatlve to the center. These
D/F are respectively noted as qyq, Gg3s dgys Gy4s doss 4gg  Rack
springs or influence ccefficients mawy be used to define elastic proper-
ties. Hlastlc cotpling i5 permitted between tive {feedoms at each end
of a rack, but not between various racks, mor the pylons, nor the wings.
Mags and inertia of the rack end MER (TER) stores can be lacluded.

For symmetric vibrstiou; the rigid alrecreft freedows of transla~
tion, qaT, and pitch, qap, were used. For gntisymmetyiic vibration,
the rigid aircraft freedows of lateral translatiom, gen, rell, qun.,
and yaw, qay, were used,

The coupled vibiation for flexible wing/coitro) surface/pylons/
stores/fuselage were obtained in a subgtructure method from rwo un-
coupled solutions; namely, (a) the uncoupled vibratiou cags af fiex-
ible wing/control surfaces/pylen/stoges with rigid fuselage, and (h)
the uncoupled case of flexible fuselage with rigid wing/coniiol sur-
faces/pylons/stores. This is depicted iu ¥igyre 2. This approsch was
used to keep the total vibration solution size Fqual tu or less than
the uncoupled solutiopn sizes, which thus requires no larger computer
core size than that used for the unroupled caseg,
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The program 18 designed only for symmetrical carriage of stores
from each side of the aircraft. Within this constraint, any combina-
tion of single store carriage and MER (TER) carriage can be accommo-
dated for up to five pylons per wing semispan.

AERODYNAMICS

Three types of aerodynamics are used in FACES, and are described
in detail in Appendix C of Volume I, Reference 1. A Modified Strip
Theory method is available as a basic aerodynamics approach for the
standard application. It is used to calculate wing and control sur-
face aerodynamics based on streamwise aerodynamic strips when employ-
ing the calculated vibration approach. The sectional values of the
1:ft curve slope and aerodynamic center location must be submitted in
the analysis. Tie correspouding control surface parameters can be
submitted or used as two dimensional quantities. These quantities
can reflect values applicable to either two or three dimensional in-
compressible or compressible flow, Either the average values of the
1lift curve slope and aerodynamic center for the complete wing or the
local values can be used. For cases where predetermined vibration
data is input, streamwise aerodynamic strips can be used, as can those
cut perpendicular to the elastic axis (or a reference axis). The
pylons, racks, stores, and fuselage can be accounted for by use of
equivalent flat-plate or primary surface elements.

The Doublet Lattlce Method (DLM) from Program N5SKA of Reference
(4) is available fox computation of lifting surface aerodynamics for
all lifting surfaces and bodies. This program is now available as a
module to simplify its use, It interfaces with FACES via the Surface
Fit Program, SURF, which is now a module. The SURF program calculates
the polynomial surface fit coefficients required in DLM. SURF is now
expanded to include control surface and fuselage coefficients computa-
tions. DBoth calculated and predetermined vibration data can be used.
Calculated vibration data is always taken through SURF to DLM to main-
tain single pass flutter. Predetermined vibration data whether finite
element oxr finite section can be handled in SURF if the polynomial co-
efficients are needed. If the polynomial coefficients are also pre~
determined, SURF is bypassed. Appendix B of Volume I, Reference (1),
presents the analytical methods in SURF. A method for interpolating
the aerodynamic forces versus reduced frequency (1/k) was added to re-
duce the cost of using the DLM option.

The Piston Theory method is included for supersonic aerodynamics.
This version is based on the third order type of approximation applied
to airfoils with control surfaces, but is not applicable to thick bodies
such as a fuselage or stores. This method is directly applicable to
both finite section and finite element vibration modeling. For obtain-
ing best results, it is not advised to use the Piston Theory below Mach
2.
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FLUTTER EQUATION AND SOLUTION

A standard V-g solution is used to determine flutter speeds and
frequencies. The standard formulation of aerodynamic derivatives
(P + i1) is combined with generalized mass and stiffness to form the

flutter equations of motion. Either predetermined data which is dir-

ectly input, or calculated vibration data which is passed internally
is used. A mode tracking method is used to locate flutter crossings
to aid the user in reviewing results.
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THE FACES COMPUTER PROGRAM

The FACES computer program is a system of modular computer pro-
grams divided into four procedures. The four procedures are: a) Fast
Flutter Routine (FFR), b) Data Sotrage and Retrieval System {(DSRS),
¢) Diagnostic Prccess (DIAPR), and d) Calculation~Interpolation-Deci-
sion Process (CID). The first procedure is the Vast Flutter Routine
which is a collection of modules under the control of a main program.
This allows for a selectinn of various flutter analysis methods with-
out the necessity of changing the program or the job control cards.
The second procedure is the Data Storage and Retrieval System which
allows for the accumulation cof large quantities of calculated and ex-
perimental flutter data for an aircraft system with a multiple of ex-
ternal stores cn varicus pylon/rack combinations, and retrieval of
user selected cases. The last two procedures, the Diagnostic Process
and the Calculation-Interpolation-Decision Process, provide engineer-
ing information obtained from the DSRS data for use in flutter analy-
sis, flutter clearance and other design purposes. CID allows estima-
tion of flutter characteristics for new stores while DIAPR checks the
acceptzvility of the interpolated data. References 1 and 3 give a
detailed account of the DSRS, DIAPR and CID procedures.

The Fast Flutter Routine (FFR) is a procedure containing modules
for calculating vibration results, surface fit coefficients, oscilla-
tory aerodynamics, an aerodynamic interpolation procedure, and a V-g-
flutter solution.

Figure 3 shows a program schematic of the Fast Flutter Routine.
Each module has been assigned a number for internal usage.

The Calculated Vibration module (050) provides a rapid means of
calculating vibration characteristics of a wing/fuselage/control sur-
face/pylon/rack/store system based on the direct input of basic data.
The module utilizes progrommed equations for a finite section wing
with control surfaces, pylons and stores; and for a flexible fuselage
having symmetric and/or antisymmetric rigid body motion. The input
consists of the wing, control surface and fuselage scctional mass,
geometry and stiffness along with the mass, geometry and stiffuness
for the pylons, ra2cks and stores. The substructure vibration solu-
tions are computed. The uncoupled wing vibration selution is made for
the wing system, and the results are passed to the flutter modules, or
to the coupled vibration solution. The Calculated Vibration wodule
will calculate the uncoupled vibration properties of the fuselage and
will pass the necessary data to the coupled flexible fuselage/flexible
wing vibration solution.

Once beth sets of uncoupled vibration properties have been calcu-

lated, then the coupled vibration solution is made and the results are
passed to the remaining user specificd aerodymamics and flutter module .
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Three aerodynamic3 medules are shown in Figure 3. They are the
Piston Theory Module (203), the Modified Strip Theory Module (207) and
the Doublet Lattice Unsteady Aerodynamics Module (213). In addition
to these three modules, an option is available whereby aercdynamics
calculated externally to the program may be input.

Modules 065, 213, and 302 have been added as a block so that
Doublet Lattice Unsteady Aerodyramics may be more easily obtained than
was originally avsilable in the earlier FACES program. Instead of a
three job step procedure, Doublet Lattice Aerodynamics may now be ob-
tained in a simple one step submittal. The Surface Fit module performs
a least squares polvnomial surface {1t on data passed from the Calculat-
ed Vibration module to obtain the polynomial coefficients required by
Module 213.

Module 213 can calculate data for only a limited number of reduced
frequencies because of the size of the program and the cost of calcu~-
lating the unsteady aerodynamic derivatives. The Interpolation of Aero-
dynamic Derivatives Module (302) has beea added to allow the user to
obtain more reduced frequency data at a fraction of the cost of obtain-
ing the original Doublet Lattice data. Module 302 can also use aerody-
nanic derivatives obtained externally to FACES, interpolate them and
add them to the derivatives computed by the aerodynamic medules within
FACES. ' :

The classical V~g flutter solution is carried out in Module 401.
A root sorting routine in 401 enables the program to track modes with
airspeed, allowing flutter spceds te be extracted autoematically from
the V, g, w data. Printer plots ave also generatad which show the V-g
and V-w pleots with the points given modc numbers so that g and w can
be followed on the plots.
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THE FACES INTERACTIVE GRAPHICS PROGRAM

in addition to the standard batch process version (FACES 1B), the
FACES system has been interfaced with a CRT interactive graphics con-
sole., The CRT program (FACES L11B) provides the FACES capabilities
under the direct control of the user at the console so that rapid
changes in parameters can be made with their effects on flutter rapid-
ly seen.

FACES II1B has been made available on two computer systems: the
CDC 6600 driving a 274 graphics console and an IBM 360 driving a 2250
graphics console. Printer output is available in both cases.

The main graphics feature is thar the user/engineer is in the
flutrer calculation loop for efficient computer utilization and rapid
turnaround. Figure 4 showa 2 schematic of (ke FACES FFR/CRT program.
The four blocks within the FACES prograuin which comtains CRT console
displays are shcwn on the figure. They are: a) the uncoupled wing
vibration solution, b) the uncoupled flexible fuselage vibration solu-
sfong. oY the cuvpled vibration solution, and d) the V-g {lutter solu~
tion.

The FFR/CRT program starts by calculating the uncoupled wing vi-
bration properties in the Uncoupled Wing Vibration Solution. The vi-
bration frequencies are displayed on the CRT. After they have becn
examined, the user has a number of optious to choose from. They in-

clude:
o Displaying the eigenvectors
o Displaying the wumerical values of the deflection data
o Ploteting the deflection data
o Changing input marrix data to de a parametric vibration auwalysis
0 Continuving to the next part of the analysis.

The next analvsis the user can choose is the uncoupled flexibkle fuse-
lage solution. The prograwm caleuwlates the uncoupled fuselage vibratian
frequoncies and displayvs thes un the CRT screen. After they have been
exanined, the wacr again bag a nusher of options to choase froes, It
includes optious Similar to the list shoun immodiately above excopt
that they pertain to s flexible fusclage. AMeer exgmining any data he
vishes to see, the user gay return to change data for a pavasetrice
study or fie may coatinue to the coupled vibracion solution,

The coupled vibration solution caleulates the 2oupled freqguencies
and displays them. Again, the user has several options to choose from
once ho has exumined the coupled frequencies. These include:

o Displaying the coupled ving deflections

o Plotting the coupled wing deflections
0 Displaying the coupled fuselage deflections
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o Plotting the coupled fuselage deflections

o Changing the input matrix data and rerunning the vibration
analysis

o Continuing to the V-g flutter solution.

If he chooses to go to the V-g flutter solution, a summary of flutter
crossings 1s displayed on the screen and plots of V-g and V~w ca~ be
axamined. After the results of the Flutter Solution has been examined,
the program may be recycled back to the Calculated Vibraticn Analysis
module to run another parametric case, or the program may be terminated.
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APPLICATIONS

The FACES method has been applied to three modern military aircraft
considering cases with a variety of stores, and with and without flexible
control surface freedoms, and with and without flexible fuselage freedoms.
This is summarized in Table I. These studies employed only the FFR pro-
cedure while earlier studies also investigated the DSRS and DIAPR/CID
procedures, see References 1 - 3, Independent corroborating studies
based on the McDonnell General Flutter Program and the earlier FACES
programs (IA aud IIA) were used to check the new FACES hatch and graph-
ics versions (IR and IIIB). Some GVT results were used to gauge ihe
theoretical results. Only a few results are 3iven here, while manv more
are covered in Reference 1.

Aircraft 1 is a fighter bouber of aspect ratio 2.76 and is normally
equipped tc carry stores from twe pylons av 35.7% and 57.37% of semispan.
This alzcraft was used to check clean wing, single store carriage, flex-
ible control surfaces, and flexible fuselage using the FFR option. Ear-
lier uge was made of this aircraft for DSRS and DIAPR/CID studies.

tircraft 2 is a variatier of aircraft 1 and has an aspeci rario of
2.8. This was used to check single and multiple pylon carrfages with
up to three hypothetical pylons added at 75.2%, 82.2% and 92% of semi-
span. Cases with flexitle fuselage were investizated.

Aircraft 3 is a fighter and was used to investigate a wing with
streamwise mase gections for turee configuratious, namely, a wing with
flexible fuselage, a wing with flexible control surfaces, and a wing '
with single store with flexiole fuselage.

Table II shows results of FACES IB and corroborating studies of
symtetric vibracion and flutter of aircraft 1 with a clean wing and a
flexible control surface having a continuocus or piano hinge attachment.
The actuator was attached in the second control surface section. The
FACES IB results are shown for all substructure cases, while the cor-
roborvating study results are given for only the uncoupled wing with
contrel surface. Good agreement is shown between FACES IB and the cor-
roborating study for the uncoupled wing with coafrol surface cases. An
uncoupled control surface rotation frequency of 40.6 Hz was used.

Flutter vesulis are shown for both studies. These used two dimen-
sional flow aersdynumics, i.e., an average 1ift curve slope Cp, = 2v,
and an average aeradyaamic center location .t tha quarter chord, AU =
+25C. PFACES IB results are shown for the uncoupled case of flexible
wing and control surface and for the coupled case of flexidle wing/con-
trol surface/fusslaga. Corrvoborating study results ar? showm for the
uncoupled £loexible wing-control surface case. Good agrecment between
the two studies is showa for the uncoupled wing case. The effect of
fugelage flexibility in the coupled FACES IB rosults is slight.
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TABLEI APPLICATION CASES

FUSEL
aircraft| NO-OF PYLONS/STORES FLEX
1 2 | CLEAN X
2 | CLEAN X X
1| ONEPYLON WITH A TANK x | x
2 3 | GNEPYLONWITHMERS X
1 FOUR PYLONS WITH TWO SINGLE x | x
STORES, ONE TER, ONE MER
FIVE PYLONS WITH, THREE SINGLE x | x
STORES, ONE TER, ONE MER
3 2 | cLeanwing x | x
1 CLEAN WING X X
1 ONE PYLON WITH 600 GALLON TANK x | x
GP10-0897 10
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Table III shows results of symmetric vibration and flutter for air-
craft 2 ccnsidering store carriage from four pylons per side. The actual
pylons at 35.2% and 57.3% are supplemented by two hypothetical pylons at
75.2% and 927 of semispan. A TER is carried at the 35.27% pylon, a MER at
the 57.3% pylon, an MK81 at the 82.2% pylon, and a LAU 32 A/A at the 92%
pylon. The TER and MER loading configurations consist respectively of 3
M117's and 4 shoulder mounted M117's. Table III shows symmetric vibra-
tion and flutter results for FACES 1B, FACES IA and corroborating stu-
dies. The FACES IB vibration results shown, cover all three substruc-
ture solutions. FACES IA vibration results are shown for the uncoupled
flexible wing/stores case and show close agreement with those of FACES

- IB. Existing corroborating studies presented for the earlier configura-
tions of Reference 3 are shown and correlate well.

FACES IB flutter results are shown for the uncoupled flexible wing/
stores case and the coupled flexible wing/stores/fuselage case. Close
agreement between the FACES IB results and the FACES IA results for the
uncoupled wing cases are seen. The corroborating study results of Ref-
erence (3) for the uncoupled wing/stores case shows good agreement.

Note that these flutters are very sensitive and that closer agreement
would be difficult to establish. The coupled FACES IB flutter results
show reasonable effects of the inclusion of flexible fuselage modes.

. Thus, close agreement is seen between the vibration and flutter
results of the studies, considering the overall complexity and sensi-
tivity. The extreme sensitivit. of flutter speed to damping for the
flutter crossings is flagged by the symbols M and N. The latter, in
particular, is so sensitive that its V-g vlot would be difficult to
separate from the V axis in any wormal V-g presentation.

Figure 5 shows typical CRT graphics results for Airccaft 1. Part
1 shows coupled syemetric wing-store vibration and coupled symmetric
fuselage vibration for a case with single pylon carriage of a large
fuel tank. The upper picture shows the mode number, frequency, bend-
ing and rorsion shapes and a tabulation of pylon/store deflection data,
These latter quantitics are arrvanged to show three linear deflections
and threc rotations at the pylon c.g. and store ¢.g. for each “store
station”. The first six numbers are pylon fore-aft, lateral and verti-
cal tramslations, and roll, pitch and yaw angles. The next six are
single store displacements and angles. 1€ a MER is used, thean there
are two sets of siz wwmboers following the pylon data, one for the front
store cluster, and one for the afe store cluster., The lower picture
shows the coupled symaetric fusclage vibratien resules. Note that only
the bending deflection is given since there is no torsion for this case,
In the antisywaetric case, both are shown. Pare 2 shows vibratiun re-
sults for the uncoupled wing with control surface vibration case. The
results avre similar to those of Part 1 excepnt that control surrace mo-
tion £5 shown in the torsion plot. Part 3 shows flutter results for
the £irst CRY exagple in Part 1. The upper part shows the flutter sum-
wary table wiich lists flutter crossiog speeds and frequencies for
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various values of structural damping. The lower part shows the graphic
display of the V-g-w data. The damping versus speed (g vs V) and fre-
quency versus speed (w vs V) are shown. A user's menu showing various
options for console operation (keys) is showm at the upper left.
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CONCLUDING REMARKS

The current extension of the FACES method retains the same basic,
rapid features of the earlier version, and gives much wider configura-
tion coverage with a corresponding reduction of engineering effort. It
is now possible to analyze the flutter properties of a general wing or
lifeing surface with or without control surfaces, and with or without
pylons/stores. Flexible fuselage effects can bu included in all analy-
ses. The unique features of rapid single pass vibratjon and flutter,
data storage and retrieval, data diagnostics, and estimation of new
stores from accumulated data have been retained. The computer programs
have been improved to enhance usage and are again available in both
batch and CRT graphics versions for both IBM and CDC machines. Im~
proved nulticase capzbility with the option for back to back symmetric
and antisyametric results will provide a reduction of user labor. The
enployment of preprogrammed equations requiring only basic data input
will free the user from much tedious effort. The CRT option provides
a version with significan. visibility to the user. It allows for dir-

ect and rapid data changes, and the ability to assess results between
data changes.

i9l

. e A — e




‘»’.1.‘ )

4y

3.

REFPERENCES

Ferman, M. A., Unger, W. H., Wells, J. R., "An Extension of thr
Rapid Method for Flutter Clearaace of Aircraft with External
Stores", Vols. I, II, III ~ to be released as an AFFDL Technicr
Report.

Ferman, M. A., Unger, W. H., "A New Approach for Rapid Fiuv ..r
Clearance of Aircraft with External Stores”, Aircraft/Sto .s Com-
patibility Symposium Proceedings, Sacramento, Calif., . -20 Sep-
tember 1973.

Ferman, M. A., Unger, W. H., et al, "A Rapid Method for Flutter
Clearnce of Aircraft with Extermal Stores"”, AFFDL TR~73-74,
July 1973,

Geising, J. P., Kalman, T. P., and Rodden, W. P., "Subsonic Un-
steady Aerodynamics for General Configurations", AFFDL TR~/1-5,
Part II, Vol. I and II, April 1972. A

~ %““W\A. -




AUTOBIOGRAPHY

M, A. Ferman
Senior Group Engineer
McDonnell Aircraft Company

Mr. Ferman received a B.S. in Aeronautical Engineering from Purdue
University in 1957 and an M.S. in Applied Mechanics from Washington University
(St. Louis, Mo.) in 1962, He joined McDonnell Aircraft Company in 1958 and
has specialized in Structural Dynamics with particular emphasis on vibration

- and flutter of aircraft. This work has included theoretical and experimental
areas related to advanced design, production aircraft, and methods and
research. He was Principal Investigator on the "Conceptual Flutter Research'
project sponsored by the Naval Bureau of Weapons from 1964 - 1968, His more
recent assignments include supervision of Structural Dynamics aspects on the
"F-15 Composite Wing", from 1971 to 1974, and Principal Investigator for the
research project, "Flutter of Aircraft with External Stores", sponsored
by the Air Force Flight Dynamics Laboratory from 1971 - 1973, and from 1974
until the present. He has asuthored and co-authored reports and papers in this
field.

lle was part-time Lecturer in Graduate Applied Mechanics at St. Louis
N University from 1965 - 1971, and is an Associate Fellow in the American
Institute of Aeronautics and Astronautices,

193

- RO A e P et

B e m s g = s e Bt B 6 e S s e
ot et s et et ¢ . - PR . . - S A S e .

%




AUTOBIOGRAPHY

W. H. Unger
Engineer
McDonnell Aircraft Company

Mr. Unger received a B.A. in Chemistry from Southern Illinois Uuniversity

at Edwardsville in 1969. Since joining the Structural Dynamics Department
of McDomnnell Aircraft Company in 1963, he has been concerned with vibration
~ and flutter and has gained extensive experience with digitil computer methods.

He has worked on such projects as Gemini, F-15, Advanced Design and "Concep-
tual Flutter Research" (sponsored by the Naval Bureau of Weapons from
1964 - 1968). His most recent assignment was the "Flutter of Alrcraft with
External Stores" project sponsored by the Air Force Flight Dynamics Laboratory
from 1971 -~ 1973, and 1974 until the present, FHe 1s also currently respen-
sible for updating and maintaining the McDonnell General Flutter Program and
ot &r structural dynamics computer programs.

194




R IR

[ nvaroes ficadRic

FXTERNAL STORE AIRLOADS PREDICTION TECHNIQUE
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(Article UNCLASSIFIED)

by

A. R. RUDNICKI, JR.

E. G. WAGGONER, JR.
Vought Systems Division
LIV Aerospace Corporstion
Dallas, Texas 75222

ABSTRACT. (U) A technique has been developed under Air Force
sponsorship for predicting six-component airloads on captive stores
for single and multiple carriage configuraticae. The prediction
method includes techniques for predicting the basic airload as well

as the incremental airloads due to aircraft yaw aad adjocent store
interferenge.

The basic approach %o the prediction technique was an empirical
correlation of a large experimental date base consisting of liter-
atwre survey deta and data obtained from a parametric wind tunnel test.

This paper summarizes the study program, presents the appreach
used and major variables considered in the techninue development, and
discugses the prediction results achieved.

“Approved for public relesse; dietribution unlimited"
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LIST OF SYMBOLS
Adrcraft wing span

Side force coefficient, SE
Sgpr
Store maximum diameter, in.
Generalized factor

Store nose lift efficiency factor

Store wing/fin 1lift efficiency factor

Aircraft wing sweep correction factor, §%§-%§5

Partial derivative of sidewash with respect to a, é%%

Store length, in.
Mach number

Free-stream dynamic pressure, %%%*

Side Yorce, lbs.
Side projected area, in.?

Store reference area, 3%*3 £t.2.

Store body axis coordinate systen

Fraction of wing chord

Distance from lower surface of wing to bottam of pylon
at the mid-lug point

Angle of attack, deg.
Local angle of attack, deg.

Store ysw angle positive nose outboard, deg.

Increment v
Fraction of wing semi-spsn, 5%%. vhere yBL is the distance

from the aireraft centerline to the centerline of the pylon,
neasured in the wing plan view.

Aircraft wing quarter-chord sweep angle, deg.
Sidewash angle, deg.
Aircraft yav angle, positive aircraft nose right, deg.
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Subscripgs

A/C Aircraft

c Aircraft local wing chord
INTF Interference

150 Isolated

PRED Predicted

o Differentiation with respect to angle of atiack
] Differentiation with respect to yaw angle
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1.0 INTRODUCTION

Determination of the aerodynamic forces and moments acting on indi-
vidual components of an aircraft is a part of the design process to assure
that adequate load carrying structure is provided for all design flight
conditions. Accurate information on the serodynamic loads is important
to achieving aerodynemic compatibility between the aircraft and stores.
The flow environment in which external stores are immersed is generally
highly complex and affected by many variables; e.g., flight conditions
and physical characteristics of the aireraft, store installation, and
adjacent stores. Successful theoretical prediction of quantitative data
has proven to be difficult, although some techniques have been used suc-
cessfully to predict quelitative trends. The strong influence of viscous
flow, particularly at transonic speeds with multiple carriage store ar-
rangements, has made current methods inadequate for many applications.
The most relisble method by which the engineer can provide store airloads
continues to be through wind tunnel testing. This latter process is
normelly complex and expensive and too often provides airloads data
latz in the design effort, after many decisions influencing aircraft/
store compatibility have already been made.

A study program was conducted by Vought Systems Division of LTV
Aerospace Corporation under the sponsorship of the Air Force {rmament
Leboratory (DLJC), Eglin AFB, Florida to develop & generalized technique
to predict aerodynamic loads acting on airborne external stores. As a

" consequence of the relatively low effectiveness and inherent limitations

of present theoretical methods, an experimental data correlation approach
was selected for developing the prediction technique. The major objec-
tive of this program was to provide e prediction technique that is rapid
and easy to use, versatile in epplication to various eircreft and stare
configurations, applicable to¢ maneuvering flight conditions at subsonic,
transonic, and low supersonic speeds, and sufficiently accurate for
store/store installation design purposes.

The obiestives of this program were accomplished in two phases. The
initiel phase involved the collection, documentation, ani correlation of
existing airloeds data upon which tc¢ initiate the technique development

‘end preparations for wind tunnel testing. The second phese of the program

consisted of conducting the wind tunnel test progrem to complete the re-
quired supporting data, performing detailed data correletions, aandi devel-

~oping the final prediction technique.

This paper describes the work performed and the regultu obteined dur-
ing 611 phases of the study prograin. The variocus sections delineate speci-

" fic tasks whish were performsd. Pescriptions of both the technical infor-

matiou survey and wind tunnel tosi plenning end preparations are included.

4 discussicn of the approsch to the prediction technique including the don-
inant paramsters is ales presented. Finslly, the capabilities #nd nooinal

ageuracies of the meudod ara’ sssesse&. in»luding some comparisons with ex-

perimentsl dnta.
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2.0 TECHNICAL INFORMATION SURVEY

An extensive data survey was performed by Vought Systems Division to
locate and acquire data and rzlated information on captive store and
store installation airloads. Acquiring these datae was necessary to de~
velop correlations essential to the prediction technique development and
to provide guidelines ir planning the wind tunnel test program. Although
data were known to exist on numerous store types and store installations,
problems in acquirirss ngeful airloeds data were apparent. These problems
included: the inter-industry and inter-service dispersion of data, the
diverse origin of airloads data, and the assorted approaches used in mea-
suring airloads. The following parsgraphs explain the general survey
approach, the type of data solicited and the broad survey results.

2.1 SURVEY PROCEDURE

Early survey planning indicated three primary avenues by which the
required technical data could be identified. Selection of these avenues,
which were chosen to encompass the majority of data s¢urces, also provi-
ded & built-in cross-reference system which minimised the possidility of

overlooking pertinent data. Listed below are the primary spproach avenues
followed:

o Airframe end weapon contractors and government sgencies
Aircreft/weapon system program offices
Technical literature surveys.

c o0

A comprehensive stores data bank had been previously compiled by
Vought Systems Division largely through in~house efforts and as a result
of & previcus Air Force study countract. Hence, data sought through the
survey were largely date which had become available since the previous
survey. Although all the data identified through the survey were not
obtained, efforts to acquire those data deemed most relevant to the pro-
gram vere highly successful.

2.2 NATURE OF DATA SOLICITED

Aerodynamic data end information as summarized in this section vere
requested to support the study. The desired data involved stores, store
installations, snd parent aircraft. This information is clasgified in
three broad categories: experimental data, existing prediction methods
and data correlations, and related literature on the subject. A further
breakdown of the experimental data includes serodynamic force and noment
data, both wind tunnel apd inflight, and flow field information. The
aerodynamic force and moment data include those obtained for individual
stores, racks, pylons, or aircraft, such that airloads on individual
installed stores car be defined. Free-streanm store data vere slso sought
to be used &5 £ base in isolating store-aircraft interference effects.
Data for all types of store loading arvangetents were sclicited. Thege
included data for stores mounted singly or on NER or TER racks, single
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and multiple rail launchers, conformal pallets, etc., on both wing
and fuselage stations.

Techniques capable of predicting airlosd components for stores
carried in the flow field of aircraft were also solicited. In genersal,
these prediction methods were found to be limited in application. How=-
aver, most techninques present an approach to the treatmeni of certain
parameters which are considered primary independent variables influencing
the store airloads. These include such parameters us aircrafi attitude
and flight condition, store geometry, locaticn and installation, and
adjacent interference. Hence, these correlation and predietion techni-

.ques were a useful aid in the formulation of the general prediction

methaod.
2.3 SURVEY RESULTS

The data survey resulted in the acquisition of & w:onsiderable amount
of data pertaining to stores and store installations which was not in
the original VSD data bank. Much of the experimental data acquired
provides total aircraft airloads due to the combined amircraft-store con-
figuration. While useful in determining general store effects, it is
difficult to isolate individual stare or store installation airloads from
these data. Extensive individual store and store installation airloads
data were made available on the A-T7, F-4, and F-111 aircraft. The
majority of data on these aircraft consists of metric store and metric
pylon airloads where a balance mounted internal to the store or pylon
installation measures the applied aerodynamic forces end moments. Other
aircraft for which store airloads have been acquired are the A-4, A-6,
F-5, P-86, F=105, F-100 sud various wing-fuselage combinations.

The following summary observations are made concerning the specific
flight condition and geometry varigbles encompassed by the survey data
and the general nature of the data. The significence of these observe-~
tions is best reaslized when it is understood that the developed prediction
capability for a given veriable and the selected conditions/configurations
for wind tunnel testing are & direct function of the available dats
quantity and quality.

Data coverage for the desired subsonic to supersonic Mach number
range was generglly scquired with lesser quarstities being availadble for
the supersonic region. The majority of acquired date defines airloads
in the subgsonic flight regime. In the supersonic flight regime data are
generally limited to single store cerrioge ingtallstions; however, sub-
stantial multiple store {anstalletion data wers obteined well into the
transonic region. F-h and F-111 store airloads data comprise the majority
of the supersonic data. The svailuble A-T store airloeds data arve
limited to subsonic and transonic flight although considerable A-T
supersonic dats vere acquired im wind tuxnel tests conducted as part of
this Gcw» o
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Store and store installation airloads were accuired for a variety of
store types. However, there has not been a greut quantity of data ac~
quired for any one store type mounted on various aireraft. These dats
are necessary to isolate the effects of certain wvariables, or at leeast to
remove the variance in store geometry as an irdependent variable. Con-
giderable free-stream store aerodynamic deta were also obtained which
were useful in isolating sircraft/store interference effacts. Iu regard
to store installation type, the bulk of the data acouired consisted of
wing pylon singly and multiply carried stores. Limited data are availa-
ble on fuselage mounted installations, including multiply and singly
carried stores, both tangent and pylon mounted. Sparse data exist for
TER, wing tip mounted, fuselage semi~submerged, wing tangent and semi-~
submerged, and conformal store installations.

3.0 WIND TUNNEL TEST PROGRAM

Early in the study planning it was recognized that sufficient air-
loads data did not exist for developing the prediction techniques from
empirical correlations. Also, it wag impractical to expect that data
accumulated from the varied sources would be thorough enough to establish
predictable trends for all priority variables whose contributions col-
lectively define captive store airloads. The practical solution seemed
to be to compile all available airloads data, review these data to idep
tify voids where additional date were needed, and then perform a wind
tunnel test program to acquire ccmplementary sirloads data through a
systematic approach. V8D possesses unique wind tunnel model instrumen-
tation snd hardware capable of acquiring extemsive store airloads data
in a single run. Much of the model hardware needed to test s wide vari~
ation of instrumented store arrangements wes already available for high
speed testing. It vas decided to adapt this hardware to existing F-b
and A-7 wind tunnel models for a test program which would technically
and economically satisfy the current study needs. The following sections
describe the test program and include a descriptiorn of test hardware,
variasbles enccmpassed, and related test gvreparation.

3.1 PROGRAM DESCRIPTION AND TEST CAPARILITIES

The wind tunnel test program consisted of instrumenting 0.05 scale
vodels of both the A~T and Feb aircraft to messure individual store air-
loads for Uoth siugle and multiple carriage stores. In eaddition, the
&-T parent sircraft model was instrumented to obtein six-cowmponent air-
craft force end moment- data simultaneously with the instrumented store
data.

Five component balasnces {excludes drwg) were used on both Fl and
A-T test programs to obtsin multiple carrisge store airloads deta. The
instrutonted MER is desigued to carry six of these balences simultsneous-
ly. one on each of the six MER statiocns. Date were obteined adt all aix
HER stations continuously during & run. The M117 (MAU-103A/D f£in) snd
BLU-1C/B (finned ard unfinned) fireboml stores wese utilized in obtaining
oultiple carriage rack airloeds. Iastrumented multiple carriage racks
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were capable of being tested on all right~hand wing store statioms end
ou fuselage centerline store stations on both the A-7 and F=b aircruft
models. The instrumented MER/store/balance arrangement is illustrated
in Figure 1. All multiple carriage store airloads data for the wind
tunnel test program were obtained using an instrumented MER since ro
instrumented TER hardware currently exists. Six component balances
were used on both aircraft models to obtain individual store airloads
for the single carriage stores. The 300 gallon fuel tank and the Walleye
UKmLéaA)store models were used to c¢btain the single carriage airloads.
Instrumented single carriage stores had the capability of being mounted
at any wing store stution on both tke A-T and F-U models. Figure 2
illustrates the single store-balance herdware arrangement while Figure
3 depicts a typical multiple carrisge test configuration. The illus-
trations presented in Figure U provide a summary description of
instrumented single and multiple store testing capabilities.

Another test capability, which is not obvious from Figure 4,
permits *12 inch (full scale) longitudinal shift relative to the
pylon in the instrumented F-b single car-iage store position for
both inboard end outhoard wing pylon stations. Tt provided additional
parametric type store airloads date for the 300 gallon tank and
Walleye stores by providing captive airlosds dete at several chord-
wvise positions. These date were of considerable value to the technigque
development.

3.2 T1EST VARIABLES

Apy prediction technique derived through an empirical correlation
of data requires an adequate data base to be meanipngful. The data
base must span the range of variables that dominete captive store
airloads. These dowinant psrameters include stora configuration;
store spanwise, chordwise, and vertical poajtion; aircraft configu-
ration (wing sweep angle, high/lov wing, etc.); aircraft sttitude;
and flight conditions.

Many of the variasbles examined during the wind tunnel test progrea
concerned vith aircraft/store configuration effects were included in
the discussion of test capabilities abwove (aircraft type, chordwise
position, spanwisc pogition, etc.). Remaining variables include the
range of fligzht conditions tested. The Nach pumber range for single
cerriage condigurations varied frow 0.5 to 2.0 vith date obtained
specifically at M«0.5, 0.7, 0.9, 1.05, 1.2, 1.6, and 2.0. The Mach
number raunge for multiple carriage configuratiocns varied fror 0.5
to 1.6 with data obtained at the same Mach numbers ss sipgle carrisge
excluding Mach 2.0. Difficulties were escountered with model
dynsics when testing multiple carriage configurations at Mach £.0;
therefore, this higher Machk number wvas delated from the test prograa,
The angle of attack rapge for all test date varied from -b to +12
degrees vhile the yaw sngle range varied from =8 to +8 degrees in
four decree increnenhs.‘
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- AERO 1D AERO 1D
WALLEYE AERO 1D WALLEYE
AERO 1D WALLEYE
WALLEYE

INTERNAL STORE BALANCES @

BLU-27

NOTES
1. INSTRUMENTED MER RACKS CAN BE CARRIED AT EACH OF THE PYLON
STATIONS ON THE A-7 AND F-4 AS SHOWN ABOVE, BUT NOT AT MORE
THAN ONE STATION SIMULTANEOUSLY

2, THE INSTRUMENTED SINGLE-CARRIAGE STORE CAN BE CARRIED AT
THREE A-7 OR TWO F-4 PYLON STATIORS SIMULTANEOUSLY

Figure 4 A-T and F-U Instrumented Store Test Capability




4,0 PREDICTION TECHNIQUE

Development of the prediction technique was approached as an
empirical correlation of existing airloads data combined with the
parametric type wind tunnel data obtained from tests conducted as
part of this program to complement the existing date.

The question of how to correlate these date into a preaiction
method that is both simple and accurate was answered by preliminary
comparisons of captive and isolated store data. Aerodynamic
characteristics of the captive stores were observed to possess
much the same linear nature as isolated stores. The isolated
characteristics are presented in Figure 5 for the same store
whose captive side force characteristics are shown in F.gure 6. The
linear apprcximation is indicated in each figure by a dashed line
and is an adequate representation of the actual quasi-linear data.

60y === EXPERIMENTAL DATA
o == = = = LINEAR APPROXIMATION:

~204

Figure 5 Typical Isolated Store Aerodynsmic Characteristics
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st e EXPERIMENTAL DATA
204 = == = = LINEAR APPROXIMATION

_204
Figure 6 Captive Store Side Force Characteristics

This linear characteristic found in most of the data greatly simplifies
the mathematical expressions needed. Unfortunately, the quasi-

linear relationship displayed by the captive side force component

does not extend to all components for the angle of attack range
desired for the prediction technique (-4/12 degrees). The captive
yawing moment component for the subject store Iis presented in

Figure T along with the linear approximation covering the largest
portion of the desired -angle of attack range. As shown in the

figure, significant errors will result using the linear approximation
above approximately 8 degrees angle of attack. Even so, there is a
linear region to represent e significant part of the airplene's

flight envelope, and the advantages of using the linear approximation
for each component far outweigh the disadvantage of some loss in
accuracy in a portion of the desired angle of attack range. It should
be uoted that if the isolated aerodynamic characteristics of the store
are non-linear in nature, then this non-linearity should be expected

in the captive airloads. The advanteges of linearizing the data

vase are (1) a simple representation of the component airload by &
y=mx + b type equetion and (2) & major veriable, aircreft angle of
attack, is built ianto the mathematical component airload representation.
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Figure 7 Captive Store Yawing Moment Charaecteristicgs

As a result, the data bese was linearized so that each airload

. component could be expressed as & slope {force or moment as a

" function of angle of attack) and en intercept at zero angle of
.attacks As a8 result of the linearized data base, all predictions
are accamplished in the form of a predicted slope and intercept
for each of the airloed components. Because of increasing non-
linearity at the larger aircraft angles of attack and yaw angles,
significant errors are likely outside the range of applicebility
stated for these varisbles. A sumary of nominsl method accuracy

including some comparisons with experimeantal data is presented
- in Section 5.0.
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4.1 BASIC APPROACH

A theoretical method must rely on mathematical descriptions of the
aircraft components, pylons, racks and stores to implement potential flow
solutions of the store airloads. Any corrections for viscous effects must
be handled separately. An empirical method allows much simplification to
that approach. The basic approach used in this method applies the con-
cept that captive airloads are the result of a free-stream flow plus the
interference effects. In this way, work that has been previously accom-
plished for free-stream aerodynamic predictions can be used as a base on
which to relate captive airloads. This permits the prediction procedure
to be a summation process as indicated below.

Captive Store Airloads = Isolated Store Airloads
+, Interference Effects

Applying the summation approach to interference increments depends
first on airloeds for some base configuration. Corrections can then be
added to these initisl airloads o account for differences between the
base configuration and the desired configuration. Predicting these ini-
tial airloads is celled the initial prediction. It involves assuming the
store is in the flow field of & base wing with 45° sweep and installed at
a gpecific spanwise. chordwise, and vertical location. The next step is
to obtain a final prediction by applying empirically derived corrections
to the initial prediction to compensate for eircraft configuration dif-
ferences and to account for the effects of the store being in the desired
spanwise, c¢hordwise, and vertical location.

This approach wag used in correlating the experimental data to devel-
of the prediction method presented here. Correlations to identify air-
loads for the hase configuration implement the initial prediction proce-
dure and were basic to the entire development process, These correlations
wvere parformed with M=0.5 data to svoid the increased complexity of com-~
pressible flow corrections and shock induced effects. This is the lowest
Mach number of the test data from the wind tunnel tests of this program.
Because compressibility effects are normally small at speeds below M=0.5,
the method is considered valid for lov subsonic speeda without Mach '
numbel* corrections.

Correlations of the data to identify carrections needed to gccount
for Mach number and configuration differences were much more g4fTicult
than those for the base data. This greater -difficulty results from the
many factors which contribute to the aerodynanmic differences betwean the
verious store imnstallation configurations. Some of these fuotors are the
reason rigorous mathematical solutiocns are pot yet practizal for predic- _
tion purposes on many installation ., particularly gor rultiple carriage -

racks. Fortunately, experimental aat& indicate that some of thess dife -

ferences are either small ox coupensating so thet smpifical expressions
are possible without including terms which eveluata esck contributing

parameter, A method hes been developed by using the availabls dats o
establish predictable trends ead thess trends are expressed mbthemeti-
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To apply the method, the initial prediction of captive airloads is
always made first at M=0.5 by assuming the store is inserted into the
flow-field of the base wing (4L5° sweep). The initial prediction is made
for the basic airloed case (i.e., the captive store airload generated by
a zero-yaw pitch excursion of the parent aircraft). The incremental cap-
tive airloads due to aircraft yew and the effects of adjacent store in-
terference are predicted as increments to be added to the basic airload.
The effects of Mach number are treated as an increment to bte added to the
prediction at M=0.5. At a particular Mach number the total captive air-
load experienced by a store can be obtained from the following generalized
coefficient expression:

C =C + AC * B+ AC

X X xB X

TOTAL BASIC INTF
where:

X -y, n, N, M, A, L representing side force, yawing moment,
normal force, pitching moment, axial force, and rolling
moment, respectively.

Cx - Basic captive airload generated by a zero yaw pitch

BASIC excursion of the parent aircraft.
AC = Incremental airlocad due to aircraft yaw per degree
X
8 store yaw angle, B.
B - Gtore yaw angle equel to ¥ for a right wing store

A/C
installation and -wA/C for aleft wing store instellation.

Acx ~ Incremental airload due to the effect of adjacent store
INTF interference

In summary, the total captive airload experienced by a store can bhe
calculated by incrementing the irolated store aerodynamic characteristics
through the initisl prediction summatiop procedure for the base wing (bs®
sweep), applying empiricial corrections to arrive at the final prediction
for the subject wing, and using the generalized coefficient expression
above to sur the major codtributions to the installed airload.

L.2 PREDICEION EQUATIONS

The variables used in deriving the final prediction equations for
both single and multiple carriage configurations were essentially the
somwe. These variables accounted for store configuration characteristics
_ {both physical apd aerodynamic); store spanwise, chordwise, aad vertical
location in the aircraft flow-field; the iaterference effect of the air-
craft fuselage and adjacent stores; parent aircraft attitude (pitch and
’yav). end Mach namber.
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As a result of the similari<ies in the equation forms, only the sin-
gle carriage M=0.5 side force slope prediction equation is presented and
discussed here. The intent is to describe typical procedures used in de-
veloping the prediction method.

4,2.1 Ipitisl Airload Pra=diction

Initial prediction calculations begin by assuming the store is in-
serted into the flow field of the base wing (45° sweep) at the mid-
semispan (1=0.5) position. Longitudinally the store is placed at the true
captive pogition and the local wing chord is assumed to be the same as the
captive position for the subjeet aircraft wing. The sidewash characteris-
tics of the base wing are known from an analysis of the flow field dats
presented in Reference 1. This snalysis yielded the rate of change of
sidewash angle, 0, with respect to augle of attack, d« This term,

%g is known as a function of x/c for the base wing, Figure 8.
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Several definitions concerning the store and aerodynamic character=-
istics must also be made. The total gstore planform area is divided into
noge erea, body erea, and wing area &s shown in Figure 9. The distinction

AREA SEGMENTS

NOSE V77

Figwe 9 Areas Segmeants for a Typical Store

in planform areas is required since aerodynsmically the nose and wing are
pore efficient producing 1ift (or side force in this case) than the store
body. Because of this efficiency distinction, factors have been defined

using Reference 2 for the store nose, L wing(s), Kurng® t°

veight their respective planfora areas in relation to the siore hady plan-
form aren. '

5
|
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With a knowledge of the store gecmetric and isolated aerodynamic
characteristics, a summation procedure is performed along the store in
the airceraft flow=-field to obtain an initial prediction of side force
slope. The store is positioned in the aircraft flow field as shown in
Figure 10. The planform area of the store is projected into the )LB, ZB

+0
SIDEWASH

%: 08 -06 -04 02\ 0 02 04 06 08 10 12 14
Itlzla a|l si 6|7 alarwInJ

| <

Figure 10 Typical Store Immersed in Aircraft Flow-Field

plene and is defined as side projected aresa, SPA. The store is divided
into constant length segments from nose to teil, Figure 9, and the SPA

is computed for each of the segments with distinction made as to unose,

body, or wing areas.

VWith the seguented side projected areas defined and the store in-
serted into flov field of the base wing, the summation procedure is
given by the foilowing relationship.
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m
ADJUSTED SPA = } K SPA
L %o Yyose e A,

d
('I.A.I.L)n
where:

m - Number of constant length area segments as computed
from store nose to tail

Ko -~ Rate of sidewash variation with angle of attack, -g-g-.
Figure 8.

KNOSE ~ Store nose 1ift effectiveness.

KWING - Store wing or tail 1ift effectiveness.

(TAIL)

SPA ~ Store side projected area, in®., Figure 9.

then:

k. = ADJUSTED SPA

. ¢ SPApomag,
vhere:

ADJUSTED SPA - Adjusted gide projected area of the store as given
o by the sumnation eguation above.

SPA'I.’OIL% = Total side projected area of the store. The sum cf
. ‘ nose, body, and wing side projected areas.

The initial side force slope prediction is given by tbe following

equatlion.
““ggm “gp Wyg
vhére: |
a(E)

?@1— - Jgolated aeradyisémc chgxwteristics of the subject stora.
YIS0 Equal to Cry.. SRERs %g- Computed from the method of
: Relerence 2. :
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It should be noted that if experimental isolated store characteris—
tics are used in the above equation, the user must still perform most of
the computations of Reference 2 since many of the terms of the computation

2 are used in defining the store nose and wing weighting factors.

The discussion in this section has been limited to the single car-
riage side force slope initial predictions, Initial predictions of normal
force, pitching mament, and yawing mament slopes for both single and mul-
tiple carriage, are similar. An additional term is added to the summation
procedure for the mament terms to account for the displacement of the
area segment with respect to the moment reference point. Initial predic-
tions of axial force and rolling moment are somewhat different with a com=-
plete discussion included in Reference 3.

4.2.2 Aircraft/Store Interference Prediction

The single carrisge side force slope prediction equation is presented

below.
) &)
(qm =%%qd)§ﬁmﬁﬁ§k
PRED 150 c *°
T The initial term, Kc (%f)w » in the above equstion is the initial
SF
180

prediction discussed in Section 4.2.1. The remaining factors are empirical
corrections to the initial prediction to compensate for the effects of the
paraneters previously mentioned in this sectian.

The first empirical correction,term, Kn, is a factor to compensate

for the spanwise position of the subject store. This factor was derived
from taree independent date sources, all of which wvere conteined in the
data baya consisting of the survey date and the wind tumnel test data.
In order tou derive a spanwise correction facter, it is desirable to have
captive airlouds data for several store types on all wing pylons for as
wany parent airzraft as possible. Two of the previously mentioned date
sources came fron the survey. One source, Reference 4, contained the
BILLPUP “A” missile on Feb inbosrd and outbosrd wing rylons. A second
source, Reference $, vame from the test program in which the 300 gallon
tonk and Welleye stores uvere tested on 8l) wing pylons of both the A~T
ond P-b aircraft. The third and final data source was & flov-field in-~
vestigation of & wing-body combination at low subsonic speeds reported in
Reference 1. The flow-field invastigation reported flov sngulerities
both in the lasteral and vertical pianes for gemi-span stations n= 0.25,
»50. end .75 for & number of chordwise and vertical locations bancath the
test wing. Ratioing the sidewash flow apgularities from the flow-field

~ dats, agsuming the mid-semispan position, w=0.5, as the base, the solid
curve in Figure 11 vas derived. Through & similur analysis the data
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Figure 11 Derivation of Side Force Slope Spanwise Correction

points represented by symbols were derived &s also shown in Figure 1l.
Hence, from three independent data sources, essentially the same spanwise
trends were obtained for single carriage side force slope. The final
correlation curve presented for this term is basically the average of
the s0lid curve and the data points shown in Figure 11-

The next empirically derived correction to the initlial prediction is
the factor KIHTF' This term accounts for the interference effect of the

fuselage on the captive store side force slope for high-wing aircraft.

The presence of the fuselage near the installed store prevents the full
development of B sidewash flow-field and, therefore, modifies the spenvise
treuds established earlier.

The ters KL/C is an empirical factor btased on the length of the store

divided bty the local aircrast wing chord. In addition to the choxdwige
location of the captive store, this fector gives sm indication of the
‘amcunt of the store contained in the non~uniforn wing flov-field.

The uext Lora, Eg, in the side force wlope equation is a factor to

account for pylon height veristicn. Sidewvash apgularity Yeceath a swept
wirg is stropgest uear the wing surface and decaye to zéro at some dis-
taace, on the cxder of @ local wing chord lepgth, beneath the ving.
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Experimental flow-field date indicate that the decay is exponentially
shaped. Other investigators (Reference 6) have developed an empirical
pylon height correction factor for side force slope which is presented in
Figure 12 as a function of verticel distance beneath the wing surface to
the store longitudinal axis. Figure 12 also presents the pylon height
correction factor for side force slope developed from the present study
for camparative purposes and is presented as a function of vertical dis=-
vlacement from the wing lower surface to the pylon rack mid-lug point.
The exponential variation with pylon height is apparent in both cases.

The final empirical factor, KA » 18 & first order correction for

aircraft wing sweep angle. The fac%or is defined as sin A/sin A Where

BASE
A is the quarter chord sweep of the subject aircreft wing. The base sweep
angle, ABASE' for this factor is 45° since the initial prediction discus-

sed in Section b.2.1 was made for a base wing with L5° sweep angle. This
factor has been suggested by several investigators including those of
Referen:e 6 and is adequate for wing sweep angles that do not vary signi-
ficantly from the base wing sweep (45°). For this reason the range of
sweep angles for which the technique is recommended is limited to quarter
chord sweep angles between 30 and 60 degrees.

The discussion is in this section hes been limited primarily to
tuose empirical factors pertaining to the single carrisge side force
slope prediction for M=0.5. Presented in Reforence 3 are the prediction
equations for all applicable rack types, stcre cerrisge locations, and
aireraft speed regimes. Inspection of these equations reveals a large
number of empirical correction factors which have not bveen discussed
here. However, the Jevelopment of those terms was similar to those
presented here, and detailed descriptions of these terms are included in
Reference 3.

5.0 ASSESSMENT OF APPLICABILITY AND ACCURACY
OF THE PREDICTIQN METHOD

In undertaking this resesrch program, there was some question regar-
ding the degree of succens that could be expected fron a dats correletion
approach to developing & store eirloads prediction technique. Experie
ence in developing othor espirical methods geve reasonable assurence that
o tethod vas possible. Howvever, the gosl for this program vas & method
that was easy to use and vould provide sufficient accuracies to cake the
predictions suitable for praliminary design purposes. The results repor-
ted in Reference 3 indicate that this gosl ves achjeved. Oane of the in-
portant factors iafluencing these results vec the qusutity and quality of
data used in the correlation. Becsuse of the limited data obtained in
the nurvey, the vind tupnel dats produced as part of the progres mede
possible the versatility vauich ves accozplished.
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Simplicity was achieved in the sense that there are no complicated
steps required to apply the method. There are many factors to be evalu-
ated, but the process is outlined in a systemstic sequence of simple
steps. Becauge there are numerous calculations required for a complete
prediction of six component airloads for multiple store installations,
computerization of the method for prectical applications appears appro-
priate.

The method Las a wide range of epplications and capabilities. The
method is capable of predicting the captive airloads for single carriage
and multiple carriage store configursticns for e generslized sircraft in-
cluding the bacic airload (that airload generated by a zero-yaw pitch ex-

. cursion of the parent sircraft) and the incremental airloads due to air-
craft yaw and sdjacent .store interference. Estabiishing absolute limits
of applicability is difficult since this is often a function of the ac~
curacy that is acceptable. Recbmmended limits are submitted and suffi-
cient data are presented to implement the method for those limits. Ap-

plications beyond the stated limits will normally mean a decay in
aceuracy.

The single carriage method is wvalid over the Mach number range 0.5 to

2.0 while the multiple carrisge Mach range varies from 0.5 to 1.6. Both
single and multiple carriage prediction techniques are valid over the
angle of attack range of -h to +12 degrees and the aircrafi yav angle
range of -8 to +8 degrees although best accuracy for the increments due

: to aircraft yaw are for the range =4 to +4 degrees. 'The aircraft wing
sweep angle (quart: ' chord) range of validity is from 30 to 60 degrees
although the methed can be applied to a wider sween angle range (say 20 -
70 degrees) with decreased accuiacy. The method is applicable to &ll
wing/pylon and fuselage centerline carriage configurations. It is not
intended for fuselage configurations off the centerline nor to semi-
submerged or conformal carriage.

An assesgsment of the accuracy of the method has been conducted
hirough comparisons with the dats bese used in the technique development.
The first accuracy chieck, and possibly the most meaningful, was a comper-
ison of predicted values of individusl ajrload components with the lin-
earized repregentation of the data cbtsined from the test of that con-
figuration in the wind tunnel. This check is meaningful because accuwrabe
linearized representations, like those shown in Figures 5 and 6, are ade-
quate for most engineering applicstions. Wind tunnel tests for alrloeds
data can oftep be aveided if this type prediction has gufficient accur-
acy. The accuracy comvaricons with the lineerized dats bage indicate
that all components tror hoth single end multiple carriage coufigurations
are nominally within #10% of the base velue.
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Additional comparisons were made to check predicted values with
specific data points. This check does include the effects of scatter
in the wind tunnel data which is not necessarily a true test of the
method. However, it does indicate something of the data non-linear ef-
fects on accuracy. Corparisons with the experimental data base for two
single and two multiple carriage configurations are presented in
Figures 13 through 18. These comparisons allow the reader to see the
effects of data non-linearity on accuracy in portions of the angle of
attack range.

6.0 CONCIUSIONS AND RECOMMENDATIONS

With the conclusion of the program we are left with a few summery
camnents and observations which are mentioned here.

© Tt is possible to take experimental captive store airloads data
and correlate these data into mathematical expressionz for pre-
dicting store eirloads for the generalized aircraft/store con-
figuration.

o Accuracy is sufficient for preliminsry design.

¢ The number of steps required for & six-component airloads solution
suggests that computerization nf the method is desirable.

© Better accuracy is attained for the force components than the
moment components due to the sensitivity of the moment components
to the factors affecting the local flow-field suech as viscous
effects and adjacent store installations.

©  Further work should include parsmetric date obtained on a gen-
eralized wing/body aircreft model utilizing generalized store
shapes to geuerate lerger ranges of data for the most influential
variables. An improvement in sccuracy should naturally result.

@ Additional work should consider using higher order curve fits of the
date bese for possible accuracy improvements.
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ADVANCED LAUNCHING AND SUSPENSION TECHNOLOGY (ADLAST)
PROGRAM PLAN
(V)
(Article UNCLASSIFIED)

by

THOMAS E., MILHOUS
Naval Air Development Center
Warminster, Pa. 18974

ABSTRACT. (U) Based on projected Navy aircraft development
efforts, a compatible weapons suspension equipment research and
development program has been formulated to complement the conven-
tional and nuclear weapon attack missions. The Navy weapon carriage
philosophy requires that four distinct classes of suspension systems
be developed as follows:

a. 2000-1b Gravity Rclease System for low perforsance
ASW, sea control and reccnnaissance aircraft.

b. 2000-1b Ejector Bomb Rack for high performance attack
and fighter aircraft.

¢. 2000-1b Bjector Bomb Rack for use in multiple car-
riage installations on all aircraft.

d. 4500-1b Ejector Bomb Rack for high performance attack
aircraft and ASW mining operations.

All of the above systems should exhibit features acceptable to
or readily adaptable %o nuclear and couformal carriage in addition
to their conventional role. These systems would also exhibit a high
degree of standardization as regarding aircraft fit to negate the
requirement for different models within esch class,

Additional nev aystem featurea will include: adjustadble dual
ejection (where applicable), programmable store ralease attitude,
Quick adjust sway braces, built-in-test (BIT) cspability and etore
status monitor. Generalized desiga objectives will exhibit: raspid
turn around capability, low maintensnce requirements, high iater-
changeability indsx, standasrdized interfsces, high mission reliability,
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improved mission safety characteristics, multiple mode capability
and minima]l skill opezations.

I1a order to &ttain the goals of the above systems at a minimum
cost and maxim: efficiency to the Navy, the following multi-faceted,
flexible program will be pursuved on a priority basis as dictated by

- Navy aircraft requirements:

a. Development of individual detail design guidelines for
each class of equipmeat. These documents shall define
the performance and operational criteria required for
each cystem.

b. Preparation of request for proposals (RFPs) for solici-
tation of industry and Navy proposals for the design
and development of each system.

c. BEBvaluation of all responses to the RFPs to decide the
optimum course of action in pursusace of the programs,
i.e.,:

(1) Coatractor developed with Navy monitor and
control.

. (2) Navy developed.

(3) Combination contractor/Navy development with
Navy moaitor and coutvol.

APPROVED YOR PUBLIC RELYASE; DISIRIBUTION UMLIKIIED
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INTRODUCTION

The basic problem facing the Navy in the area of weapons
suspension equipment is one of operational limftations and penalties
imposed by lack of state-of-the-art equipment and the curreat philo-
sophy regarding research and development in this criticsl area. CQur-
rent suspension equipment available for use on new and proposed
afrcraft is of ¢ ~ic design and 1955 state-of-the-art vintage. This
i3 not weant to indicate that the Navy faces a catsstrophic or
unsolvable situation in its current daily operations, However, it
does point out that, in light of curreant aircraft technology, the
veapons suspenaion equipment is marginal and, as such, does impose
rather heavy restrictions on the system. In its daily -poryations,
due to this situation, the fleet faces:

a, Perscnnel and mission safety hazards,
- b. Excessive turnaround or rearming time.
c. High volume maintenance cycles at all lavels,
d, High volume preoperatioral checks and tests,
e. Frequent component replacement and redesign programs.
f. Restricted flight eavelopes.
g. Restricted delivery envelopeas,
h. Restricted weapons carriage requirements.
1. Bxcessive sdministrative controls.

j. Bxcessive on-site suppurt equipment and spaves
requiresents.

ke BExcessive minor failure rates,

1. Continusl ~red for improvemant and wodification via
ECP to m_sc requirements.

m, Lower deslivery accuvacy and reliability lewcl than
wuld be desired.

The above indfcates the extent of penalties the Mavy pays in
terms of cost, time and delfvery accurdcy due to use of exieting
equipment, This oversil problem can be directly related to the cur-
rent research and development approsch to weapons suspension equip-
ment design thet only allows a hindsight, minor development effore
to modify an existing vack to weet the requiremente of a uewv alrcraft,

(4
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This philosophy 1s purportedly based on the fact that independent
R&4D funding is not evailable in this area and must wait uatil &n air-
craft is designed and funded prior to receiving any support. This
philosophy has its obvious drawbacks as can be seen with the Navy's
two newest aircraft, the S~3A and the F-14, The prime aircraft
bidders are forced to bid their proposals based on using an existing
item of government furnished weapons suspension equ.pment and by the
time funds are available for development, the airfreme aand avionics
designs are too firm to accept the cost and time impact of iucorpor-
ating neéwly designed equipment,

The S-3A aircraft which {s the Navy's prime carrier based ASW
threat was saddled with wodification to two racks:

a. The Aero-65A1/Bl in the bomb bay,

b. The MAU-SA/A on the wings.
The modifications resulted in two racks, the BEU-14/A in the bomb bay
and the BRU-11A/A on the wings that will perform the functions re-
quired of the ajrcraft. However, the S-3A has been peualized due to
this philosophy with:

a, Excessive program costs and delays to cope with the

out of specification electromagnetic compatibility
outputa of the racks.

b. Highly restricted delivery envelopes in the bomd
bay installaticns.

c. Excessive weight penalties on the wving stations.

d. Relatively high equipment mainienance cycles.

8. Tedicus loadfng requirementa.

£. Excessive administrative controle for wuclear szafety.
A very similsr eftustion has occurred with tha P-14 sircrsft in that
it has been forced to utilize two racks, the BEI-19/A (MAU-SA/A
wodified) snd ¢ wodified HAK-79 in instellations for which they were
wot desigued. The resulte have been:

a. An extremacly cumbersome and trouble proae cpevating
ioterface linkige ou the BRU-19.

b, & questionable use of the seconlary release systew
Oﬂ th. m'lg-

¢. The desige and incorparstioc of au sivcraft pyioa
to provide the etructural iategrity wmissing ia the
WiE-79,
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d. Excessively low ejection forces on the MAK-79 stations,
e. Questionable safety and reliability of the MAK-79 stations,

f. A complicated and time-consuming loading procedure for all
stations,

g. Restricted delivery envelopes.

The Navy has been slow to learn its lesson and is apprcaching a
situation eimilar to those outlined above in its implementation of the
F-18 or RACF program,

Two specifications, XAS-3759 and XAS-3760, have been developed to
outline the guidelines for development of future weapous suspension
equipuent and update the state-of-the-art to match the aircrafi and
the balance of the svicnics system. However, unleas a design program
is implemented on an independent basis, and sufficiently funded, new
equipment will continually lag service aircraft by as much as two decades.

BACKGROUND

R&D effort and funding in recent years for design and development
of new suspension and release mechanisms to fulfill the Navy's conven-
tional and uuclear attack bombing role hae been minieal, This has
created & situation wnere the use of prior art in fleet oper:tions has
resulted in massive inefficiencies and fajlures in both tactical and
logistic operations, No bomb rack to date has been developed aspecifi-
cally to fulfill the stringent nuclear carriage requirements. No new
none jector rack has heen developed in over 20 years, The fleet has had
to exist with utilization of modified in-service couventional racks to
: fulfill their nuclear role. The problems that have and are currently
3 plaguing the fleet are of such a nature that each could grobably be
sclved by modification and or adoption of current state~of-the-art tech~
niques., However, to fuily op%imize the weapons suspeusion and releasze
system and maximize fleet efficiency, a novel future state-of-the-art
system integration of miltiple current state-of-the-art techniques is
required, Although the need for this type of improvement has been well
recognized by maany lab and fleet activities, it has not, in the past,
been supported by the magnitude of funding required to even approach
final problem solutions,

e T

To attein the projected flset objectives reculting from a reduction
in manpover, future weapons suspension equipament will have to exhibit:

a. Rapid turnarcun! capability,

b. Low maintenance requirements,
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c. High {onterchangeabjlity index,

d. Standardized interfaces.

e, High mission reliability,

f. Improved mission safety characteristics,
g. Hultiple mode capability.

.E; h., Miniwal skiil operations,

.;J To the maximum extent possible, the requirements of the Navy and
i - Air Porce should be addressed in an effort to attain joint service
‘ standardization,

DEVELOPMENT HISTORY

Although receat funding has not been suificient to support a full
2 R&D effort on weapons suapension equipment, expertise and maintenance
! of state-of-the-art has beecn attaiped through minor design efforts to
provide the fleet with equipment that would, at lLeaet, wmest thelr ‘
minimal operational requirements, The latest available systems
{(B2U-10, BRU-11, BRU-14, BRU-15 and BRU~19), although they have re-
k.- ] ceived flight and in some cases nuclear certifications, are basically
x - updates of twenty plus year old bowb rack designa. The modifications
~ . performed on thege systems and the extent of the effort required to

- make them fiight worthy have allowed the Navy to maintain, practice
and utilize latest state-of~-the-art subsystems and concepte ab & rela-
tively low research and development coat,; but the overall operations
and performance to the flect are marginally acceptable as previously
roted, In addition, the overall logistics cost and burden, due to the
proliferatioca of racks, are horremndous.

D P q e s
o gt he e
e o

s OBJECTIVES

. The ghil-cophy of the Navy requires that four distinct types of
f wespons suspensaica systema be develsped for future afrcrafe:

a, 2000-1b Gravity Release System for low performance ASW,
#ea control snd voconnajssance afrcraft, Ihis type of
system would also be usea iuside sealed bowb bay
aicvcraft,

b, 2000-1b Bjscetor Bowmb Rack fur high performance attack
and fighter aivevaft, This would essentially be o
lightweight vack with low drag cherscteriscics.

;. ‘ Ce 2000-1b Ejector Bomb Rack for use in wultiple carriage

|, ' inutallations on all sircrvaft, This reck should essen-
Ll : tially de & derivative of the 2000-1b system discussed
) atove,
236
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d. 4500-1b Ejector Bomb Rack for high performance attack
aircraft and ASW mining cperaticn, This rack would be
8 heavy parent rack capable of supporting individual
stores or multiple carriage systems,

All of the above systems shouid exhibit features &cceptable or
readily adaptable to nuclear and conformal carriage in addition to
their conventional role, These systems wuld also exhibit a high
dagree of standardization as regards aircraft fit and will thus do
away with the requirement of different models within each class and
the continuing proiiferation of type and series of each rack, result-
ing in reduced costs.

APPROACH

In order to attain the goals of the above systems at a minimum
coet and maximum efficiency to the Navy, the following multifacet
flexible program shall be employed;

a, Batablish liaison with the cognizant Air Force
Suspension Bquipment Design activity,

b. Development of individual detail design guidelines
for each category of equipment. These documents shall
defina the performance aud operational criteria re-
quired for each system and shall be coordinated with
the Air Force to insure that all their requirements
are included, '

¢c. ZPSreparation of vequest for propcsals (RPPs) for
sclicitation of {ndustry and in-house proposals
for the design and development of cach systen,

d. Joint Air Force/Navy evaluation of all responses to
the RFF to decide the optimm course of action in
puresance of che programs, {.e.,

(1) Comiractor developed with Navy mouitor
and contxol.

(2) Joiant Services developed,

. (3) Combimation coutractox/Joint Services
: davelopmant.,

. &o Develupment of the syatem with & major emphasis on

' the rescarch, developaent, test and evaluaiion
RDT&E apd Reliability/Maintainability developmeat
programs to substéntielly reduce viek,

ALl ée:—ign aad apecificacion guidelinus to be utilized in the
above programs wouid be bassd ca the fiad{nge aud directious of

237




-
s

BT

Specifications XAS-3759 and XAS-3760, These documents are general
design guides developed by a team of Navy personnel considered as
experts in the field of weapons suspension equipment, and sddress
all past, current and foreseeusble future problem areas of this
equipment., These industry and tri-service coordinated documents may
be invaluable in determining the detail requirements and specifica-
tions for each of the above classes of racks and should considerably
lower the risk factor of the overall program,

The actual approach for the design of the 2000-1b Gravity Release
System would be to design, develop, fabricate and test a new 14 ~ 30
inch nonejector bomb rack with conventional nuclear carriage capa-
bility for ASW, sea control, reconnaissance fixed and rotary wing
aircraft., This rack would incorporate features such as: 2000-1b
store capacity; integral, quick adjust, indicating sway braces; new
high reliability low cost release unit; inflight operable locking
system, secondary independent release and unlock systems: manual
ground operational capability; and built-in-test (BIT) adapter jack as
a ninimum, The purpose of this program would be to replace current
racks such as the BRU-12, BRU~14, BRU-15 and MK-8 shackle, and thus
vastly improve the Navy ASW patrol aircraft capability,

The 2000-1b ejector bomb rack would incorporate all of the
criteria of the nonejector rack, but in addition, would have a dual
ejector pitch control system and low profile for use onm high speed
light attack aircraft in a wing mounted, multiple or conformal car-
riage installation. Semi or fully automatic features would be
stressed to reduce mamower and turnaround time requirements,

The 4500-1b ejector bomb rack would have essentially the same
basic design requirement as the 2000-1b ejector rack with a propor-
tional increase in payload and performsnce characteristics. Its pri-
mary mission would be for heavy air-to-ground attack missions bat
consideration will be given to the incorporation of &n air-to-air
miisile carriage role.

Although the two specifications, XAS-3759 and XAS-3760, have
been devaloped to outline the guidelines for development of future
wéapons auspension equipwent and update the state-of-the-art to match
the aircraft and the balauce of the avionics systea, unless a desigu
progran is implemeénted on an independent basie and sufficiently
funded, new equipment will contintally lag sexrvice aircraft by as
much as two decades, In addition, the fleet will of necessity con-
tinually be plagued with the horrendous loglstic and operational
pightmare caused by the unsnding march of rack models, makes, series,
types, etc,

The tima is now to grasp the situstion and sporoach the solution
by desigoing acd implementing a new weapons suspension system for
future use in ite true perspective - that it is a major aubsysiems,
oue that is the primaty systes in many zissicus - by funding end
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controlling its development on an independent and self-sustaining
basis, It is only in this manner that the Navy can ever hope to
attain the standardization and reliability within its own house that
it i{s recommending to all outside contractors and foreign nations,
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ABSTRACT, With the maturing role of the attack helicopter in the
mid-intensity conflict environment, high impulse armament is desired to
maximize wission effectiveness, This paper will report on the Army's
efforts to develop a hydraulic recoil control system for use in integrating
weapons with high recoil loads on helicopter structures, Past and present
airborne armament systems employ automatic weapons using spring-type recoil
adaptors to absorb the impact of the weapon impulse, This typically
generates & high peak load at firing, a counter-recoil load as the weapon
comes into battery, and resultant structural ringing, This type of loading
not only results in localized structural flexure, causing weapon inaccuracy,
but generates structural vibration throughout the aircraft that contributes
to control and reliability problems, The hydraulic servo unit being
developed integrates tha impulse over the entire firing cycle resulting
in a constant load at & minimum level as wuch as 80% lower than peak lcads
now exparienced. In addition, the unit senses and compensates for other
system variables, such as ammunition impulse variation, acceleration lcads
due to aircraft maneuvera, and weapon misfires, A state-of-the-art
developuani is required in the central servo control valve that combines
rotary and longitudinal motion to sense and mater the working fluid within
the sexrvo loop, The rotary motion determines the weapon positiou in the
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firing cycle while the longitudinal displacement measures the recoil
stroke during firing, Also designed into the same valve is the misfire
compensation network thai assumes control when a round falls to fire
during a burst. This unique control device rep:-esents a breakthrough
in sexrvo valve development with wide application potential in fields
other than armament systems integration. Design studies, computer
simulations, and critical components testing have demonstrated concept
feasibility, A flight-worthy prototype is currently being developed
using the 20mm M197 automatic cannon as the test vehicle, Flight test
evaluation is planned in FY76 on the Army's Multiweapon Fire Control
AH-1G helicopter., Successful demonstration of this concept will have
the following benefits for future attack helicopter deveiopment:

a, The ability to mount higher impulse gun-type weapon systems.
b. Reduced structural requirements in the helicopter airframe,
c., Increased system accuracy due to reduced structural flexure,

d., Reduced stabilization requirements in sighting and turret
gystems,

e. Reduced flight crew stress during weapon firing operation,

f, Increased aircraft component life and reliability due to reduced
vibrational disturbances now generated duri.ug weapon firing.
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INTRODUCTION

The attack helicopter is proving to be an effective weapon system in
the mid-intensity conflict; further increases in mission effectiveness
can be gained by increasing the fire power of the automatic weapons,
This increase can best be gained through asutomatic weapons firing
larger projectiles at greater muzzle velocities, However, the more
powerful weapons cannot be mounted on the lighter weight helicopters
becauge of their large cylic recoil forces. This paper is a report on
the Army's effort to develop & hydraulic recoil control system to over-
come the recoil problem,

- THE PROBLEM

oy Past and present airborne armament systems employ automatic weapons

' vsing spring-type recoil adaptors to absorb the weapon recoil impulse,
These adaptors typically transmit a high peak force during firing and
a counter recoll force as the weapon comes into battery, Figure 1 is
a typical force-time history measured during the firing of the 3-barrel
20MM M197 gatling gun at a rate of 750 shots per minute, This type of
force loading not only results in localized structural flexure, causing
weapon inaccuracy, but also generates vibration throughout the aircraft
that contributes to helicopter coatrol and reliability problems,

. ARMY PROGRAM

The Army is investigating mechanisms that will reduce the transmitted
recoil forces to a much lower level than presently obtained from the
spring-type recoil adaptors. One of the wechanisms being studied is
the hydraulic recoil control system described in this paper, It is a
hydraulic servomechanism that reduces the transmitted recoil forces
from firing the M197 weapon to a near constant level over the entire
firing cycle. Figure 2 shows, the measured transmitted force from the
laboratory model this recoil control mechanism and the forces from the
conventional recoil adaptors, repeated from Figure 1 for comparisom,
A3 can be seen from the comparison, a four to one reduction in peak

recoil forces was obtained with a total amplitude reduction of five to
one,

A test osrototype model is presently being developed by the Goverument
and Aeronautical Products Division of Honeywell. This prototype will
undergo extensive ground firings and then flight tested in the AH-1G
helicopter,

o O )
s

A complete system that can be mounted in the XM97 turrvet, it requirea

o only electric power lead in parallel with the gua motor and hydraulic
power from the helicopter secondary hydraulic syatem, It uses approx-
izately ene pint of oil for a 20-vound burst, (Other than requiring &
power lead and twe additional hydvaulic lines the weapon system function
will not be altered,
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This paper will describe the function of the system, a hydraulic
servomechanism that controls the recoil forces and the weapon movement,

FUNCTIONAL CONCEPT

REQULREMENTS

The test prototype recoil contrnl system meets the following program
requirements:

+ Reduce transmitted recoil force to near constant level
- + Control weapon recoil travel
+ Compensate for

]

Weapon elevations +50 to ~90 degroes

‘: - Firing rate variations of +10 percent

Ammunition impulse variations of +10 percent

- Random misfiras, including two consecutive misfires

» Consume less than 3 GPM hydraulic flow, average

TECHNICAL APPROACH

Many combinations of passive and active recoil systems were examined
through computer simulations. In addition to indicating that the forces,
rates, and cylic frequencies encountered were well within the capabilities
of hydrauiic servomechanisms, the simulations showed that the following
werc necessary if recoil forces were to be constant:

- Weapon must be fired “out of battery"
- Net cycle displacement must be zero
- Net cycle velocity omust be zero

These rules are illustrated graphically in Figures 3 and 4. The analysis
is based on the agsumption that the transmitted recoii forces are constant,
if the dynsmics of a given weapon are oxamined, definite relationships can
be established between weapon recoil position, velecity, acceleration and
firing rate, and emmnition iwpulse. These relatioanships are:

Recoil ferce (lb) = Impulse (Ib - sec) x shots per second (L

1.5 x {mpulse
recoiling mass (slugs) x shots per eecond (2)

. Recoil diaplacemant (in) =

By using these velationships, the basic charscrerietics of & hydraulic
system thet vili enable the weapon to recoil in & predictable maumer can
be determined. If hydraulic components with tha proper spect fications

cre used, the system requiremants can be wmet by 2 hydraulic servowechanism
which:
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- Commands weapon recoil motion to follow a prescribed position
and velocity pattern

+ Senses errors between actual and prescribed position and
velocity

* Adjusts recoil forces to reduce these errors to zero

INITIAL CONCEPT

Figure 5 shows the first concept of which & laboratory model was mounted
on the MI197 gun and fired on the Honeywell range, The mechanization
consists of a simple uunequal area hydraulic piston connected to the weapon;
forces on the cylinders are trunsmitted to the supporting structure
representing the helicopter. The greater part of the force is supplied

by the hydraulically coupled accumultor --- essentially a hydraulic

spring with a very low rate, The force from the accumulator is close

to the prescribed force, A hydraulic servomechanism, consisting of the
small servo piston, a three-way servovalve and positioning cam, causes

the pressure on the servo piston to be the precise amount necessary for
the net force to be identical to the prescribed force of equation 1,

This net force is the sum of the accumulator-produced pressure force,
sliding friction force, and servo piston force, The force required by

the cam to move the three-way servovalve is negligible. The force control
positioning of the servovalve is accompiished by a cam mounted so that it
both rotates and recoils with the weapon, Rotation provides synchronization
with weapon firing, and the recoil motion positions the valve to provide
the proper flow-pressure relationships for each instant of time over the
entire cycle shown in Figures 3 and 4,

COMPENSATION FOR ERRORS

If the weapun, with a recoll aystem as shown, 1s fired at a specified

rate with specified ammunition, the flow-pressure relationships of a
suitable servovalve can be defined, Furthermore, with extensive compu-
tational analysis, the contour of the cam can be determined exactly,
Assume, however, that the variabies (primarily firing rate and impulse)
are not as specified, Obviously, the weapon would respond to these
differences by moving at a non-prescribed velocity to a non-prescribed
position, These velocity and poritional differences (servosystem error)
will result in a different servovalve position and different flow-pressure
response, However, cowouation analysis has predicted the effect of these
evrors, permitting selection of valve parameters (port width, length,
overlap and underlap) such that the errors normally encountered will cause
only slight changes in the prescribed forces, thereby rasultirg in a
gradual trend of weapon movement back toward the prescribed recoil path,

The transmitted forces measured in the firing of the laboratory model
without the for-.a from the recoil adaptors for comparison, are showm in
Figure 6. Careful study of the fluid flow between the cylinder and
accumulator revealed the generation of high pressures resulting from
the vapid weapon deceloraticn during firiug.
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PRESFRT CONCEPT

The first objective in the design of the present concept was to redesign
the pistion/cylinder/accumulator configuration to minimize the generation
of the high pressure pulse, In addition, a redesign of the cam/follower
arrangoment to improve servovalve/cam tracking capabilities eliminated

the large, awkward cam arrangement, The present design concept is shown
in Figiwwve 7, In this arrangement, the recoil cylinder and accumulator
were made integral and sheped to provide dispersion of the pressure pulse
over the surface of the accumulator bladder, The servovalve, servopiston,
and cam of the laboratory design were replaced by a rotary valve of unusal
design (igure 7) that combines the function of all three, Tne difference
in the valve land diameters became the servopiston area and the valve lands
were snaped to perform, in conjunction with hydraulic pressure and return
ports, the function of the cam and roller follower of the laboratory model,

Figure 8 iz a photograph of the rotary valve assembly, It consists of a
spool and a sleeve, 1In this photograph the spool of the valve is positioned
to the leit of its operating position to display the rounded end of the
piston and the curved lands that control the flow of oil in and out of

the servocylinder. The sleeve 1s attached to a vertical member of the
saddle in the turret., The receiver of the weapon slides over the sleeve

with the spool attagched to the weapon rotor as shown in Figure 9.

In addition to the reotary servovalve the hydraulic recoil system consists
of subsystems . hich

* Hold the weapon in & fixed position during the non-firing portions
of helicopter flight,

Sequence the operation of the recoil syatem with the firing of the
ammunition, not with rotation of the empty waeapon,

* Adjust accumulator pressurs to compensate for weapon alevation or
aircraft manauvars,

* Detect miafires and control subsequent recoil wotion without stopping
firing.

* Ensure gafety-of-flight with a monitoring subsystem that preveats
damage to the aircraft in event of hydraulic malfunction,

Preliminary reliability estiwmates indiceate more than adequate reliabilicy
based upon cemparable data from hydraulic servomechanisms used in aircraft
control syatems,

Table I contains the computex predicted forec values for the test prototype
syatem over the complete raunge of operating couditions,
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TABLE 1 COMPUTER PREDICTED FORCES

TEST PROTOTYPE SYSTEM

STANDARD EXTREMES MISFIRE
RECOLL FORCES
MAXIMUM (1bs) 450 626 591
MINIMUM (1bs) 431 473 1016
DIFFERENCE (lbs) 19 153 1607

PRESENT STATUS

The total system has been tested statically on a hydraulic flow bench with

results close to design values, Firing tests will be initiated in the near
future. These tests will include firings to evaluate performance over the

required variations in weapon elevation, firing rate and ammunition impulse
as well as tolerance to random misfires.

CONCLUSIONS

The results of the program to date demoustrate that hydraulic servomechanisms
can be appliad to the recoil systems of automatic weapons to reduce signifi-
cantly the recoil forces transmitted to the helicopter structure. The lower
level, near constant forces offer significant potential benefits to the attack
helicopter:

* Ability to wount higher impulse guun-type weapon systems,

* Reduced structural requirements in the helicopter airframe,

* Increased system accuracy due t¢ reduced structural flexure,

* Reduced stabilization vequirements in sighting and turret systems.

* Reduced flight crew stress during weapou firing operation.

» Increased aircraft componcnt life aad veliability due to reduced
transmitted vibratiom,
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ABSTRACT. (U) Bomb rack hooks have always presented a safety
and maintenance problem, to Fleet personnel, due to the evident haz-
ards caused by their failure. Extremely rigid quality control pro-
cedures are applied during the manufacturing of these hooks which
include preproduction, first article and sample testing for fatigue
1ife, ultimate strength, plating thickness, salt spray and chemical
analysis of the steels used for the hooks. During the course of these
tests, numerous design discrepancies and material and manufacturiang
faults were detected and reported. Fatigue failure coupled with
stress corrosion cracking accounts for most hook failures. The ram-
ifications of the situation are obvious. Failure of a hook under the
stresg of launch or arrested laading can cause inadvertent release of
stores or fuel tanks, thereby endangering the pilot, launch crew,
aircraft, and carrier, Inadvertent release of a store over populated
areas endangers both people and property on the ground. Failure of a
hook in flight can cause ncn~velease of a store of fuel tank endangering
both crew and aircraft.

Az a result of persisting Fleet failures, complex maintenance
procedures aund manufacturers' difficuley in producing hooks that con-
sistently meet specification requirements, it was imperative that a
thoreugh investigatiom be conducted of hook design, manufacturiang, and
testing methods.

APPROVED FOR PUBLIC RELEASE:

DISTRIBUTION UNLIHITED
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The purpose of this paper is to describe the investigation being
performed by Dayton T. Brown, Inc., and Naval Avionics Facility,
Ind{anapolis (NAFI) funded by Naval Air Systems Command (AIR 5321).
It encompasses investigation of hook materials, hook shapes, plating

methods, forming techniques, heat treatment and non-destructive
inspection techniques.
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HISTORICAL BACKGROUND

Over the past 25 years, several methods have been utilized in the
manufacture of bomb rack hooks. The following is a listing of the
various methods (material, plating, etc.) used:

(a) Chrome plated 4140 steel ~ This material is used for MAU-9,
BRU-10, Aero lA Adapter, Aero 15 and Aerc 65 bomb rack hooks.

(b) Chrome plated 4140 gsteel, with cadmium plate on non load bear-
ing areas - This material is used for Aero 7 and Asso 20 bomb
rack hooks.

{c) AISI 431 corrosion resistant steel (CRES) - This material was
used on early versions of Aero 7 and Aero 20 bomb razk hooks.

(d) 17-4TH CRES ~ This material is used for Aero 27 bomb racx
hooks.

o ! (e} Chrome over nickel plated 4140 steel - This system was used
» on some MAU-9 and BRU-10 baemb rack hooks.

Various problems have been encountered during fabricatien and Fleet use of
these different bomb rack hooks. These problems have resulted in excessive
maintenance (hook cleaning and replacement) by the Fleet user aad reluctance
of prospective vendors to fabricate hooks.

“

Specifically, in the case of both the 431 CRES and the 17-4 ¥i CRES,
the problems have centered around stress corrosion cracking during Floet
use. The 431 CRES, has adequate resistance to stress corrosica cracking;
however, the heat treatment procedures for this material are extremely
complex and very critical, and the proserties of the materilal cannot al~
ways be controlled adequately for this application. The 17-4 PH CRES
is an inadequate material because it must be heat treated to a condition
of U875 to meet the ultimate strength requirements necessary for bomb
rack hooks. Whea heat treated to this condicion, this material luses
auch of its resistance to corrosion and stress corvosion cracking and
has considerably veduced impact streangth.

R

The 4140 steel has proven te be the most suiteble material cuyr-
rently being used for bemb rack hooks. Howevsr, the various plating
systems for this material present serious problems which render 4140 steel
twoks unsatisfactory from both the production and Fleet use standpoint.

The chrome over nickel plating has been abandoned by vendors due to
production problems which vwere to costly to overcome. The chrame and
chrone/cadniun plating systems are presently baing used on 4140 eteel.
Howaver, these plating systens also present problens because the chroae
place reducez fatigue life up to 50X, chips, breaxs down in sarvice use,
s and ie costly to apply.
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The current bomb rack hool u..? "8 also present problems with
respect to their geometries, wh.ch cewse production problems and re-
duce fatigue life as a result of ::-zss concentrations. For example,
the MAU-~9 and BRU-10 bomd :ack hooks have a cut-out which i3 formed
during the forging process. This, many times, causes cracks to form on
the edges of the cut-out area. Also, sharp corners, inside radii, cut-
outs, reduced cross—-sections, etc. on all hooks coupled with the chrome
plating greatly reduce the fatigue life, and require all hooks to be
prestressed prior to use. Prestressing is the operation of tensile
loading the hook slightly above its yield strength so that residual
compressive stresses remain on the critical surfaces of the hook, thus
inereasing the fatigue life wmany times longer tham the unprestressed
hooks.

APPROACH

As a result of the problems, an investigation was undertaken to
improve hooks by:

(8) Changing of design (gecmetry) to elimizste stress coucentra-
tions.

(b) Use of a material that required no plating.
(c) Use of a material that required no prestressing.

{(d) Use of a material that was not susceptible to stress cor-
rosion cracking.

(e) HMaintaluing s low cost of the end items to include low
initial cost (manufacture and testing) and waintenance cost.

Initially an investigation was undertaken to determine the most
suitable materials for bowb rack hooks. PiH 13-84o CRES and MPISN
multi-phase alloy were found to be the materials which most clogely
mat the requirements.

PH 13-8Mo CRES pomssesscs very satisfactory fatigue properties,
excellent resistance to strass corrosion {see Appendix I), can be
heat treated to a hardness of Reckwell €45 while maintaining adequate
irpact atrength, a2nd does not require plating for corrosion resistance.
This wmaterial can also be forged aud exhibics adequate machinabilicy.

HP3ISN multi-phase alloy also possesses all of the properties neces-
sary for ite use in boedb rack hooks with the exception of producibilicy,
Since this materiel is orly hardened by cold workiag, it wust be machined
at hardnesses of Rockwell €40 to C43.
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Drawings were prapared reflecting changes in hcok geometry, which
were empirically derived through observations of bomb rack hooks that
failed laboratory fatigue testa. Hook deasign changes were also made

to simplify the produstior of bomb rack hooks during forging and machin-
ing operations. An additional benefit of the program was that one hcok
design could -‘eplace the tws different hookes presently used in the 14
inch and 30 inch staticas of the Aero 7 Bomb Ejector Rack.

Concurrent with drawing update, BRU-10 and Aero 7 bomb rack hooks
were produced from PH 13-Mo CRES, while one Aero 7 and one Aero 65 bomb
rack hook werz produced from MP35N for the purpose of determining the
feagibility of the use of these materials in this application., All
hooks were made to present prc ction drawings. All PH 13-Mo CRES bomb
rack hooks were subjected to the following tescs:

{(a) Ultimate load

(b) Fatigue (prestress evaluation also conducted)
(¢) Ialt  -av

(d) Stress corrosion (60% of yield load)

(e) Life (dnstalled in bowir rack)

(f) Vibration (installed in bomb rack)

(g) Limited flight tests

FINDINCS

The two 35N bomb rack hooks were only fatigue tested. Alihough
the results weve favorable, it was decided to eliminate further evalua-
tion of the MP35N because of its cost and the difficulty of machining
this material.

The Y“omb rack hooks made from PH 13~-8Mo CRES passed ail tests and
equaled or exceeded the performance of presently used hooka, Duriug
evaluation of these hooks it was noted that the BRU-10 hooks made from
this material did not require prestressing to pass fatigue tasts and
the Aero 7 hooks, while still requiring prestressing, would no!. require
critical pres>ress load determination as had been necessary with present
bomb rack hooks. Since results were encouraging, it was decided to
fabricate final verification samples of the new designs. At the time
of this report, these hooks are presently being fabricated with evalua-
tion planned to the completed by December 1%75.
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NEW INSPECTION TECHNIQUES

The life of bomb rack honks made from the PH 13-8Mo CRES will
be greatly increased, due to deterioration of the plating no longer
being a factor, and changes in Fleet maintenance concepts will be re-
quired. Since corrosion is presently the determining factor of hook life
in a Fleet environment, the improved corrosion resistance, fatigue life,
and resistance to stress corrosion cracking of the PH 13-8Mo CRES will be
the limiting factors for length of service life.

Failures due to fatigue ard atress corrosion cracking always begin
as minute cracks in the surface of the bomb rack hook. Consequently, inspec-
tion techniques which will increase the probability of detecting these
minute cracks are required. An investigation into non-destructive testing
techniques 1is being undertaken to determine the most suitable method
of inspecting hooks at the depot maintenance level. This investigation will
cover techniques currently in use auch as magnetic particle and dye penetrant
inspection, as well as new techniques such as acoustic emission and
wink flourescent dye penetrant inspection.

Aero 15 bomb .ack hooks will be used for the evaluaticn of the non-
destructive tescing techniques. These hooks will be strippad of plating
and cyclically loaded to induce fatigue cracke. The cracks in the hooks
will be measured and their location noted by use of the Replication
Technique. The Replication Technique 18 a method of making a cellulose
acetate replica of a surface and then examining this replica under a
microscope at 100X to 300X for cracks. Initial tests using the Replica-
tion Technique have shown cracks as small as .00l inch in length.

Hooks having cracks of kaown location and size will be standards for

comparison of the techniques to be investigated. The techniques to be in-
vestigated are as follows:

{(a} The wink flourescent penetrant technique is a process which
requires the application of flourescent penetrant to the area
being inspected whil: the part is being cyclically loaded.
After several cycles, the part is held in temsion while the
exceas penetrant is removed. When the part 1s loaded in com-
pression, the penetrant retained in a crack will be forced
out so that it can be detected. As the part is slowly cycled,
the fluf? will be drawn back into the crack when a tensile
load is applied and forced out as a compressive load 1s again
applied. The crack will appear to "wink" at the observer.
The developer of this technique claims that defects as small
as ,005 inches in length can be detected.

(b} The acoustic emission technique of inspection is a method of
crack detection based on the Kaiser Effect to monitor growing
cracks. The Kalser Effect is the name given to the pheuomenon
that no acoustic emission can be detected from a loaded speci-
men until the load exceeds the highest previous load to which
the specimen has been subjected. The presence of a crack;
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however, will cause acoustic emigsion due to the propagation
of the crack. In the case of bomb rack hooks, no emission
should be detectable at loads lower than the prestress load

the hook was subjected to during manufacturing, unless a crack
is present.

These methods of inspection will be compared with presently used
methods such as magnetic particle and dye penetvant inspection techniques
to determine if any advantage can be obtained by their use.
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CONCLUSIONS

The investigation is presently continuing with a proposed comple-
tion date of December 1975. Based on the succeasful completion of
preliminary evaluations of PH 13-8Mo CRES bomb rack hooks, no problems
are foreseen with the redesigned hooks made from this material.

Use of the new bomb rack hooks wiil increase safety, reliability,
and maintainability of Fleet equipment.

Additional, detailed, information concerning this program can be
obtained by contacting the individuals listed in Appendix II.

Az
.
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APPENDIX I

Marine Stress Cntrosian

Tosts were condycted on PH 13-8 Mo saumplea, 062" (1.6 wr) sirip,
exposed in triplicate on a locatlon 80 fezr (24 m) frowm the ocean at
Kure Beach, North Carolina.

Applied Stress(l) (2)
Condition ksl (MPa) Results
204.0 (1417) 1 Sample failed after 353 days;
0 1-1077 days, INF(2)
19507’ 183.5 (1264) 1 Sample fatled after 51 days;
2NF
153.0 (1055) 1 Sample falled after 1077
days: 2 NF
(3) 199.0 (13/2) 3NF
H10Q0 179.0 (1234) 3NF
1492.6 2027) INF
(3) 172.0 (1186) 3NF
H1030 155.0 (1069) INF ’
129.0 (839) ! 3NF
Solution treated, 195.0 (1345) 3 Samples failled after 43 days
welded, aged at 175.5 (1108) 3 Samples failed after 42 days
1000 ¥ (538C) 146.3 (1008) 1 Sample failed after 43 days;
tor 4 hrs 1 - 100 days
Solution treatad, 195.0 (1345) O INF
welded; solution 175.5 (1108) INF
treated aid aged at 146.3 (1008) INF
1000 T (538C)
foxr 4 hrs

(1) Applied stresses were 100%, 90%, and 752 of the 0.2% yield stvength,
using smooth bent beam gpecimens tested in the longitudinal direc-
tion.

(2) NF indicates NO FAILURE in 1405 days exposure.

(3) Heat treatucsnt includes solution treatment at 1700 F (927C), 15
mninutes.

* Condition being uced for bomb rack hooks.

1

Chart obtained from Armco Steal Corporation Product Data Publication
$-33C.
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APPENDIX II

Mr. Harold Ornoff
Naval Air Systems Command
AIR-53213

Phone: Autovon: 222-3845
Commercial: 202f692—3845

Mr. Fdward Turissini
Naval Avionics Facility, Indianapolis
Code 921

Phone: Autovon:
Commercial: 317-353-3873

¥r. Lynn Seal
Daveton T. Browu, Ine.

Phone: Cowaercial: 516~389-6300
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EDWARD F. TURISSINI

Mr. Turissini 1is a graduate of Indiana Institute of Technology and
holds a Bachlor of Science Degree in Mechanical Engineering. He has
been employed by the Naval Avionics Facility since 1969. Mr, Turissini's
responsibilities at NAFI have included design engineer for the BRU-8
Bomb Rack, design engineer SKQ-3 Telemetry Antenna, Project Engineer

BRU-14/A, BRU-15/A Bomb Racks, and Project Engineer Bomb Rack Hook Im-
pravement Programn.

LYNN D. SEAL

Mr. Seal is a graduate of Case Inatitute of Technology and holds
a Bachelor of Science Degresa in Metallurgy. He served four years with
the U.S. Air Force as an Aircraft Maintenance Officer and joined Dayton
T. Brown, Inc. in 1969. Upon joining the lavoratory, Mr. Seal was
agsigned as a project engineer to the Mechanical Laboratory responsible
for the qualification and acceptance test programs of mechanical, elect-
romechanical, and explosively activated aircraft equipment and material.
Mr, Seal is presently the technical supervisor in the Mechanical Tesat
Department, reanonsible for all aircraft eguipment and material testing.
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EJECTION RELEASE OF AERODYNAMICALLY
UNSTABLE STORES
(Article Unclassified)

by

STEVE J. JENDRAS
Staff Engineer
McDonnell Aircraft Company
St. Louis, Missouri 63166

ABSTRACT. The ejection of externally mounted aerodynamically unstable stores from high speed
- fighter aircraft has resulted in numerous collisions of the store with the aircraft, and/or limited speed
envelopes for safe store release.

An analytical study was undertaken to determine the ejector/release-mechanism characteristics
required to provide safe separation of unstable stores throughout the {light envelopes of modem
fighter-bomber aircraft and to provide insight into the effect of the physica! characteristics of the
stores. The purpose was to provide a means of improving aircraft/store compatibility by: (1) further
acquainting store designers with the effect of variations in store physical characteristics on se paration.
(2) providing bomb rack designers with indications of desired performance, for both constrained and
unconstrained store release systems, and (3) providing information to aircraft designers to aid them in
selecting bomb racks with capabilitics compatible with the weapon-carrying and performance capabil-
ities of their designs.

Study resuits indicate that the performance capabilities of selected existing bomb racks (having
. high end-of-stroke velocity), may be sufficient to achieve safe release of most of the stores in existence.
New ejectors which constrain the angular motion of the store during ejection show a considerable
improvement over unconstraining types in terms of the end of stroke velocities required.

The results of the analytic technique used in this study have correlated reasonably well with F-4
flight test results, and the general trends indicated are considered applicable - as a first approximation -
to other aircraft utilizing similar stores installations. Reconmmendations for follow-on effort nclude
analyses of the effect of :

& Variations ir. store static stability

¢ Flow field variances

® Airplanc mancuvering

“Approved for public release; distribution unlimited. ™
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INTRODUCTION

Improvements in bomb rack design have been made over the years to better utihize the store carevany
capability of modem fighter-bombers. In particular, store separation characteristics have been waproved
by means of toree ¢jection techmgues. However, the save separation envolopes for many stores remain
very restricted when compared to the aireeaft theht envelope, largely due to sdverse wreratt tow field
cftects, msutficient ejection forees, ejector-mduced moments, and the unstable chatactennsties o
SOMIC Weapons.

Thus study exasnuned the interaction of release mechanisms and store physic b propetties on the
separation charactenstics of an aerodynanucally simifae faruly of unstuble stores. The basie mtent was
to define those Features which would enhanve the vtey of Tuture reicase mechamsm designs, and to
provide msight, rom wo mitial design stages .7 ~he sepacation enve.upe to be aclieved with the store,
using existing rejease hardware.

An exssting digital computer prograns was used (o simulate store separation charactensts, permttting
a raprd imethod of parametrically evaluating rhe interaction of body phyvsical charastenstics and vanious
tulease mechanism concepts. Given the flight condition snd rhe physical charactenstics o the store, the
progran output provided the trajectory of the store in the pitch plane as a function of tune. the anthor
wandebted to Me, W.B. Hollingsworth of the MeDonnell Awrcratt Company Acrodynamus department
fur the trajectory computations, and much of the analysis used in this paper.

The types of store gjection mechamsms investigated were broadly subdivided mio two general
categorntes - thase capable of controlling store motton dunag the stroke teonstranced), and those tor
which the store was 2 free body duning the stroke (unconstrained). No altempt was made to study
spectic efection devices, although the performance of a given device can be supertmposed on tie
summary data plots denved from the analysis.

Thes study was parametery i natuee, and therefore the numencal results should ot be considered
directly apphicable to any particular weapon/sture hocatton/aircraft combmation. Howeve, the general
approach used in the study has indieated a reasungble coteelation wath -3 thght test resulb and it s
expecied that the trends obtaned should be sirular to those ~bserved for store sepasation from any
2xternal weapon stattun of swat modzen Fghtee-bomber aitceaft.

The manner sy wheeh the analyis was performed 15 desenbed ian the following paragraphs
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PROCEDURE

In order to examine the interaction of store physical properties and release  echanism effects on
sture separation charactenistcs, the following factors were parametncally evaluate,

Store length (L), weight (W) and inernia (ly)
Ejection velocity and stroke (4-12 inches)
Constraint of angular motion during eyection
Apphied cjector moments

Atrspeed (dynamic pressure) effects

A summary matrix of conditions evaluated m the study s presented in Frgure 1.

STORE UNCONSTRAINED EJECTION CONSTRAINED EJECTION
EJECTION| APPLIED | AIRSPEED | o ONSTANT 1\ ARIABLE ANGLE
: ANGLE RATE
LENGTH | INERTIA| o1 0oKE |MOMENT| EFFECT CONSTANT RATE
VARIABLE | ZERO
S— .
MAX | MAX X X X
MAX | MIN X X X X X
MIN | MAX X
MIN | wIN X X

1802 Xkt W)

FIGURE | - STUDY MATRIX

The phyvsical charactemstics of a broad range of existing stores were utthzed to formulate the bounds
of tength and prich mertia used for a given wetght parametne store. The aerody narne shape used tor
the parametrie stores was the ogivecyhinder-ogive coafiguration of the BLU-1B napalm bomb shown in
Firgure 7 The theoreticsl gerodynamic charactenistics of these stores were supenimposed on generahised
F.3 atperaft Tuselage conterhine Row felds to evaluate the release charactenstics of tangentially mounted
stores i a level thght speed range ftom 150 to 750 knots at an altitede of 10,000 feet, see Figure 3.

For this study, the store was assumed to be installed a2 shown m Figure 4, The unstanle store was
shected as representaiive of 3 worst case for sepatativn churactenstics, with the tsngent mosnhng
peoviding 2 hemting case for stoee cleatance with the atrcraft. The store was asstned to be mstatled on
an atrceaft fusehige centsrhne, permitting the smaphiication of 3 theee degree of freedom (pitch plane)
cothputation Hevzus? of its strmphiforward nature, the details of the comyguler progiam ze¢ nol
dncunsd dsien,
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FIGURE 4 - TYPICAL STORE INSTALLATION

DATA PRESENTATION

The computeid trajectoties provided the pitch angle and vertical displacerment of the store as a
function of time. Using this data, time-independent pitch angle vs vertical displacement plots were then
cunstructed upon which appropriate collision boundaiies were superimposed (Figure 5). From an analysis
of this data, the minimum end-cf-stroke velocity required for aafe separation was determined for cach
of the various combinations of store charucteiistics. relezse mechanisims and airspeed envelopes
considered. For this study, safe separaiion was hased on positive clearance with the stowed surface.
These basic results are presented in a senes of plots showing the required end-of-stioke velokity asa
faction of stote weight, and in bar-graph formi showing allowable release envelopes for various
ejection techniques. The fingl results of the study asc presented in a series of plots showing the mimmum
end-of-stroke wloeity recuired for save release throughout the speed envelope, as a function of store
weight, leagth and inertia,

STORE CHARACTERISTICS

The store characteristics which have the most significant influence oa separation charactensiics ate
e aeradynamic shape. the lengtlymoment-olinertia comblnation, weight and the stoge C.G. Josation.

Far clarity and consistency, one generalized store shape with a comstamt length-to-diameter ratio
was used for the various stere lengthfmoment-of-inarlia combinations considered. Ag noted previvusly,
the basic sture shape selected was that of the unlinned BLU-1/B uapalm bomb. The aeradynamic
coefficients for this store were analy tically determined by the method presented in USAF Stability and
Contral DATCOM, WADD TR-60-261, dated October 1960, A sample of the estimated normal force
and pitching moment coctlicients is prasented in Figure 6.
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The maximum and minimum length/inertia combinations were determined by summanazing the
characteristics of a broad spectrum of existing stores as a function of weight, see Figures 7 and 8.
As shown, maximum and minimum lines were constructed to encompass almost all of the stores
considered. It is noted that fuel tanks were not considered in this study. A summary of the character-

35 istics of the stores considered is presented in Appendix A.
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Throughout the analysis the weapon C.G. was assumed to be located at the midpoint of the store
centerline. Variations in C.G. were not considered because, as long as the C.G. shifts are not large and
the ejector moment arm is not changed, the trends observed will be similar as store physical character-
istics, ejector force, and release mechnaisms are varied. The effect of varying the ejector moment arm
was briefly analyzed.

FLOW FIELD DETERMINATION

Due to the flow field about the aircraft, the angle of attack of the store is not the same as the
angle of attack of the aircraft. I order to account for this difference, while maintaining a simplicity
of computation, an incremental angle, gamma (), was used. Gamma, the gross flow angularity,
is a nonlinear function of Mach number ranging from about +3° to about - 9° for a flight velocity
regime of Mach 0.3 to Mach 1.3, sec Figure 9. Although this angle does vary with store shape and
store position on the aircraft, the gamma used in this study was considered to be independent of
these variables. The values for gamma were determined empirically by comparing analy tical results
with flight test data for specific stores.

-10

STORE

NOSE-DOWN /
" /

GROSS FLOW
ANGULARITY

v~ DEGREES /

0 04 ' 08 1.2 16
MACH NUMBER

FIGURE 9. FLOW ANGULARITY - ¢

g

STORE
NOSE-UP
+5

RELEASE MECHANISMS

The release mechaniss (bomb raek) concopis considered in this study wee assumed to be the
force gjection type. No attemot was made to evaluate or simulgte any specific device, although the
parasnetric results of the study pervmit 2n evaluation of a given design on store clease envelope. As
shown lo Figete 10, two typds of mechanisms ware cunsidered:

® imoonsteained Bection - The store &s 3 free-body at hook telease, which oscurs at the stant of the
ejectiv stroke. Must of the ¢jecton in use tod2y zre of this type. This desigh con impart a
tanstativaal velocity to the store, with or without an applicd gloment.

& {anvtnained Ejection - §iore motion is coatrolled to the end of the ejeciion sticke, where hook
releus occure. The batic design concapt of this tyoe of ejector is to irpart a tanslational
velocity Yo the sters, while limiting its angular excutsions (angle andfor rate) to specificd
vaues during the stzake.
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FIGURE 10 - TYPICAL EJECTION MECHANISMS

Another type of constrained gjection - a bomb rack in combination with an aft pivot - was not con-

sidered in this study, since this type of system is utilized primarily for jettison of pylons, fuel tanks and
multiple exteral racks.

Unconstrained ejectors were evaluated in terms of siroke length (4-12 inches) and applied moments.
Constraint type ejectors, because of their geometric characteristics, tend towards longer strokes and,

for most cases, were evaluated for a §2:4nch stroke. The combinations ol these design variables were
felt to encompass those releass devices in existence of in development study.

Bevcause of the parametric nature of this study, 1t was assumed that a given relesse mechanism was
capable ol imparting any velocity to the store required for safe separation;

TECHNIQUE VERIFICATION

Various existing stozes were selected for the comparison of analytica) results with flight test data.
The choice of stores was based en: 1) the proximity of the weight of these stores 1o ong of the four
welghts considered for the parametric stare, 2) an aeradynanically unstable shape, aud 3) the avails:
bility of flight test data. The stores used in the compansen were: (13} an empty rocket launcher, the
LAW1O/A: () 3 loaded dispenser, the CBL30/A; 13) a loaded rocket launches, the LAU-3/A  and
(3} 2 napalm bomb, the BLU-27/B. For each store seleeted, analytical trajectosics were computed at
varicus values of ainpeed and gamma utilizing the generalized store shape and the moment of inertia
and length for the given store. The analytical separation envelapes obtained were then compated o the
envelopes abtained fram Right testing. As shown ia Figures 11 through 14, the results of the analysis
shaw good grneral agreement with Right test results. Ttis pasticulady interesting to note that the Right
test resuits represent stots caried on wing pylois o multipke external bomb racks.
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FIGURE 12 - RELEASE ENVELOPE COMPARISON - 400 LB STORE
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RESULTS

The results of the study are presented for constrained and unconstrained release mechanisms in terms
of velocity required at cud of ejection stroke for a given sct af store physical characteristics and a given
release speed envelope. These data are presented in summary form due to the large quantities of trajec
tory data required to evaluate a given set of parameters.

The effect of applied moments is presented for the unconstrained ejector, as are the effects of
stroke length. In order to reduce the quantity of computation, moment effects were evaluated only tor
1 400-pound minimum length, minimum inertia store.

The required end of stroke velocities are correlated in terms of the parameters

w3 = and — (1)

for each of the release mechanism categories and speed envelopes considered. Constrained ¢jection
cffects are summarized to show a direct correlation with the unconstrained case for a 1 2-inch stroke,
and also show the effects of variations in store angular motion constraints during the ejection cycle.

The following paragraphs discuss the detailed results of the study.
UNCONSTRAINED RELEASE

As previously discussed, in the unconstrained-release method of store separation, the store is {ree
to rea:t to aerodynamic forces us soon as it is released. Values of the minimum end-of-stroke velocity
{Veps) required for sate separation throughout the release envelopes considered were obtained lor

each of the fuur store length/moment-of-inertia combinations. The effect of applied ejector moments
is presented for the minimum length/minimum inertia case only.

iength/Moment-of:Inertia Effects - The mmnnmusm end-of-stroke velocities required for safe separation
were determined for alf four generalized length/moment-of-inertia combinations using ejector stroke
lengths of four, cight, and twelve inches. The effect of reduced separation eavelopes on minimum required
end-of-stroke velocity was also investigated. For all cases discussed in this section the ejector force was
appiied at the weapon C.G.

Maximum Length-Minimum 1, - Figure 1S shows the minitun required end-of-stroke velocit vy

store weight fur stores with the mavimum values of length and the minimum values of moment-of-

inertia. Although the gjection forces required 1o attain these high values of V. are unrealistic in

terms of current bomb rack capabilities, the tends indicated by the data are of impartance since

shnilas trends arg obsarved throughout the uncanstzained release analysis. First, the data indicate that’

for any given store weight, the required end-of-stroke velocity decreases with decreasing piston length.

This is because as stioke length is increased, requited ejection fosces decrease and the stroke time increases.
As 3 result, the toty time vequited for the stute to resch a given vertical displacement early in the trgjectony
(15t few feat) is shorter for the shorter stroke. With constant flow field ¢ffects, the angular motion of the
state 35 3 function of time is esentially independent of stroke leagth, so that for a given vertical displace-
ment, store angular displedement i educed for the shorter stroke. §tcan also be ubserved that the equired
end-ofstroke velocity decreases with increasing store weight. This is due to the fact that, as the store weigh?
and size are incteased, the larger monvats-of-inertiz and increated sorodynamic forces 2eting nonmsl to

the stoes tend to compeisate for the inore resteictive collision boundaries and the incteased values of

stote pitching noment.

gecaune of the high end-of steoke velacities reguired for sale eparation for the 150750 knot
envelope, the effect of reduciag the upper speed to 650 knols wazs investigated. This resulted ina
significant desrease in requited Veog 25 shown in Figure 1. The upper specd timit was further redused
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to 550 knots, and the results are shown i Figure 17. Although further reductions in required Vo
were achieved, the effectis not nearly as large, dus to dynamic pressure effects.
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FIGURE 17 - REQUIRED ¥ND OF STROKE VELOCITY
Unconsirained
Maximum L - Minimum ly

Maximur Lenght/Maximum ly - The resuit of the incressed moment of inertia 15 a signficant
decreass in the end-of-stroke velocities required fur safe release as shown in Figure 18, This vecurs
because the farge increase in tmement-oiinertis decreases the pitch acceleration ind. consequently,
the pitch ungle at a given vertical displacement.

The effect of reducing the required separation envelope to 150-650 knuts was also investigated
for this cuse and the tesults are shown in Figure 19, For stores heavier than 400 pounds, approxi-
mately the same percentage reduction 1 Vg was achieved as was obtained for the maximum fengthy
minimum moment-of-inertia ¢ase. There is no reduction, howevee, in the ead-of stroke velovity required
for the 100-pound sture, because the caitical speeds for separation of this 100-pound store occur i the
280-380 knot range.

Miaimnm Leagth/AMinimum Iy - As shown in Figers 20, the end-of-stroke velocity required for safe
telease of stores in this category is fexs than for the previous twa vasts at all weights and stroke lengtns.
Although the low values of moment-ofinertia tead (o increase the pitch wceeleration, the shoter lengths
sesult in enlarged coliisior boundaries and reduced eerodynamic moments. The relatienship of store
xeight ta end-ofsiruke velocity for congtant steoke fengths is generaliy the same =8 indicated in previous
cues for weighty between 200 and |1 200 pounds. However, t.e 100-pouad store fails to fitinto the
aneral trend of the previsus cases in which the end-ol-atroke velocity increased as welght decreased.

The apparent incomdsiency of the 100-pound store can be explained by the differcnces in the
momeat-ofinertis and reference atea between the 100, 200, and 300 pound stores. The pitch acvelers-
tion, 6. &5 a functon of the scrodynamic mon.ent scting on the sage and the moment of inertta of the
store, i e,

o M CiegSh
B M {2}
by Iy
St 1ot the acrodynamiz chrvecteristios of (he penerakized stte were constant for this study, 6 52
functian of $f1y. Table 1 livs the reference areas, moveatyolinteria, axd S/l for the oxre.
sponding store weights.
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FIGURE 20 - REQUIRED END OF STROKE VELOCITY
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TABLE 1. STORE PITCH ACCELERATION PARAMETERS
STORE WEIGHTY (LB}
00 | 200 | 300 | 400 | 800 ! 1200
Iy (SLUG-FT2) | 250 ‘ 3 7 14 n ;o
$(FT?) 030 | G500 | 0.640 | 0.7¢0 | 09200} 0.9509
Sty (SLUGS) 0.2 i 0.167 | 0.092 | 0.053 | 0.0729 | C.O0BE
) ) rn e
The falle irdicatey 3 28% deareass in Sy s the weight & decreased from 200 to 100 pounds, due
Laepely to the large decteass in arca. The resultont dectease in paich avcaletatton, dong with the kg
resincttwe oallision baytdasy for the shorter store, sesulis i 2 Jower Vg being requured. The table
asa tindicates 3 S3% decteit in Sty s the weight i inoresied from 2080 te 300 pounds. This results
i 2 lower putch socedetation, potmitiing 3 toduced Vg, for xafe releie for the 300 pound store. The
latter trend s maintined for the remainder of the stoee weignts.
Mistmurs Leng W iMasimuin Iy < This combination is the lesst eritical of the fous coues investigsted,
sinde s Jength resuts i the least atictive ondlision boundary, 2ud the bigh maments of ineitia
rewit i the bewel pitch suaclesation. Foe thas ase, iafe sepatation can be sitained witheut 2o excton
fotce (froe-fall releqne) Toe 30) weights 204 stroke lengthe, The end-od-stenke velocitics shows i
Figure 1 are the rekt of the aoceleralion of gravity.
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FIGURE 21 - REQUIRED END OF STROKE VELOCITY
Unconstrained
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Flight Envelope: 150 - 750 kts

Effect of Applied Ejector Moment - Moments may be applied through the use of a force differential on
a duel piston ejector, but for this study, a single piston ejector was assumed to determine the effect of the
ejector foot being located various distances forward and aft of the store C.G.

The results are ,.ummarized in a series of bar graphs, showing the safe release envelopes of a
400-pound ger. 2ralized store for varivus end-of-stroke velocities. The store characteristics were the
minimum length-minimum inertia case, and 2jectow sirok= was 8.0 inches. Safe separation envelopes
with the ejector force applied at the weapon C.G. are shown in Figure 22. For this case increased
values of Vaog v1usc expansions in the separation envelope - a trend observed in other phases of this
study. For the smallest volae of Veqgg the separated weapon pitches strongly nose-up at low speeds and
severely nose-down at high speeds and, as a result, only a small safe release envelope is achieved.

When the end-ofstroke velocity is increased to 10 ft/sec, a significant expansion of the separa-
tion envelope occurs,'because the increased velocity increases the store vertical displacement ata given
pitch angle. Figure 22 indicates, howaver, that a discontinuity exists in the safe separation envelope for
this end-of-stroke valecity. To examine the reasons for this phenomenon, a pitch angle vs vertical
displacement ntot, illustrati .z the trajectories obtained at various release Mach numbers, is presented
{Figure 23). Due tc the instability of the generalized store, the large nose-up stowed angle of the weapon
at Mach 0.2 <'the result of the high aircraft angle-of-attack) causes the store to pitch nose-up during
separation; however, safe separation is achieved because the dynamic pressure at Mach 0.3 is too low
to produce large values of store lift or pitch accaleration. As the relesse Mach number is increased from
0.3 to 0.45 the stere rajectories penstrate the nose-up collision boundary. At 0.6 Much, nose-up ten-
dencies ure less severe and safe separation is again possible. Reductions in aircraft angle of attack and
changes ir. the wrcralt flow ficld account for the tendency of the siote to pitch nose-down at higher
Mach numbers. Batween Mach 0.7 and Mach 0.8 the store trajectorics penetrate the nose-down
collision boundary, establishing the upper speed limit for safe separation.
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FIGURE 22 - EFFECT OF EJECTOR MOMENT ARM - 400 LB STORE
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As Ve s is decreased, discontinuities in the envelope are elimunated and the upper speed limit for
safe separation is increased, due to the increased vertical displacement at a given pitch angle, as
indicated by a comparison of Figures 23 and 24.

Release
Symbol Mach No.
0I" 0 a3 COLLISION
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11 O 06 - - RY
o 0.7 .,::'.:" f '(:3::._ I
VERTICAL 2| © 68 [ L NG _4
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FT 3 sl :.::-::-E-"-: - \ ) s
. « o
> N

5

6 —C )

100 80 60 40 20 (¢} 20 40 60 80 100
(NOSEUP) {(NOSEDOWN)

PITCH ANGLE, 8y - DEG

AP ORad 1?7

FIGURE 24 - EFFECT OF AIRSPLED - 400 LB STORE
Voas = 13 ft/sec

Biectur Moment Arms of 20,1 Feet - Figures 25 and 26 present the separation envelopes obtained with
the ¢jector foot located 0.1 foot forward and af't of the weapon C.G A comparison of Figure 25 with
Figure 22 shows that although ne discontinuities are obtgined with the nose-down moment, a general
reduction in maximum release speed uceurs, since indused moments are additive 10 nose-down flow
fleld effects at the higher Mach numbers.

Figure 26 shuws that with nose-up moment, large discontinuities are cbtained i reteuse envelapss,
with the envelops alimost elisinated at an gjection velocity of 6 ftfsec. At 22 ft/see, however, the
separation envelope s slightly increased in comparison to the zerownoment-arm case. This is hecause
the nose-up pitch acceleration cauzed by the ejector veduces the teadsucy of the store to pitch nose-
down at high speeds, while at lower spreds the pitslung moment, in combination with the higher

ejectivn velocity, i not large enougt us: collision.
Ejector Moment Armm of - 0.4 Fec presenia e saparation envelones vhitained with the

cector foot displaced 0.4 ft forward u. te store 7.G. In contrast to previous cases, s geastal reduction
in separation envelopes is observed 85 Vg 18 inctacsed, due to the larger ejector moment smn. As efector
force hecomes laeger, the corresponding bicrease in ejector-induced, nose-down pitching moment is nioce
significant than the inciease i store vertical velocity. Comequently, she store pitch angle becomes
greater for a given vertical displacement a5 Vg 1s increased. '
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FIGURE 27 - EFFECT OF EJECTOR MOMENT ARM - 400 LB STORE

Ejector Moment Arms of £0.917 Fee! - Figures 28 and 29 present the safe release envelopes obtained

with the cjector foot located 0.917 ft forward and aft of the store C.G. Figure 28 indicates that, while .
somie improvement over the sero-moment-arm case occurs for the smallest Vegg considered, for values

greater than 10 ft/sec the associated ejector induced nose-down pitching moments become large enough

F
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FIGURE 28 - EFFECT OF EJECTOR MOMENT ARM - 400 LB STORE
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FIGURE 29 - EFFECT OF EJECTOR MOMENT ARM - 400 LB STORE

to make separation unsate at any speed. Figure 29 indicates that the effect of displacing the ¢jector
foot well aft of the C.G. is also to greatly reduce the safe separation envelope. It is estimated that for
the 0.4 and 0.917 ft moment arins, the desired 150-750 knot separation cnvelope would be essentially
impossible, regardless of the ¢jection force.

CONSTRAINED RELEASE

Constrained store releese mechanisms, typified by the scissors and fous-bar linkage concepts shown
in Figure 10, control store angular motion during the ejection cycle. Hook opening does not occur until
the end of the ejection stroke, thereby elim'nating airload effects for that portion of the trajectories.

Only a 12-inch stroke was evaluated over the full weight range beceusc it tends to be more
representative of current design concepts. In addition, the Vggs v weight curves for the 4 and 8-inch
strokes are similar in shape to those obtained for the 12-inch stroke, based on analogy to the uncon-
strained ejection results, and limited computations for a 100-pound store.

Three general types of release mechanisms were considered, assuclated with the following
conditions at the end of the ejection stroke:

e Coustant pitch angle (8), zero pitch rate ()
@ Constant pitch angle and variable rate
® Coanstant pltch rate and variable pitch angle

Constant Pitch Angle, Zero Pitch Rate - In this type of constrained store release, the release mechanism
rotates the weapun to a constant, predetermined pitch angle during ejection. For this case it was assumed
that the store would reach this angle prior to the end of the gjector stroke, and that the store would not
have a pitch rate at hook release.
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Afegs = 0 Degrees - In this case, the stowed pitch angle of the store is held constant throughout the
ejector stroke. The only benefit is that the effect of the aerodynamic forces on the store angular moiion
is delayed until the end-of-stroke position is reached. Figures 30 and 31 present the end-of-stroke
velocities required for safe separation of parametric store shape with the maximum length/minimum
moment-of-inertia, and maximum length/maximum moment-of-inertia combinations. For the 100-pound
store negligible improvement over the unconstrained case is noted with the four-inch stroke; however,
for the longer strokes, significant reductions in required end-of-stroke velocities are achieved, especially
for the heavier stores.

" 1
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Afggs = *+2 Degrees - This case is similar, except that the store is rotated two degrees ncse-up by the
release mechanism before the ejector stroke ends. A positive value of 8g5 was selected since most of
the trajectories for the unconstrained release cases are strons!~ nose-down at high speeds. Figure 32
shows that this system results in significant improvements ove: s+ unconstrained case for all stroke
lengths. However, a comparison of Figures 30 and 32 reveals that the reductions in end-of-stroke
velocity achieved by the +2Y constraint, as compared to Afgos = 09, are significant only for the
lighter store weights.
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FIGURE 32 - REQUIRED END OF STROKE VELOCITY
Maximum L - Minimum ly

Afgos = +4 Degrees - The results, shown in Figure 33, for constrained store release with 884, = +49 are
similar to those obtained for the previously discussed conditions. While there is, sgain, a large improve-
ment over the unconstrained case, significant reductions in end-of-stroke velocity over the 40445 = 0°
and +2° conditions are obtained only for the lighter weight stores.

Constant fags and o Vartable fays - In this technique the release mechanism also rotates the store to a
predetermined pitch angle during ejection. Howewver, the desited 88,05 is not attained until the ejector
stroke ends and the store has a pitch rate when released from its constraints. It was assumed that the
store pitch angle during cjection would vary linearly with stroke time; therefore, 8e¢ys was determined
by dividing the value of 384, by the stroke time.

Ao = +2 Degrees, ey = + 2tays Degrees/Sceond - Figure 34 indicates that the utilizstion of this
type of constrained release system resutls in a considerable improvement over unconstrained separation
in terms of required end-of-stroke velocity. However, a comparison of Figures 32 and 34 reveals that
the effect of inducing a nosc-up piteh rate is small.

Boys = +4 Deprees, Baps = * laps Degrees/Second - The required end-of-stroke velocities for this

case are shown i Figute 35 and indicate that the reductions in required end-of-stroke veloaty, whea
compared to uncanstrained release, are sigitificant - as has been true for all constzatned release techniques
studied. However, 3 comparison of Figures 33 and 35 reveals that, for stores heavier than 600 pounds,
the induced pitch rate increases the required end-of-stroke velocity - a trend aot observed in the

[Hevious comparisis.
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For most of the unrestrained-release conditions investigated, separations at high speeds, during which
the stores pitched strongly nose down, were the most critical. Although stores separuted in the low

subsonic speed range often

exhibited nose-up tendencies, rarely were their trajectories as close to the

collision boundary. This trend is exemplified in Figure 36, a pitch angle vs verticat displacement plot
for the unconstrained release of a 1200 |b generalized store with the maximum length/minimum
moment-of-inertia cormbination. Constrained release methods generally require less end-of-stroke

2
v oy v ' ! I
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FIGURE 36 - UNCONSTRAINED-STORE-RELEASE
1200 Lb Generalized Store :
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velocity than the unconstrained-release case becsuse, by mducing a nose-up pitch angle or pitch rate,
stores do not pitch as severely nose-down at high speed. The general improvement obtamed by
utilizing restrained-store-release techniques can be seen by comparing Figure 36 with Figare 37,
which shows the effect of a Afpgs = +4°, fjcfrs = 0 release constraint.

However, when a pitch rate is added to the 4° constrained case. it can be seen in Figure 38, that
the low-speed trajectory characteristics become critical, resulting in a requirement for more end-
of-stroke velocity.

Constant Pitch Rate, Variabie Pitch Anple - For the last restrained-store-refease technique analyzed, a
constant nose-up pitch rate of 50 degrees/second was applied to the store during ejecter siroke by the
release mechanism. The store pitch angle at release is then the proauct of the induced pitch rate and
the cjector stroke time. Figure 39 indicates that the results obtained for this case are generally stmilar
to those noted for the other restrained-release techniques.

DATA CORRELATION AND SUMMARY

A method has been derived for correlating the variances in store physical charactenstics and ejection
concepts evaluated in this study, to provide 2 more workable tool for the designer of aircraft, bomb racks,
and stores. Since in conceptual design stages, whether they be aircraft, bomb rack or store related, the
aerodynamic portions of the store release problem are frequently not known, a method of relating study
results to store physical characteristics was sought. Considering that the required end-of-stroke velocity is a
function of store pitching acceleration, then

o Cmgsl <
Vigs =1(0) =1 1 (3)
y

But since the store serodynamic characteristics were essentiaby constant, equation (3) reduced (o

Veos = L3 11, (3)
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In asder to provide an adidittonal correlation of requited end of strake velodaty 35 2 function of ainge
weight, it was found by expesimentatinn that the multipher W3 srovided 2 satsfactary solution. The
caerelating function in cguation (4) then bocomes

L3
Voog = f — wifd
‘Y
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Asummary of th  esults discussed in previous sections for uncenstrained and constramed store release
i the speed envelope of 150 and 750 knots are presented m Figures 40 and 41, The effects of mavmum
speed are presented in Figure 42 for the unconstrained, 12-nch stroke case.

Figure 43 compares unconstrained and constrained ejections { Figures 40 and 31), showing the
avtuy! baurd- of existing stores and the postulated charactenstics of bodies encompassing the
bounds of the study.

In order to compare required ejection velocities with the performiance capabilities of existing
devices, the faired curves presented in Figures 40 and 42 were plotted for constant store weight as a
function of L3_/‘ly for a &-inch stroke. as shown 1n Figuree 44 and 35. Supenmposed on these figures
is the performance of existing unconstrained ejectors, as shown in Figure 46, The range of L3 Iy
shown is a reasonable representation of exssting stores. Since these curves are denved from a funng
of computed data, certain cases (e.g., 100-pound store, max. Ly/max. ‘y’- are ot n exact agreement
with the caleulated data.

The use ol the summary dsta shown in Figures 43 and 45 provides a techaique of evaluaung
aspeed elfects, weapon physical characteristics and bomb rack performance.
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CONCLUSIONS AND RECOMMENDATIONS
CONCLUS{ONS

The study discussed in this report is based on many simplifications, and therelore it would be
imprudent to expect a one-for-one numerical correlation of the results obtained with an actual store/
aireraft combination. The trends established, however, are considered valid. Based on these trends,
the following conclusions are drawn;

¢ (Constrained eiection offers an improvement over the unconstrained case in terms of required
release velocities (and resujtant reaction loads into the aircraft structure)

@ For a constrained release ejector, control of pitch angle s the driving parameter. Piteh rate
- inputs produce small additional improvement.

8 Within the weight-length-incrtia range of existing stores, high energy unconstramed ejection
may be sufficient to provide sare release up to 750 knots.

® Based on the limited anatyses conducted in this study, applicd moments generally do not have
a positive effect on store release. (For a given individual store, this may not be a valid statement).
Applied moments may, in fact, result in a net decrease in allowable release speeds, or discontin
uities in the allowable release speed envelope.

RECOMMENDATIONS

As has been noted previously, many simplifications were made during this study, inciuding
the following.

¢ Constant store acrodynamic characteristics
¢ Constant flow field effects

e (.G. at thie mid-point of the store

® Three-degree of freedom computation

@ Non-maneuvering flight.

It is encouraging. however, to obtain the type of correlation established in this stidy, and these
results should form a basis for additional work to establish a more general correlation.

It is rccommended that further studies consider the effect of store stability and flow field variances
to apply further bounds on the correlations discussed herein. The effect of store C.G. location (or
applied moments) should be explored in greater depth for unconstrained ejection. In addition, the
effest of mancuvering fight including yaw and rolling conditions should also be investigated.
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APPENDIX A

TABLE A-I- PHYSICAL CHARACTERISTICS

WEIGHT* [{INERTIA-Iy| LENGTH 3 13, 3
STORE (LB) |isLuG-F12)|  (FD) Uy |WiR L 3ny)
UK 36 TUBE ROCKET PKG | 674/214 36.5/185 8.33 15.9/31 132/188
UK 18 TUBE ROCKET PKG | 394/195 24.6/165 7.74 18.9/28 139/163
PADEYE 520 96.3 9.06 7.68 60.5
suuU-43 282/194 50/42 7.75 9.2/109 | 60.3/63
CBU-38A 702/185 64.4/21 " 7.53 6.65/20 | 59.1/115
CBU-16A 650/186 59.3/16.9 7.53 7.26/25 | 62.8/145
CBU-15A 526/186 48/16.9 7.53 8.96/25 | 72.2/145
CBU-7/A 810/186 73.8/16.9 7.53 5.83/25 | 54.2/145
CBU-1A THROUGH 13A 830/122 107/19.5 9.88 8.88/48.8 | 83.4/242
SUU-40A 346.5/135 70.1/20.2 8.55 9.2/31.9 | 64.4/163
SUU-25 FLARE 315/ 38.1 7.75 12 82.2
BRITEYE FLARE 154 7.45 5.25 1950 104.0
Suu-20 455/240 71.0/42.0 10.15 14.8/25.0 | 13.5/155
MK-4 GUN POD 1390/787 | 358.5/2.90 1595 1117 123/160
SUU-1623 GUN POD 1720/1070 | 560/318 16.6 9/14 108/146
SUU-11 GUN POD 325/245 10.5/9.1 7.01 33.4/38 230/240.5
LAU-10A ROCKET PKG 533/105 94.9/16.4 | 11.62/7.63 | 16.5/27.4 134/129
LAU-3A ROCKET PKG 422/ 14.9/3.6 7.88/3.88 | 32.9/14.15 | 245/68.6
LAU-32 ROCKET PKG 17947 6.76/2.3 5.59/3.88 26/25.6 146/90.7
M-116 A2 NAPALM 700 139.0 1145 10.80 95.6
BLU-1/8 NAPALM 697 138.5 10.80 9.24 81.2
BLU-278 NAPALM 850 162.0 10.80 7.90 75.0
BLU-238 NAPALM 480 32.8 9.92 11.30 93.0
BLU-32B NAPALM 515 98,5 9.92 10.00 80.0
*(/) Indicates Fuli/Empty, Typical to All Columns. . arro8ss e

TABLE A-}l - STORE PHYSICAL CHARACTERISTICS SUMMARY
Parametric Stores

r /& / 3y / Wmw®
<) o N
/3 / L /& X / /
A ~ /& /& AR Y/ &/ Y/ &
$/8/8/ 8/ /8)E/E/S/S/E/E/E
S/ &/ &$/5/S/S/S/F/S/S/S/E
RV ESTETETEFNEVAVEIR VE VAR
100 3 23 | 4.33 [ 11.00[ 27.00{57.80 3.52 |444.0( 125.6 | 268.0] 16.35 | 2060
400 14 95 | 683 | 13.55122.8526.35| 3.37 | 1785 168.0 | 1935 24.60| 1310
BOD | 71 | 185 | 7.65 | 15.90] 6.06]21.65| 232 | 56.4] 566.3| 201.0{ 21.60] 523
1200 | 170 | 271 | 783 |16.76| 282[12.45| 177 | 274] 209 182.0( 18.76| 290
crrésapar ,

308




ON THE FEASIBILITY OF INCLUDING THE
EFFECTS OF STORE SEPARATION IN FREE-FALL WEAPON BALLISTICS

(V)
(Article UNCLASSIFIED)

by

LEROY DEVAN
Naval Surface Weapons Center
Dahlgren Laboratory
Dahlgren, Virginia 22448

ABSTRACT. (U) The effects of store separation arc gencrally not intentionally included in
the ballistics of air-launched, free-fall stores. However, some residual yaw drag effect probably
remains when store trajectory data is fitted to establish the drag coefficient as a function of Mach
number. Use of particle ballistics can cause large miss distances on the ground if the store
undergoes significant angular motion in the vicinity of the aircraft.

This paper presents an investigation of the feasibility of including the effects of store
separation in ballistics. Prediction techniques are naturally divided into two stages. The first stage
predicts the flight state variables from separation to frec ficld (no aircraft flow field influence).
The sccond stage predicts the remainder of the (rajectory to impact given the initial conditions
from the first stage computation. This paper presents two prediction methods for the second stage
for stores with roll orientation-independent acrodynamics.

The first method yields a closed form perturbation solution of the 5-DOF nonrolling
cquations of motion. The first-order solution is the particle solution; the perturbation solution
estimates the difference in impact coordinates between a S5-DOF computation and a particle
computation. The method of least squares is applicd to an envelope of MK-82 bomb trajectories;
the down-range and cross-range deviations from particle impact are fitted. The deviations are fitted
as functions of the initial disturbance (angles of attack, angle of altack rates, and cross-range
initial velocity), Cross-range impact points are predicted with good accuracy, but down-range
accuracy is only fair. Computation times are short,

The sccond method utilizes the averaging technique of Kr-lov-Bogoliubov for almost period
functions applicd to the epicyclic functional form for the complex angle-of-attack vector. A
modified second-order Runga-Kutta integsation scheme which retains the harmonic functions in the
lift terms permits large variable integration step lengths. Computations for MK82 rolling
trajectorics yield accuracy approaching the 6-DOF computation, but in about 1/40 of the
computational time (nonrolling case) or less. This technique thus seems to be an important

“Approved for public relcase; distribution unlimited.”
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contribution to rapid, accuracte computation techniques. However, for adaption of this technique
to current airbome computers, the computing time should be reduced from about 0.5 second to
less than 0.100 second (CDC 6400 time).

This work is sponsored by the Naval Air Systems Command under AIRTASK
A320320C/0098/SF3202000. :

“Approved for public release; distribution uniimited.”
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Superscripts

() = ddi()
() =dds()
G-
2m
) = Estimated value at and of integration step or mean vajue
Subscripts
p Particle value
0 Initial value ur zero yaw value
. f Final value
i Value at beginning of integration step
i+ Value at ¢end of integration step
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INTRODUCTION

The effects of store separation are generally not intentionatly icluded w the ballistics of
ar-launched free-tull stores. Curtrent trajectory muodels used to generate a fite-control algonthm are
based upon particle hallistics (Reference 1) However, some restdual yaw drag eftects probably
remain when store trajectory data s fitted to estabhish the drag coefficient as & tuncton of Mach
number; i Reference 2 the it hegins only 8 secunds atter relesse.

Use of particle ballistics  can cause Jarge miss <hstances on the ground f the store
undergoes signiticant angular motwon s the victmty of the aneratt, as indicated schomatically in
Figure 1.

Ioas assumed taat a given store has been designed with enough static stabthity i order to
wsure an adequate damping of imtial disturbances. In addinon, it s assumed that o 1in cant has
been chosen to give steadystate roll cates which avaid asyrumetry trim, roliyaw resonance. toll
lock-m and catostrophic yaw, as well as Magnus sstabibiies (see Reference 3 for mstanee)

Recently, ejection racks with adaptable cection forse characterstios have been proposed
which would have the cpabthity of producing numimum distwrbances at the end of the aucntt
mterference flow field (References 4 and 3).

Computational algorithms have been developed which compute the ¢ection, aircratt ow
field, and fivcdlight phases of a swore traiectory (Reference ). However, they require at least &
much computing time on thud generation computers (CDC 6700) as the tune of fall A Jung-range
poal would be the prediction of store tryectontes, iwluding separanon effects. on an airborne
computsr aith famited sterage capacnty and basic computational cycle tie which s not as fast as
that of the general-purpose computer.

The problein addressed here s that of the feashubiy of iwiuding store separativn ante
rapid  computativn  schemes  for  the predction o mpact csordinates for s store Carrent
fitecontrel  algorithmy  compute the porticle  lajectory  usmg  cuwrve fit approntmations to the
numercal saluton. Typcally, the tme of fall and wnpoct raages are given @ Jusvtions of release
conditions (height zbove targer, and elevation angle and wagnitude of the relesse veloaty ) Store
separation, of course, would intreduce parameters charactenstic of the stote and ascreft Seme
additional  paramcters would be aircraft pullup nate {Reference 7). epector chatactetistics, and
lacation m the airctaft flow field. If the store were always dropped w the wame fluw eavroninent
and e same gector were utlized, the ouly additonal jorameter would be the pulbgp rate.
however, the former case 1 wsually true i peactics.

Prediction  techiigques are  natunally  divided mio teo stages. The fist siege predicty the
flight state varfables {ram sepitation o froe ficdd (o attcralt fHow Geld niluzice). A siple store
sepacation wedel for this stage would have as mpot data in<artage boads (could be micgiused pust
befate telcase by an mcartrage bolance). qqoctod chatactetistica, and an estiizle of the decay Jam
for mtetference loads to freedfteld values. The wxond sage would predic the remzinder of the
traeciory o wmpact, given the imtisl conditioss from fimtalaye compaiztions  Thiv paper i
pamanly conceried with preddiction and appiecton technques Tor the svoad stage. Two diffetent
predictiva techniques stz prestnted bodow,
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COMPUTATIONAL TECHNIQUES

Iniiar values in addition to ballistic initial conditions of velocity, Vg, height above wean
e sea level, 75, and elevation angle of the velocity vector, 8y, are acroballistic angles of attack
(Figure 1} ay, fig, and angle-of-attack rates &0. Bo, cut-of-plane velocity component, )}0. and roll
rate, pg. No rollorientation-dependent aerodynamics are considered.

A SIMPLE PERTURBATION APPROXIMATION

1, Basic Equations

For small angles (to order a? +{32) the c.g. cquations of motion of a store are given by
(wind is n»t considered):

. Qs . .
X = - E—(CDx+aCLaz)/V

. Qs .
y = - _m“(CDY/v‘b'BCLa)

Qs

= - —(Cp7- aCy XV~ g (H

a, B, and Cp are given by solution of the epicyclic equation. The computatioﬁ ends at the target
altitude, z.

$ Further assumptions are:

? (1) Linear, constant aerodynamics.
(2) Angular disturbance is a cmall perturbation of particle equations.
(3) No rolling motion.
{-.) No out.of-plane motion particle computation.

- . (5) Neglect perturbation in Q.

This approach seems to be almost identical to that of J. Ausman (Refq:‘cnccs 8 and 9).
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The usual equations of motion for the particle are

. PpS .
= - b
X T " 2m CDOVpo
. S . .
2, =~ %Cpozppg (2)

Perturbation equations are given by

<+

% 0C; (3)

where
Cp2 * Chao* Crof2 ™ Cxz
CLaO = CNaO + CxO
In this case, the angle of attack is given by uncoupled damped harmonic motion
a ohpb a5 - Mg )
a = ¢*0 ( : {4 ——— 5 t
gy €OS Wy o in wy
. g - A
B = c"o‘(ﬂo coswyt + 0 7 Adfo sin wol) 4)
whte
2
KO“Q‘RE'D—C %C.-zc.'!g
2\,”;,' mq0  “mal u,_n2
!y ;
Q8D
1, .20 (5)
wo " A cmﬂﬂ
¥
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The particle equations are integrated from initial conditions to z = 2p ot time, t = i .
Subscquently, the perturbation corrections are made. Further approximations which avoid the
nonconstant coefficient problem are

. = (Xyp* Xyy)
x =x = —p0_7pl

P 2

- V. +V
\/=v=_—P-——&-(0 l)

P 2

ic-2.aN
z ¢ Yot ol =z o+t
P po tf PO Kk

NG
]

- Ppo T Ppr
<5< foolh )

-

Double integrations of (3) then will yield perturbation corrections (8x); and (Az)e at
t = t;. However, the combined solution leaves the store (Az); above the target. To obtain the
down-range correction, AR, . a simple extrapolation is assumed (see Figute 2).

_ da N
AR, = (Ax)e~ d_z r(At)f

dx
(E-) is obtained from the particle solution.
VAN N
t

Further approximations are that oscillatory terms are neglected as well as terms of order
(P\O/wg)z.

The down-range correction is given by

IS S COO N | I R O B 1
ARX - am Co2 \"l.pa G l’ ,EAOA ‘f ?AO( - ¢ ) wé

Kk {dx » 210!,‘ . 2X0([‘ s 1 7)('?5
“T\z r{AliPlti(! e e GINT T 50
Qgle= 1) ey - Neg) ¢ 1f! dx\ o Kt
["0 ol . % :‘oo f “o*(*:)"]‘g&*zl ™
wg Wy p dz /¢ wy
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where
(g - Aag)? + (B - Borg)?
ABP = a2 +4% + %~ A% i 0" Folo
o
AB = a,(B, - N\gBy) +B4(@g = g%
2. Applied Computations

Complete free-field aerodynamic data sets for a store are in short supply. One almost
complete wind tunnel data set for the MK82 bomb is given by References 10 and 11 an
estimate of Magnus moment coefficient is obtained by scaling data from Reference 12.

First, a set of 72 5-DOF trajectories (no spin) was generated for an envelope of initial

ke conditions using a Naval Surface Weapons Center, Dahlgren Laboratory (NSWC/DL), program
N known by the acronym SIMSTAB. Then, points on the trajectories were utilized to obtain a
4 greater variation of initial conditions and target altitudes (and to save costly computer time). For

the same ballistic initial conditions and target altitudes, particle computations were generated.

The variables which were fitted by the method of least uquares are

H

< Ax = x((S- D)~ Xy

Ay = ye(5- D) @)

Statistics for the envelope of initial and target positions, 4x, and Ay are given in Table Ia.

A down-range estimate of Ax was based on the approximate solution given by AR,. A
number of fits were tried. One of the fits is given by

Ax" ARK _ . 2 2
T T Aty ayag oy v )

{

[(Gg - Agag)? + (Bg - AgBp)*
3

wo

35 + 36 [%“}0 - Nio)

+ Bolag - Ngag)] fwag + a4 (ad + BR)ag

l{eg - Ag)? + (B ~ Agfp)?lag
g 20 gy

wo

+

*ay08g ++ +3y510ag - Mo *6y - Wo)zl%/“cz),

" 322

|

o Y s

a
T

‘59




TABLE | MK<$2 FIT ENVELOPE

a. Envelope Properties
621 Trajectories, Standard Atmosphere

0 < Byl < 10°

0 < Byl <1 rad/sec

3000" < Zy < 10000

300 < V, < 630 Knots

0 < lygl < 10'fsec

0 < layl < 311’

a(dy) = 796’

b. Fit Properties

o(Ax - 4R, ) = 358’ (Unfitted)
o(Ax - 4R,) = 252’

'Ax T ARX 'max

lAx- AR, | =107

n

130" (Unfitted)

0 < oyl < 20°

0 < layl < 3 radfsec
0, < 10°

20" < Jax < 424’

0 <z < 4000'

o(Ax) = 103.7'

o(dy) = 2.5

1Ay =92

max
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(By = gtphe = b2 FbyB0 +bydmy
by *asBy * agboBy) O

Statistical properties of the fit are given in Table Ib. The pioperties labeled unfitced use AR as
an estimatc for Ax. The constant aerodynamics chosen for AR - wre typical of M = 0.9 and

op = 10°.

3. Discussion of Computational Results

The curve fit computations give good results in the cross-range. Down-range fit results are
oriy fair. For a more limited envelope the down-range fit is better. Shortcomings of the simple
approach are delineated below.

(a) For a limited envelope and no rolling .notion, accuracy is only fair.

(b) For a good part of a trajectory, the drag due to angular motion is lurger than the
zero yaw drag, i.e., perturbation tcins are Lager than first-order terms.

(c) The extension of the method tc rolling inotion involves an estimate of the roll
history and two sets of A and w. Significant differences in down-range and
cross-range can occur for the loft case. Accuracy of an approximate method is
expected to be worse than for the nonroliing case.

(d)  Worst cases seem to be for large amplitude initisi motion. Nonlinear aerodynamics
are not meodeled properly.

B. KRYLOV-BOGOLIUBOV AVERXAGING APPROXIMATE INTEGRATION

1. Basic Equations and Numerical Approach

The formulation is basei upon that used in the extensive work of C. H. Murphy
(Reference 13). All acrodynamic coefficients are assumed to be quadratic in total angle of attack
(see Nomenclature List and Equation 28 for details).

The basic c-juations with arc length 25 independent variable follow below.

¢

Ve pgv- & 10
oCy v (10)
" = BCL, sinacosB(l - 22)% - gv3(1 - 2'2) (n

13

-'b(":‘h sinp + g}sz'z' (12)




A o e

The complex equation of motion for the angle-of-attack vector is given by
g +(H-yy- P - M+iPT) = G (13)

An approximate solution is given by the use of the epicyclic approximation plus slowly
varying spin-gravity trim.

ir:>1 i¢2
E=gtKe +Kye  =sinftisinacosp (14)

Note that the quasi-steady assumption, sg = -4 . is used since its contribution to sinf is very
small for the low spin rate expected for stores (p < 150 rad/sec). Eg is also uncoupled from all
other nonlinear aerodynamic relations. The case of strong coupling between gravity trim and the
epicyclic is analyzed in an approximate manner in Reference 4.

Substitution of (14) into (13) and using the averaging method of Krylov-Bogoliubov
(Reference 13) leads to expressions for the w’s and A's (neglecting terms of order 7\2/0)2) as
follows below.

i

wig = P2+ (P24~ My - My (K7 +2 KD %

it

wyo = PI2- (P24~ My - My(KZ+K2)[ (15)

A correction for ¥y (about 5%) may be made by utilizing a perturbation approximation.

2
wyg (wyg-wyplK)
""IO 2(2"?/&)10)

)
wyg (wyg - wy) Ky

Wy = wyyt —2 A0 201 (16)

wl = w‘o‘“

For the X's ong obtains

AKIN + 2Kdry)
w(2- Plu,)
2,02y 12 P etk + K2

“Hy(K} + K2 + K2w )+ py (Tg + T, (K2 + 2K3))

+3,(2- Plw)) = -Hy

;
i
“\'Z
!
3




22K +K3)
- ), (2- Plw,) = -H
w2 Plw,y) 2 yeo

“H,(K2+ K2 + Kw,/ +—P—{T +T,(2K? + K2)] 17)
2Ky T K3 + Kjw jwy) a, oK 2 {
Finally, the roll equation must be integrated
_ mipnt * Pg z
P = p[PCQP+C5261 * V2 (38)

The set of equations (10-18) together with initial vonditions and target altitude
constitute the initial value problem. It is proposed that these equations be integrated by a
second-order numerical integration technique. The numerical technique is related to a second-order
Runga-Kutta, but retains terms like sin ¢, etc., in trigonometric form.

First, the initial value starting conditions must be matched to the epicydlic.

= - - %10 ®20
£ smﬁo +isinq; cos BO = ch +K,o¢

'] = ' N ? - i . 7
£y = cosByBy tilyag - sin «, sin B6,)

- . 10 i )e020
Kio@yg tiwygle 7+ Kyg(yg tiwyg)e (19)

If terms of order (Mw)? are neglected, from (19) one can obtain

2 (agwdp +ag *a300 - a4)p)
10 (wyg - Wyg)

2 (uwfo +ag +23010 - 240g)
(wyg=wyP

: l-.,%

(=
-—
i

#

. . ' 1 ] . v
{1 - sin? 8y cos? aOXiuz + “0(75“2) - 2y, s ag sin BBy

3, = Asthaghy - ¥, sin ﬁamé})

3y = 2yglsin By cos agffy + sin ay cos Byog) : (20)
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For linear aerodynamics. Ay, Ny, wy, w; are independent of amplitude. For the nonlinc.: casc. an
itrrative solution with a lmear first estimate converges to 3 desired dccuracy fairly rapidiy.
Subsequently, one can compute the initial phases, ¢, and ¢,.

The aerodynamic coefficients are also expanded in powers in Mach number as well as

. . - + .

total angle of attack, ap. The oscillating parts of sin? o in CD' Cq‘p, and C% sre neglected.
Least-squares curve fits are used to obtain all coefficients.

~
La’

The numerical scheme is outlined below. First, an estimate of the various functions is
made for 5 <s < si+h.

!

= - [5G, v, + 22 +V
Pibpivi Ty =5tV

1

<
1

(]

Pl - <)
Vi+Vx(5 5,0

’ -~ ] Kll
o= piCLai(l - ziz)% [:’- (cosq>li - cos¢l)
1i

Ky;
Yo . TN TTR N
wzi(cos%i c.osdsz):! gVvi(l-%)s-5) +y
¢y SO tos - 8)
0y = 0gitwys-y)

Ai.(s- s}
=Kot

= K2ic)\2i(s "8

-~
1

B -~ Kl'
y = "piCLai["Sgi (s~ sl) *—j (sima‘ - singyy)
1i
g, - s+ &y s) by 21)
o2 SN, = singyi * o n YiFl T ST (
i

)
“{

First estimates for ali these functions at the end of the interval are oblained by setting 5- § = h.
The quantities are indicated by an overbar.

Final estimates of 2, y, P, t, and x at the end of the integration interval may be made by
integrating first arder estimates of 2, y', P, (duds) = IV, and {dx/ds) = (1 - £'3)% .
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..r:p K.
3 = ~ YN\ M U
i ziyy = 5B 0 - 1Y » [h €0s 9y
- i
= 1 - 1. K
-—— (sin @y - sing ) |+ —li[h cos ¢
@i J @y
=
l g h?
~—— (sin @ ~ sin ¢ -—(1-Z9— +zh
‘:} ’4’2. 2 21 A v’z l3 2

. beih®  Kyi [
Yisp = Yi"’iCLai{" -+ — [_ (cos 9y
Aoy

: : Wi W9
- e KZ[ 1 <
* -cos@y) - hsing, [+ ="} —— (cosd,, - c0s9,)
E Wi L%2i
' B B h
-h sin ¢y, V2 y/ — 4y h
P,, = P+h|P ( i ﬂv{P')
. + o L
+] 2 r
l ~Vi Vi .
+Ei—!E '
N - v &y oy zh)
4] . Q hv;>
5, TORL e U
¥ 3 vl v’ '
- ' 2 ' 4
. Xe1 © "i*"iE' T e T4 lih;} (=2)
- i

Values of 5 and the speed of sound, ¢, at the end of the interval lor the estimate and the final
value arc based on z,, above. The Mach number depndencies of all acrodynamic data. except
Cl)' are not estimated av the end of the interval (bar quantitics). The amplitude dependencies are

- updated. Not updated are Ap, Ay, @) and ws (bar quantities).
H is convenient to introduce the notatior L= p(‘Lu(l-z 2) ) Z, =IK,. Z, = ZK,.
i Y= "9('1,« Y, =YK, Y, = YK,, and & = p(“,&g Final values of the dermnves are given as
a T, - 2y - (sindy - sinoyy)
e PR —~l—-——-‘1{-hc050‘ A Mkt

ey Wi

2,-1 o (sivd, < sm@y)

¢ : e 2 u[*hco&é,* L
= haay ° Way

L ¢ g . V; 3

bt * Vi (- ziz) —p? AL z;h)

= i i

328

=3}

a 3
*
AN S K i




— no Y-yl o
y +{4- Ai)Z— + ——'——h hsing,

Y1 °
“ri
, (cos @y - oS Py,) _\72 ~-Y -
: T - ! It ]+ L h sin¢2
! @i hew,;
. (cus §y - cos tbzl)] g [ y;z;VEhZ
|
. 2
g Wi Vi Vi
- 1} - - ’ ’ - JEY 1 EY
. o Yty m 4 4 Y oty T Y Y.h’] (23)
If the lift terms could be neglected, these integration relations would cssentially be
identical with a second-order Runga-Kutta scheme. Equations 15-17 are utilized to update W, A
£ wjy. A,. Finally, the amplitudes and plases are updated as
. K o=k ot M)
1i+l 1
A, + Ay M2
¢ a2 it}
Kaier = Kype
h
Plisg T Ot Sl )
(24)
. IS TR TR
The choice of step length is based upon an estmate of truncativn error of G(h%). Third
derivatives for £ and x are estimated as
' r 2
"e 2g +? g"l Il ( |2l ’251)
> =YV = ) g —
t V3 ] iy - 22 2
i ! i
- 13 42 42
U3 b +2 lll + Zzl
FA = {1-2%) +
o \" ] A
i 2
" ‘ Myoe 2 2 tnr
S e RN {25)
x O
(
If e, - s dowred accuracy i length (Lo truncation errue), then the step kength w
computed 3y
Sy
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Iy <t

h={—— (206)
I
0400 > 1,
661 1/3
h = I—,-,,T (27
4
These are no! computed for every integration step.

In the carly part of the trajectory, nonlincar aerodynamics are  -ouired. As the angular
motion decays, reversion to linear aerodynamics is taken advantage of (by numerical test). Finally,
when the yaw drag is small compared to zero yaw drag, reversion to particle motion or particle
motion with steady-state gravity trim is made (again by numerical test). In the final stage, the

accuracy requirement is changed to ¢,, a larger value.

2. Applied Computations

The above formulation was programmed for the CDC 6700 system with general input
variables. Selected computations were made for the MK-}\L’. Abo’{nb and compared with 5-DOF
computations. The zerodynamic functions b~ Cpo » MUK G and € were fitted to the

. L ) i’
following form sin® ay

X = ag+a (M- Mg)va (M- M)+ sinfan[og + by (M- M) + b,y (M- M) (28)

where My = reference Mach pumber. €0 was fitted us 2 polynomial in Mach number.

A number of computations are listed i Tables I and HE with large disturbance mputs
to test the numerical technique. Com  Lations were for 2 stendard atmusphere. AN target levels
were at sea level. Al computations were made with an initiad asswned truncatior accuracy of
0.1 fout. For the nonoscllatory (patticle) part of the tajectory the sccuncy reguirement was st
at | foot.

3 Discussion of Resultx

In general, the computatinnal scwlts are in excelleat agieement with 5 and 6.DOF
computations. it must be kept in mind that there are also some computations) erre sources in
the uswa! fourthoeder RungeKutla computatiots.
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TABLE 11 MK$2 EPICYCLIC COMPUIATION « OMPARISON WITH 5-DOF

iy 1) V0 (ft/sec) 1;' ’:O (1t/se) Py (rad/sec) a, (deg) 60 (rad/se) By hk:g)
B, (radfsec) xp (1Y x# (M) te (sec) x"“ (sec) yg (1) y,m t A
(15000 506.3 -0.5001 10 -3 1986 N
-0.880 4911 4924 11.68 1166 -8
telgyss 5133 ~0.5171 ~0.63 -1.617 ~1.827 -0831
‘ ~0.907 7696 7690 17.99 15.00 - 117
(W96 744 & -0.3720 -3 -15.37 -2059 -3.362
-1.282 12117 12118 16.79 16.50 - 1385 - 184 -7
o000 75495 0.0 0.0 0.0 2042 =240
-0.996 18609 18617 25.26 258 -130
. 5000 7595 0.5000 0.0 0.0 2037 - 10
’ 1.020 20900 20938 3286 329 . . - 393
(dp361 7313 04730 1154 ~4.134 0.495 <297 -§.422
0.495 1355} 23572 kLRI 3804 302 404 -739
L3000 Hil 0.0 o) 0.b 2032 10
1.01$ 13122a 17258 15.06 15,08 55

e iy —r— A A

(225 DOF value.
Ry = x5.008) - & (particle).
GiIng uoulalplane approasimaic comnputation was nade.

WNQutaf.plane compuatation made.
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TABLE 1l MK-82 EPICYCLIC COMPUTATION COMPARISON WITH 6 DOF

2 (ft) VO (ft/sec) ZZ) )'/0 (Ft/sec) py (rad/sec) G (deg) "Y() (rad/sec) By (deg)
Bo (rad/sec) xp (ft) x‘.‘a) t; (sec) (@ ye (1) y Axtb)
10000 50€.3 -.5000 2.0 0.0 0.0 2.055 0.0
1.0 7933 7941 18.54 18.56 11.2 5.6 -48
4966 744 8 -.0,7 -13.00 5.50 -15.39 2155 =770
-1.079 12117 12122 16.78 16.80 - 197 ~194 =275
10000 759.5 0.0 0.0 0.0 0.0 2.042 -2
-.996 18601 18617 25.25 25.28 5.2 15.2 -121
5000 759.2 5000 0.0 00 0.0 2.037 -0
1.020 20908 20955 3286 3293 ~75.8 =969 =361
10261 737.2 4729 118 463 -4.490 -1.974 -4.607
.668 23470 23501 38.01 38.03 337 341 -789
5000 1012.7 0.0 6.0 3.0 0.0 2.032 -4
1.014 17220 17255 18.05 16.08 62.5 64.7 58

@)6-DOF computations.

®Ax = x(6-DOF) - x (particle).




The most important feature of the approximate method are the short computation times.
For a typical nonrolling computation, the approximate computation time is approximately [/40
that of a 5-DOF computation and less compared to a 6-DOF computation. A time step size for
the approximate computation is typically 30 times as long as a $ or 6-DOF time step size for the
large amplitude motion phase. The rapid computation time is due entirely to the retention of
rapidly varying trigonometric functions in the numerical computation.

CONCLUDING REMARKS

Two different - computational techniques for the prediction of the decay of store angular
disturbances have been presented.

The perturbation technique allows short computational timws, but seems to sacrifice tou
much accuracy. The MK-82 fit cnvelope results presented in Tabie I show adequate accuracy for
crose-range estimates but much. poorer results for down-range estimates. A measure of the sdequacy
of down-range prediction is the comparison of o(Ax) with o(Ax - AR,). If, by the combination of
store aerodyimamic design, good aircraft flow-field environment, and adaptable ejaction, the store
sepuration disturbance is reduced to an accepiable fow level, then the periurbation technique holds
some promise for adapiion to present fire-control algorithms; perhaps the former will render the
latter moot. :

The sccond technique, based on a piecewise application of the epicyclic averaging method,
seems to represent an important contribution to rapid, accurate consputation techniques. Tables H
and HI give a comparison with 5-DOF and 6-DOF computations. The computations shewn are, in
general, for more severe initial disturbunees and longer traygectories: Table {1 computations wre for
the case with roll. Computation times a:e of the order of 1/40 or less compared to 5-DOF or
6:DOF  computation  times.  However, CDC 6400 (CDC 6700 times are quoted in equivalent
CDC 6400 tune) computation times are still of the order of 0.500 second. This cuinputational
time is much longer than for the perturbation method, which is probably shout twice ss long as
g partcle computation. Trajectory computation time for the epicyclic method should be reduced
o 0.100 second or less to be adaptable for the purpose declared here,

Ouc of the difficuities in store design  for ballistic aceuracy is the umavailability of
acrodynamic characterisics. Reference 1S presents o possible isstrumentation package which should
be avadable for all major store drop programs. Free-ight serodynamue dala may be eatoacted by
using  the ditting  techniques of Referemce 16, An alternative approach would use a pockage
contaimng o yawsonde (Reference 17),
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F-14/ATM-54 PHOENIX MISSILE SEPARATION PROGRAM

(u)
(Article UNCLASSIFIED)

by
Charles Dragowitz and Ralph Johnson

Grummen Aerospace Corporation
Bethpage, New York 11714

ABSTRACT. (U)

This paper presents an overview of the
theoreticel analysis performed by Grumman to
establish separation compatibllity between
the F-14 Tomecat fighter and the AIM-5L
Phoenix missile, with examples of analytical

. correlation with flight test results., The

' success of the correlation was good, leading

to use of the analysis to reduce flight
t=2sting in the establishment of the final
F-14/Phoenix launch and jettison envelopes,
It also highlights significant F-14/AWG-9/
Phoenix weapon system capabilities which
have been demonstrated tc date.

*Approved for public release; distribution unlimited.”
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INTRODUCTION

Today, F-1b squadrons are deployed with both the Atlantic and Pacific
fleets, providing the Navy with a unique air superiority fighter capabil-
i1ty. Development of this capability began with the F-111B program in
1961 when the AWG-9/Phoenix system entered engineering development. By
1967, performance analyses had revealed that the F-111B could not serve
effectively as a Navy air superiority fighter in other than its fleet air
defense role. Consequently, in 1968, it was decided that a new highly

- maneuverable airfrsme would be developed which could utilize the AWG-9/
) Phoenix weapon system and effectively perform the other air superiority
fighter roles. In February 1969, the Navy contracted with the Grummen
Aerospace Corporation for the development of the F-1l4 fighter. Starting
at this date, the F-14/AWG-9/Phoenix weapon system compatibility and

\ capgbllities had to be demonstrated,

\' J The purpose of this paper is to provide an overview of the F-lu/

'\' ADM-54 Phoenix missile separation program snd to highlight the demon-

\ strated capabilities of the F-lh/AWG-9/ Phoenix weapon system. To thils
\ end, the separstion analysis and subsequent correlation with flight test
\- results will be discussed along with the specifically demonstrated
' detection and intercept capability of the AWG-9/AIM-Sk system,

\. . F-14/PHOENIX MISSILE SEPARATION PROGRAM

The F-14 aircraft carries six Phoenix missiles, figure 1, one on

: each of two glove pylons and one on each of four fuselage weapon rails.
! These fuselage mounted Phoenix are carried two asbreast between the
engine nacelles., The weapon rails provide a mechanical and electrical
interface between the F-14 and the Phoenix.

At the beginning of the F-1b program, it was estimated, based upon
F~111 experience, that thirty demonstration points would be required to
successfully complete & separation flight test program. Actually, due
to successful correlation between the anelysis and flight testing, only
thirteen separation tegt points were required., This substantially
reduced F-1lli/Phoenix flight test program costs. Figure 2 presents the
F-lk& flight envelope for the Phoenix missile configuration. It also
depicts the launch and jettison limits cleared by the ¥-14/Phoonix
separation test program. Flight test test separation conditions, six
launches and seven jettisons,are denoted to illustrate that the eatire
flight envelope was spanned by these points.

The F-14/Phoenix separation snalysis was performed by usalizing
Grummen's six-degree-of-freedam store sepsration analysis code. Store
body axis equations of wotlon are integrated, rotated into inertisl
coordinates and then integrated agein to provide the store inertial
displacements. A simulation of the aircraft dynamics is also coded
to provide the inertiel displacement of the aircratt., The differeance
between the two provides the trajectory of the store relative ro the
aircraft,
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For the Phoenix, the control system characteristics were coded
into the separation code. In addition, the separation code requires
three general data sets for successful operation:

o Pertinent inertial and serodynamic store characteristics
including propulsive and control system effects and complete
aircraft data for trajectory purposes.

e A description of the aircraft flowfield interference effects
upon the store,

e Definition of the ejection/release mechanism,

The Phoenix characteristics were avallable from prior wind tunnel
and flight testing performed by the Hughes Company. These data were
modelled in detall as were the control system and thrust effects. The
flowfield interference was modelled with two separate flowfields
simulations, each of which was based upon F-14 wind tunnel test data.
The first was a subsonic~-transonic flowfield, obtained from yaw-head
probe data, which mapped the flow angularities beneath the F-14 for the
transonic Mach range., The second was a supersonic flowfield in which
a metric sting mounted Phoenix was traversed beneath the F-14 to measure
the forces and moments on the missile. For both simulations, the flowe
field effect was coded as a function of fuselage statlon, butt line
and waterline. At any point along the Pheoenix trajectory, the effect
of the flowfield is available for computational needs. In either case,
these effects are superimposed upon the free air aerodynamic character-
istics of the Phoenix. Finally, a detailed ejeclor simulaticn was
modelled which imnarted the proper energy level to the Phoenix end
represented the serodynamic-gas dynamic interaction which occurs during
the ejection sequence.

The linearization of the flowfield with the free air effects, as
described in the foregoing, are particularly noteworthy in the simpli-
fication of coding for analysis, low cost of snalysis and high quality
of results which it produces., The simplification occurs because each
effect can be coded as a fuuction of parameters pertinent to each,
ratker than to both (i.e, position for the flowfield versus angle of
attack for freestreas data). Costs are reduced because the freestream
and flowfield are each measured or celculated amce, not every time a
trajectory is calculated. Finally, the quality of predicted results
can be improved by spending more effort in obtaining both of the
components, For the F-14 further simplifications were reslized during
the coding of the flowfield as a result of this methodology. Separate
handling of the flowfield enabled common trends over a range of Mach
nwnbers to be discerned. e basic flow model was therefore able to
be used for supersonic Mach numbers with adjustzents in magrnitudes
end location, With minor, empiricelly derived, modificaticns, this
flow model provided excellent correlation when used in separatica

anslyses,

Exanples of the quality of correletion obtadned between the
predictive separetion analysis and flight test results ars pregented
in figures 3 through 6. Side and front views of the sircraft are
shown with the missile centerline representing the trajectory at 0.2
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second time intervals after first motichn. One launch and one jettison
are presented for a subsonic and a supersonic flight condition. These
illustrate typicel problems in correlating analyses with flight test
results. For jettisons, missile attitude is the predaminant correlation
problem, Figure 3 presents the predicted and flight test trajectories
for a Phoenix jettison fram station 4, the port aft channel F-1L store
station. The analysis slightly underpredicted the nocse down missile
piteh, At high dynamic pressure supersonic conditions, greater dis-
crepancy wes observed in pitch and yaw while correlation in vertiecal
and lateral displacement was very good., This is illustrated by the
trajectories presented in figure I for a supersonic jettison of &
Phoenix from station 3, the port forward channel F-1l store station.

Launches, in comparison, showed excellent attitude agreement,
principally as a result of control system stabilization of the Phoenix.
Thrust ancmalies, however, produced substantial discrepanci._ ovetween
predicted and actual results. Figure 5 illustrates this ty comparing
the original prediction, the flight result and anelytical trajectory
generated at the specific flight conditions of a Phecenix launch from
the port pylan F-lh station. The analysis contained a nominal thrust
time history and rocket motor ignition time. As 1llustrated, there
was a 50 ms (milliseconds) delay in motor ignition in the test,
Matching this in the analysis produced excellent correlation for
the first 800 ms. At approximately 750 ms, however, the test missile
developed significantly greater than nominal thrust levels which
resulted more rapid forward motion than the analysis would indicate,
It should be noted that the analytical and test trajectories are
almost identical with this exception.

An additionel factor is the snomely which occurred in ejector
performance for this case. As shown, the original trajectory was
predicted using an ejector produced velocity of 18 fps (reet per
second) which represents nominal specified ejector performence.
Correlation required a 1h fps velocity which matched the initiel
motion that was obtained in flight. ¥or virtually all of the other
test points, an 18 fps veloeity level wes required to correlate with
flight. 1In the Fhoenix program, esrly in the Spsrrow program and
during ground testing of the launchers for each missile, "soft shots”
such =3 this wexre observed. The cause of this hag been atiributed to
slow burning of the cartridges used to generate the gas to power the
launchers.

Coantrasting the forsgoing, other launches regulted in noainal
rocket motor and launcher performance. Figure & presents a supersonic
Phoenix launch fron store station § in the aft starboard channzl,
Correlation such as this snd the three forcgeing cxamples dermanstrated
thet Grumzman’s six-degree-of-fresdom store separstion snalysis code
accurately predicted the trajectory of a Moenix which wags launched
or jettisoned from the F-lh, Once the anslysis wes substantiated by
torrelation, it was accepted for the purpose of establishing the
limits of the F~1L/AIN-5% Phoerix launch and jettison envelopes
presented in figure 2. This reduced the scope of flight testing
end gosts subztentially for this particulsr progren sapd resulied io
savings to the Havy as well as to the contractor.
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F-14/AWG-9/ PHOENTY, OFERATIONAL CAPABILITIES

The AWG-9/Phoenir weapon system forms the nucleus of the air
superiority capabilities of the F-1i. The AWG-9 radar provides
large surveillance volume, long range detection and lookdown cap-
abilities far in excess of that available with current fighter
sircraft. Detection of fighter aircraft at any altitude can be
made et ranges exceeding 100 nautical miles, more than double the
current {ighter capability. The AWG-9 is capable of tracking
maltiple targets and has simultanecusly tracked 17 targets in flight
and 24 targets in simulation. It can track and guide the F-14's
six Phoenix missiles to six individusl targets. The Phoenix missile
is, by itself, an extremely effective weapon, being lethal against
targets at leunch ranges in excess of 50 nsutical miles. The abilibty
to detect, track and intercept targets at long range provides the
F-14 with a unique capability. The F-1L can reduce the odds in a
miltiple threat environment with low risk and thereby employ its
Sidewinder missiles and gun in close combat against a greatly reduced
threat.

By the end of 1974, the Phoenix missile kill-success ratio was
0.78 (62 hits out of 80 launches) against a large variety of targets
and environments. Table I sumarizes the extremes under which the
Phoenix has been employed in establishing this ratioc,

TABLE I - DEMONSTRATED PHOENTX MISSILE CAPABILITIES

Simultaneous multiple launch and guidance
2on2, bhenk, 6oné6

Unique thrests
100 n. mile Backfire lannch
Low-altitude cruise missile
Mach 2+, 82,000 ft Foxbats

Tactics
Very low altitude targets
ECM: SCtandoff und self-screening jammer
Low-altitude shoot-up

Dogfights
Evasively maneuvering target/leunch during F-l4 meneuver:
Launch and leave during tail attack

Examples of some of the Phoenix missile lsunches that have been demon-
strated are presented below:

FOXBAT THREAT

One of the primary missicns for the F-lk is the interception of
sargets which fly at high speeds and high sltitudes outside of the
capabilities of other weapons systems. Fipgure 7 depicts one such
mission demonstrated in flight. An augmented AQM~3TA drone, simulating
the radar cross section of a MIG-25 Foxbat, flying at Mach 2.2 at 82000
feet was successfully destroyed by a single Phoenix misslie,
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/ AQM-37A
/ SIMULATING MIG-25
¥ INTERCEPTOR
,.' MACH 2.2
/ 34.8 N. MI. LAUNCH RANGE 82,000 F7
/

A

,£° 7 F18A MACH 1.2
47 000 FT

Figure 7 - TOXBAT TARGET

In another test, an augmented BOMARC drone flying at Mach 2,6 at
72000 feet was intercepted by a Phoenix. At launch the F-14 was
flying at Mach 1.2 at 41000 feet and was over 50 nautical miles
fram the target.

MULTIPLE THREATS

Tn a multiple threat environment, the unique AWG-9 TWS (track-
while-scan) mode enables the F-1lik to launch several Phoenix missiles
in rapid sequence against scveral targets. TWS also enables the
F-14 to attack one or more targets while continuing a search for
other targets. Figure 8 presents the details of one such multiple
target mission. Withir a 44 second iimespan, four Phoenix were
launched against five targets which were flylng in a 20 nautical
mile wavefront front formation at ranges up to 30 nautical miles.
Within two minutes of first launch, one missile had scored a direct
1t and the other three, lethal warhead hits.
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5

In enother test, an F-14 flying at Mach 0.78 at 28000 feet inter-
cepted two unaugmented Qr-33 drones and two augmented BQM-3k drones.
Another QT-33 was missed due to & missile antenna control locp failure
and the loss of sugmentation caused the miss of a third BQM-34, The
drones were flying between Mach 0,6 and 1.1, nominally at 23000 feet
at launch ranges between 30 and 50 nautical miles, The six missiles
were launched within 38 seconds.

ECM _ENVIRONMENT

The AWG-9/Phoenix had demonstrated unparalleled effectivity
in adverse ECM enviromments. In a demonstration of this, figure 9, a
QF-9 drone simlated a fighter threat and BQM-3h drone simulated a
standoff jamming aircraft. Both were detected and, at 25 nautical
mile range, a direct hit was scored on the fighter. Nine seconds
after first launch, at a 47 nautical mile range, a second Phoenix
was launched at the simlated jemmer aircraft, scoring a lethal hit.

LETHAL HIT /)\

25 N M1, 47 N M) g&aﬂ ~..s; . W

LAUNCH RANGES ‘O‘ :
S BOM-MA

g W
¢ 2“? 1w SIMULATING STANDOFF
g L, g \(),I— F NOISE JAMMER

MACH OB a&:‘;—;—p- g
30,000 FT .___....--:3':"" 0 S
AT - o*® IR SIMULATING
& ‘f? enae®? DIRECT ATTACKING
% TS T FIGHTER
v MACH 0.8
o 30,600 FY

Figure 9 - ECM JAMMER TARGET

CRUISE MISSILE THREAT

The ¥-lhA hes demonstrated intercept capability against extremely
low altitude (50-200 feet) targets. Cruise miszile and attacking
aircraft endeavor to avold detection by flying at low levels. One
example of she F-14's ability to ccunter thic threat is shown in
figure 10. A 3Q-34 draone flying at Mach 0.75 at 50 feet was inter-
cepted at & 22 naubtical mile range by & Phoenix leunched at & 10000
foot altitude,
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Figure 10 - LOW ALTITUDE TARGET

In another demonstration of this capebility, a Phcenix launched at
Mach 1.2 at 30000 feet intercepted a QT-33 flying at 200 feet at a
28 nautical mile range on a course 33 degrees to that of the F-1l.

BACKFIRE THREAT

Figure 11 presents the target geometry for a simulated Backfire
interception. An augmented BQM-3Y4, sirmlating the rader cross
gection of a Backfire bomber, was flying at Mach 1.5 at 50000 feet,
The drone was using a blinking jammer to confuse the F-14/Phoenix
as would be expected of en attacking bomber. The Backfire was first
tracked at 132 mauticael miles with the AWG-9 in a track while scan
mode. Launch cccurred at e 110 nautical mile range and the Phoenix
exceeded an altitude of 103000 feet during its flight to successful

iptercept.
MISSILE PEAK ALTITUDE
103.500 FT
il W
: . - - .Q A 4
725 N MI MISSILE FLIGHT ’O 10N M - :
P LAUNCH D BOM.34E
& RANGE R SIMULATING
’0 K> SURERSONIC
¥ SYRATEGIC
LEYHAL MY SOMBER
WITH NGISE
SASAMER
MACH 1.6
0,000 £Y

Figure 11 - DISTANT TAKOET
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MANEUVERING THREATS

In the air combat maneuvering enviromment, the F-1h is capable
of launching a Phoenix at extreme load factors. The FPhoenix, itself,
is able to maneuver to counter evagive action by targets. This has
been demonstrated by the interception of a QF-86 drone which dove
vertically for 6200 feet, maneuvering at up to 6 g's after the
Phoenix was launched in an attempt to evade the missile.
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A TECHNIQUE FOR INVESTIGATING
THE LAUNCH AND SEPARATION OF GUIDED WEAPONS
(u)
(Article UNCLASSIFIED)

by

MR CHAKRLES B, MATHEWS
CAPTAIN ROBERT D. CASON
LT PAGE G. MCGIRR
LT EDUARDO M. CARRERAS
Armament Development and Test Center
Eglin Air Force Base FL 32542

ABSTRACT. (U) 1In the past several years the trend in nc.auuclear
weapon development has shifted from the more couventional types of
unguided weapons to extremely accurate weapons with complex guidance
and control systems. The majority of the new guided weapons have
flight contrcl systems that are active during the launch phase to rate
stabilize the weapon and reduce adverse perturbations. Because of
present on-line computer limitations _.a the four-foot transonic wind
tunnel at the Arnold Engineering Development Center, the usual tech-
nique (Captive Trajectory System or CTS) is ins“~quate for investiga-
tion of the launch phase of this type of guided weapon.

An approach was devised where the CTS hardware was used to
obtain eaercdynamic interference coefficients for the wveapon with fixed
control surfaces in & grid work pattern in proximity to the aircraft
model. Aerodynamic models were developed for the aircraft/wearon
combination and a generalized six-degree-of-freedor digital computer
program wus modified to incorporate subroutines containing mathematical
models of the weapon geekers, autopilot, and flight control system,

This paper deseribes the techniques used for varicus alrcraft aend
guided weapon configurations. It discusses the potential of the
technique to solve weapon degign problems and establish mccurste und
realistic specifications for seekers and rlight control systems. The
paper slso degcribes hovw the technique has been wsed to investigute
launch associated problems, such ag seeker break-loek dus to excessive
veapon body rates and aceelerations during the injtiel launch phase.
Comparisons bLotveen the technique, T8 results and actusl flight tests
ere discusged in deteil.
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INTRODUCT IO0

For many years the Air Force has relied heavily on the Arnol
Ergineering Development Center's (A&DC) four-foot tran.onic (L9} w
tunnel with its captive trajectory system (C35) for determining
external store and weapon separation trajectories, The efficlency
and effectiveness of this system for the investigution of weapon
delivery and jettison performance prior teo flight testing have bhoen
well documented. The capability to accurately predict weapon sepsura-
vion trajectories has resulted in a tremendous savings of Alr Force
flight test time and decllars as well as considerstly enhancing the
safety aspects cof the flight test programs.

In the past several years the treznd in nofinuclear weapon develeyp-
ment as shifted from the more conventicial tyves of unguided weapons
such as general purpose bombs, fire basbu, dispensers and rocket
launchers to extremely acsourate wongponc wilh complex guidance and con-
trol systems. ‘lhe 4T CTS retains the capability to study the fixed
control surface Jettison mode of these new weapons; however, the major-
ity of the new guided munitions have flight control systems that are
active during the launch phase for rate stabilization and reduction of
adverse perturtations. Ine four-foot test section of U1 dictates that
most aircraft .and weapon) models be no larger than 0.05-scale. It is
not feasible to remotely control and accurately model the control
surfaces of weapon models this small in size. &lsc, because of
limited on-line computing capability it is not possiblie at this time
to incorporate either the flight contirol system or the control efrfec-
tiveness into the CTS. Therefore, it is not practical to use the LY

'S for investigation of the leunch phuse c¢f thiy type of gulded
weapon. 3Because of the above, an approach was devised where the (T3
hardware was uysed to obtain basic captive balance coefficient data in
a grid work pattern in proximity to the aircraft model. This dats is
then used in a six-degree-of-rrecden digital simulation of the wespon
that contains subroutines for the £light contrel systesm and caszplete
three-dizensionsl free-strean serodmanics,

METHOD DESCRIPIION

WIND TUNGEL GRID TESTS

The (T8 vag used to obtain the acrodynamic ceefficients acting on
&n oxternal store in the vicinity of the siversft. As in TS testing,
the parent sircraft (usually 0.0S-scalel in placed cn s sting that is
edjustable for snzle ¢of altack and angle of sideslip. Dy store
zodels (boshs, fuel tanks, ete.) are stiached to the purent zedel o
cbtain the gircraft configurstion desired. The weapon vhest trajeciory
is desired is attached %o a second siing baving an internal six-cosponent,
strein gege balanice systen. Up to this point the gracedure is identicsl
to {78 testing. Instead of using the ceesured aerodynssic Torces

I
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to compute an on-line trajectory, hosever, the store model is transiated
and rotated by the CIS rig, and the aercdynamic coefficlents are
recorded.

It was determined by reference 1 that the interference coeffi-
cients varied considerably more with vertical displacement (2 direc-
tion) rather than with lateral or axial displacement and that rotations
in piteh, yaw, and roll at various points in the grid have little
effect on the interference properties. As a result, the variation in
coefficients is normally obtained only as a function of vertical dis-
placemert for various Mach numbers and aiircraft angles of attack. Tais
procedure, which has proven satisfactory in most cases, serves to

considerably reduce the wind tunnel testing and data handling require-
ment s,

Figuce 1 shows the typical variat.on in the pitching moment inter-
ference coefficient as the weapon moves in the Z direction away from
the aircraft model. ‘The internal balance measures the total
coefficients which are composed of interference effects and free-stream
effects due to the weapon angle of attack relstive to the f{ree-streau.
The free-stream coefficients are obtained using the C.05-scale weapon
model which is displaced forward in the wind tunnel test section away
from the aircraft model. Therefore, the interference coefficients may
be obtained by subtracting the free-strearm ccefficients from the
reasured or total coefficients. For exawple, where Cm is the pitching

moment,
Camny = Coporar = Cops (1)

Figures 2 and 3 show typiecal vaciations in the pitching moment
interferemce cofficients for a puwriigular guided wespon which were
calculated as described asbove. Iaspection of thege figures indicates
the difficulty of curve {itting the interference data for a large
range of Mach numbers and angles of attack, especislly at the higher
Mach numbers vhere shock effects cause lerge varistionsg in the
coefficients, As & result, e computer routine was developed where
the interference coefficients are ecaiculated as described above from
magtetic fapes containing the viud twsnel data, The interference
routine interfaces vith 4 six-degree<of-freedon tralecstory progrss.
The arguments (which are outputs of the trajectory progras) for obtain-
ing the interfereonce cecfficienta ure Mach myshor, sircraft angle of
attack, and Z. Routines are used for linear interpnletion between the
vind tunnel data points. Therefore, the interference ceefficientis are
abtained polnt-by-point s the weapos fraverges in the 2 direction.

Sufficient grid vork is usally ocbtained to cover the cooplete
Hach and sircraf™ anpgle of atizck resxge encospassed by the degired
vespen leunch and Jeltison envelope. Ih addition to the grid date,
T8 trajectories with fixed controls sre obtained ot selocted points
within the envelope. &'though the sontrols-Fized CIE trajectories

Biagy, v,
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Figure 1. Typical Variaution in Interference Pitching Moment Coefficient
with Weapon Ve- .ical Displacement
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Figure 2.

Variation in Interference Pitching Moment Coefficient with
Weapon Vertical Displacement - F-4 Aireraft, .8 Mach
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Figure 3. Variation in Interference Pitching Moment Coefficient with
Weapon Vertical Displacement - F-lb Aircraft, 1.2 Mach
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provide an actual simulation of the jettison mode, they are primarily
obteined to provide a check for the compuver/grid generated trajectories.

COMPUTER SIMULATION

Once aerodynamic models for the interference effects related to the
aircraft/weapon combination are developed, a generalized six~-degree-of-
freedom (SIXDOF) digital computer program is modified to provide a
complete simulation. Figure 4 is a block diagram of the computer simula-
tion which includes mathematical mudels of the weapon seeker and flight
control system, The simulation is modular in form and can readily be
adupted to various wegponc and aircraft simply by changing the applicable
subroutines. For example, once the simulation is developed for a
particular weapon, trajectories from various aircraft may be simulated
by using the correct interference coefficients., The program also has the
option of using flow field tabular data (as described in references 2 and
3) to calculate the interference coefficients in lieu of using grid data.

The free-stream aerodynamics for the weapon to be simulated are
normally obtained from comprehensive wind tunnel tests of 0.20 (or larger)
scale models of the weapon. The data, which is usually inputed in block
data form, is normally a total three-dimensional aerodynamic model in the
aeroballistic axis system containing control effeciiveness and damping
terms,

The total aerodynamic coefficients acting on the weapon at any
given time during the trajectory are obtained by summing the free-stream,
interference, and control contributions. For example, {where § is con-
trol surface deflection)

PROCEDURE

The development of a complete trajectory simulation usually consists
of building the applicable modules/subroutines of the SIXDOF program to
include the aerodynamic interference coefficients, a complete aerodynamic
model of the weapon with control effectiveness, and appropriate mathe-
matical models of the weapon flight control system and seeker. Once this
is accomplished, simulations may be made of the separation trajectories
at various flight conditions throughout the desired envelopes. Uncon-
trolled, or jettison mode releases with fixed control surfaces, may be
conducted by simply by-passing the seeker and flight control subroutines,

The first step in the procedure ususally counsist of ccnducting tra-
Jectory simulations for each flight condition where CTS trajectories were
obtained. Good correlation between CT'S and the SIXDOF simulaticns
indicates a good aerodynamic model of the interference coefficients.

Once this is obtained, which leads to confidence in the aerodynamic
modeling, the flight control system can be activated to investigate the
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controlled launch mode. 1In addition to normal launches, the gimulation
can alsc be used to study the results of feilure of such components as
the weapon's flight control system or the aircraft ejector rack.

Normally the primary concern in a trajectory study is to insure
that the weapon separates safely throughout the flight envelope and
that chances of weapon-to-aircraft collisions are extremely remocte.
This applies to the controls-fixed Jettison mode as well as the con-
trols-active launch mode. Another, but much less studied aspect, is
whether the weapon's aerodynamics and flight control system are capatle
of handling the launch transients. In other words, will the seeker and
gimbal platform of a guided weapon maintain lock on the target during
the launch transient? Both types of trajectory studies will be presented
in the examples to follow.

EXAMPLES AND RESULTS

SEEKER BREAK-LOCK

An investigation was undertesken to determine the cause of excessive
break-lock for a guided weaporn launched from the inboard wing station of
the A-T aircraft. During flight tests, 6 out of 11 weapons released
from the inboard wing station failed to guide properly. The problem was
not apparent for the outboard wing station where seven launches were
made with only one failure. The investigation consisted of:

a. A series of rate table tests t0o determine the maximum angular
body rates for the guidance units.

b, Six-degree-of-frecdom digital simulations to estimate weapon
body/gimbal rates and accelerations expected during launches from the
A=7 inboard wing station.

It was felt that the above two pieces of information would provide the
basis for establishing a launch 1imit or envelope for the inboard wing
station that would reduce the high occurrance of weapon break-lock.

The test results of a. above concluded that the guidance unit could
withstand certain angular rates without breaking lock. However, no
conclusions were made as to the éffects of pitch/yaw/roll coupling or
angular accelerations.

Wind tunnel data for the SIXDOF simulations was provided in the form
of CTS and grid 4ata by Mr R. J. Arnold of the Air Force Armement Laboratory.
Figures 5 through T are installed rolling, pitching, and yawing moment
coefficients. Configuration A is outboard data with a weapon on the
intermediate pylon. Configuration B is inboard data with a 300-gallon
fuel tank on the outboard pylon. Also included are recent inboard wind
tunnel data from an AEDC test which represents the flight test configura-
tion where the intermediate and ocutboard pylons were empty.
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liote in Figure 5 that the rclling moment coefliciente
configurations, except the inbouard, decrease to zero at O,2°
whereas the rolling moment coeflricient for the inboard remaln
vicinity of 0.1 or increases. Figure 6 shows the negative ;i
moment coefficient to increase sharyly for tie inboavd tut e
tor the cutboard at Mach 0.9 and shove. However, Figure

yawing moment coefficient to te consistently less for the

Again, as stated above it is not known if the primuary caases of
breek~lock are anguiar rates, acceleraticns or scme comolnat
toth. Also, the effects of pitch/yaw/roll coupling are unknown, 1f
nowever, it is assumed that the inbcard wing station break-lock
problem can be attributed tc pitch, yaw, and roll excursions caused
by the interference aerodynamics, the trends in the instulled coeffi-
cients discussed above lead to the fcllowing for thie same flight
conditions: (1) Pitch snd roli excursions will be greater for the
inboard, (2) Yaw excursions will be less for the inboard. Therefore,
since the inboard wing station is the problem, a logical cenclusion is
that pitch or roll excursions (or a combination of both) rather than
yaw excursions are the primary cause of the A-T inboard break-lock
problem.

During tue wind tunnel tests, interference serodynamic coefticients
were obtained as a function of weapon vertical displacement below the
aireraft (Figure 8 depicts the pitching moment coefficient). [he
intarference coefficients decay to upproximately zero at some distance
below the aircraft depending on Mach number and angle of attack. A
linear approximation to the decay curve based on the authors' Judg-
ment was used to model acrodynemic interference effects for the digital
simulations, It will be noted later that even this simple linear
approximation of the interterence coefficients gives excellent results,

The procedure consisted of conducting six-degree-otr-freedom launch
simulations with the weapon autopilot off and comparing the trajectorics
to CTS results obtained for the same rlight conditions. As noted
earlier, it is presently impossible to obtain CTS trajectories for
wveapons with active controls because of scaling problems and vn-line
computer limitations. ‘Therefore, CI'S is capable only of providing
inactive antopilot/control (or Jettison) release trgjecteries. Good
correlation between computer and CT3 indicates that the aerodynamic
models for the interference ceoefficients are fairly accurate {(at least
approaching that cof CIS accurecy).

When good correlation is obtained, leading to confidence in the
serodynamics, the autopilet and actuator math models in the SIXDOF
simulation are then activated to simulete a normal controlled launch.
The program then merely adds the affect of the control deflections
commanded by the autopilot which provides pitch and yaw rate and roll
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position stabilization to the weapon during the first two seconds of
the launch phase.

Figure 9 shows the excellent correlation obtained between tre
computer and C15 prior to activation of the autopilot and controis,
Figure 10 shows the correlation tetween flight test telemetry data and
the active autcpilot computer simulations. Flight test data for
inboard launches were obtained tor only two miszions.

From the above, it was concluded that the model for A-T inboard
launch dynamics was falirly accurate, and a parametric iavestigation
was conducted in an attempt to tind scme logical basis fer the treax-
lock and to establish a launch envelope. A-T7 inboard wing station
iaunches were simulated tor Mach numbers of 0.7, 0.75, 0.8, 0.85, 0.5.
and 0.95 at aititudes c¢f 9, 10, 15, and 20 thousand feet, A L5% dive
angle and o zero degree gimbal offset angle were used in all cases,

Figure 11 depicts typical time histories of the weapon angular
positions, rates and accelera*imns and the seeker gimbal platform
piteh and yaw positions, rates, and accelerations. Unfortunately the
rate table tests did not define the coupled rates and aeccelerations
that the seeker could tolerate without bLreaking lock on the target,
Nevertiieless, the investigation did prove the feasibility of this
approach for defining the lsunch envi.onment and the rates/accelera-
tions the weapon seekers could exyect to see during launch. Also,
this type of study could assist in establishing seeker and guidance
specifrications.

The study provided guldelires Yor recoammending = luunch eaveliopu
for the inboard wing station, Filgure 12 shows the maximum sbsoluts
value of the bvody/gimbal rates and eccelerstions as fusctions of Mack
nugber and altitude. It should be noted that body/gismbal rates/
necelerations differ only by gimbal friction which iy dmall; Shersfore,
only body excursions are Shown, In almosti every case a nhnrn brean

appears in the curve 2t about 0.9 Mach nusber indicating 2 large
increase in the angular axcursions at this peint. At the lover
altitudes thiz break moves townrd 2.8% Mach suggesting that some
lover that 0.9 Mach would be a realistic lausch 2imil belev 10,00
hanel on the above, it was rocormended that the upper end of the &7
inteard wing station lmunch envelops be restricted to 500 KIA# ¢r 0.9
Mach, vhichever is less.

SEPARATION CHARACTERISTICS DIRECTING DES

A design for an improved guided bomb was proposed iwcorporaet Ling
large strekes forward and large vings aft with pap-sut tivs Lo uckieve
gignificant increases in renge and manueverability. As shown in
Figure 13, the design vas approximately onec and qte-hu calidbers
unsteble vhen the pop-out tips were in the stored position. With
the tips deployed the design was & rginally stable.

372




A/ (FT) An (DEG) 0. TIME (SEC)

L )

0

0.14

0.24

t (COMPUTER & CTS}

041 -8
7 (COMPUTER & CTS)

0.6 ‘10 NOTE: 37 &30 FOR COMPUTER
SIMULATION AGREE WITH CTS
SO CLOSE DIFFERENCE IS HARD

0.6 TOPLOT
Pigure G.a, Tompariscon ot T8 and Computer-Weapon Vertlicval Ulsylacemant

and Fitek Anglie Yersus Time

ol (DEG) 0. TIME (SEC)

e

COMPUTER
12

Figure 9.b. Compariscen of 75 and Computer-wespen foll Versus Time

313




A (FT)
0

a.02

0.01

Av (DEG)
5 0.1 TIME (SEC)

COMPUTER

/COMPUTER

CTs

Figure 9.c. Comparison of CTS and Computer -~ Weapon Lateral Displace~

¢ (DEG)
30

20

10

-10

ment and Yaw Angle Versus Time

0.8 TIME (SEC)

COMPUTER
—

S

Tigure 10.a., Cumpsrigon of Flight Test Telemetry Data and Computer -

Weapon Poll Yersus Time

374



e

0 s (DEG/SEC)
0.1 0,5 TIME (SEC)
SR > A

&
<
4

COMPUTER

20 J g ' ' Ll

Figurs 10.b, Comperison of Telemetry Data and Computer - Gimbal
Pitceh rdate Versus Dine

¢ g (DEG) 6.5 TIME (SE

™

COMPUTER

Figure 106.c. Cnmparison of Telemetry Data and Conputer - Gimdal
Pitelh Angle VYerzus Time

375




08087 o 3
[ ] ! 1
» 1 v
pl2 0 A 9 1[0 LA ’ o )
[
) st.0ex10™0
¢
]
— —4—
f —4 e 4
¢ ~.00x10"%0 B
) L. 1 -+
" L
t 1 1 1 1 4 1§ H
TINE *SECIO
1 \l J ‘i- 1 % ¥ 1
i
L 1 Y t i
. [ 3
v - piz o[ o . ) e G 3
A 0\ N €
“ \
‘ N T ] ]
Y -s.ome™t ' 1
" a1 -
| 4
. 1 -+
b ] 1 1 1 {
1 NA \ LI -1 1
T f£CI0
- .
y.uuo*“h N T“ 4]
[ ]
:’ -
IS l.unc"'
: .
¥ -] - .
Y . I R k - -~
JEABARLS I j N5 18 T 110 (28]

[ 24

Figure 1l.a. Weapon Pitch, Yaw, and Roll vs Time - 15000 B, .9 Mach

376

o

Rl VT




o908 2 o
, l N 11 - ._}__4
2ooriat i 1T | \ i
e o h
K [
; & ARTILD je QP 40U ) 1 [ 0 HE
i % d
¥
A -
= ® p.oopi0™tf N\
hd I . X
- LI - 1
. T (SECIO

: +00
" 8.00x:2
¢ " !
g 1]
[ X N
\ DR I0 00 00k Ny ) ile ree g inp
. y.
7 > ..«’
¢ ' 1 ™ t
N U JEC10
: 2eano®| |/] { [T
\ ~4
’ \
. \ 1 ! -
1 ale \K [18) 'Ij ofe e 1|2 B ] B 0
. | T T
~2. a1 . A i )
X ¥
: PRI T8 L Ty
. Figure 11.b. Weapon Pitch, Yav, and Holl Rates vs Time 15000 &%,
.G Mach
- . 317
9




09+ 00 7y 21 o
" r - __r _r._}'
3-001»0"’#_‘ ; 4‘ F1°
-] ] -
i
. Lf j
? ol 2l ) 16 n 10 N0 2]o
arwa B\
~2.00210"% ﬂ%_" “"'_Jv'
s s
L |
i B
1196 154010
AN
"w.a‘m =T 7 =
-
1
) ]
I~ | i
» rd
1 X T s Do [0 10 Bt 1t 2]
* . goxtg*® ! 7
B, \
N
I 1SEC10
r———v‘w- s 4
REWEE 1. { 4
a.mno’“r ) ] T ’
1 ) 7
“+ »_,V'
. SN N’!_ 11
\ ol [} BRE0 e [}t ) 131.
- \r . -9 -
R 4 U B N -
2. 0e210™%] B
1 INGY
ol e d $0 fax anic
Figure il.¢. Wenpos Pitch, Yav, and Rell Acceleration vy Pime -

15000 ¥t, .9 ¥ach

378

A S N TG TR WIS




09,08/ N P
I, |
A\
9.00210°%9 am
s
3 4
P 2.00015°0
1
T
¢
M —
e 0
o[z o 0 s [1E 12 0 ifs B0 BE
» T 1 15
——t
Tk 188010
AL
2.0a31078¢
¢
'
" » \Y N
, 0 30 0] o[e 7 1153 () ey )
1
v
[ e \
~2. 0831
&
r manl
L =~
FiIK ymCio
!
o™ |
H {
I y -
, ¥ 00 i 0 ! 12 s o
: BEL
. e
X e
\ L 1\., e
LA T
-t 9

Figure 11.4. Cimbal Piteh, Piteh Rate, and Piten Acceleration vs
Tize - 15000 Pt, .9 Mach

379




‘e

RE%e
YRS F)
9.00510" B
b 11— b~
¢
,'. -
Y -
: [} H ,[ -
11H 0g ole " ng o Nk ]
. /
XA
\~ g
Y 1SECH0
| i
= -
s 0 an ]
"’ o2 2 00 R0 N0 ) e ? ?‘5 - e
i
y \
‘.
. %
[ ]
R PP 1
/
T 4SXCI0
1
Samie$
H . R 1 ] N it 1]
" by P L
I FOR AT 30 ) NSO 10 ie
t ‘%-f BEEEE
N Y
1
o Aapie'™ 1
< L L)
—— e
- 13
LY

28t

Figure ll.e. Gizbal Yav, Yow Rate, and Yov Acceleration vs Tizme -
15000 Ft, .9 Mach

380




b
af' PR

PITCR RATE (DEGL/SEC)

100

Figure 12.a.

ALTITUDE
5,000 FT .

10,000 FT

15,000 FT

QO oo P o

20,000 FT

MACH

Haximum 3ody Pitch iate versus Mach lunler

361

¥ W TS




YAW RATE (DEG/ SEC)

ALTITUOE

Maxizmun Body Yew

Rate Versus Mach

susber




eoripane oo
b A

ROLL RATE {DEG/SEC)

100
ALTITUDE
"
O 5000FT
80 A 10,000 FT
O 15,000 FT
O 20,000 FT
60
40

20

Figure 12,2,  Maximws sody Roll Rate Versus Mach Junber

383

Weat S0 e




1200 ‘—

1000

g

PITCH ACCELERATION (DEG/SEC?)

&

ALTITUDE

5,000 FT

10,000 FT

15,000 FT

o
TAN
o
\

20,000 FY

A, Hexirmus Body Pitch Acceleration vs Mech Nuaber




};”f‘f""‘ﬂ,’@'ﬁ’,c‘

VAW ACCELERATION (DEG/SEC?)

100

figurs

.
av e R

ALTITUBE
O 5000 FT
A 10,000 FT
C} 15,000 FT
< 20,000 F1
& [)

Raxizun Body Yev Acccieratias Vernus Mackh Narher

R e S N




1200 i

ALTITUDE

1000 o SO000FT
& D 10000 FT
- [4V]
-
2 O 15000 FT
(%]
= O 20000 FT A
2
4
e
p
W
d o)
o A
(& ]
b
-d
-d
Q
[s
85

Figure 12.7. Masimes 3ody Boll dcceleration Versus Much Nunsber

386

A oort S T
o




B

udrsaq TBUIBIIQ °*E£T [anI1yg

T =
/ :m”
8 &
W nuwm

!
65| > oo

o

O
387

{
\\,\ —

(ur sdig) uUIOg TBIAT.3N ..

pakctdag sd1l) jurog TeIgnay //I.»N".L

o (
\

Q0L [\ 2

| /) :.V.m_‘ - I,v.-.

7/
\ /
\ Vs
Ny
H
3
Es
i
. g
»
. R RUPEC ) @w oy 5 @ﬁ.@ N . 2 ‘ :
u . ; 2 i’ b .. i}
A 5 ] ] : ] T ! K - - "
X . 5 . i , 05 S, i LT ) R ETRPE £t SR
s _. e £ L P& 4 e i i
. ; , . : s ) a "
. M. - 5 i, .«7 j g o) ; ] 3 %. ) AT ’ i A e o? Lo
= X b ! * 0 & i . - el > ' i =
» 32 i u [
MR :




A study was initiated to investigate the separation charscter~
istics of the proposed design using the method descrided in the
method description. After correlation runs were made with the CTS
trajectories, a preliminary jettison envelope was constructed using
a nominal weight F-4 aircraft and the standard ejection rack condi-
tions, The results are shown in Figure 14, This preliminary enve-
lope indicated that weapon separation was highly dependent on the
initial aircraft angle-of-attack, and the worst case angle-of-attack
condition occurs for a heavyweight aircraft. The obvious desirability
of conservative results led tc the selection of the heavyweight air-
craft as a baseline.

Figure 15 shows the results of the jettison analyses for a heavy-
weight airecraft., These studies indicated that the weapon would not
safely separate over a large portion of the jettison envelope. Without
resorting to a total redesign, three solutions to the separation problem
appeared feasible:

a, FEarly d . ;. n¢ of the wing tips to increase the stability
of the weapon.

b. A preset pitch flap bias for the jettison mode.
¢. Tuning the bomb rack to cause the weapon to pitch down.

The Air Force and the contractor conducted a comprehensive study
to evaluate these options, The results of this analysis showed that
none of the options, when considered singly or in combination would
provide an acceptable solution. Early deployment of the wing tips was
unacceptable for several reasons. The increase in stability occurred
too late to appreciably change the early portion of the separation.
Deployment of the tips would in scme cases more Shan double the lift
generated by the wings and strakes. Finally, deployment of the tips
increased the wing span of the store by nearly 70 percent, which
compounded the aircraft/weapon clearance problems.

The capabilities of the actuator limited the preset pitch flap

bias to 7 degrees, which was not sufficient to provide sefe separation
throughout the envelope.

The best Jettison results were obtained using a tuned bomb rack
with the meximum alloweble opening forward and the rear orifice blocked.
Although thiv option allnowed jettison over most of the captive f£light
envelope, it was felt that %this solution would generate excessive angular
rates and accelerations which might result in e weapon breaklock during
launch,

At this point the Air Force and the contractor investigsted the

separation characteristica of a store that was statically stable in the
carriage position. The force/moment grid progrsm vas modifled 49
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approximate the differences between the unstable and stable versicns.,
The study showed that a marginally stgble store with a pitch-flap-bias
would adequately separate throughout the envelope. The impact on range
and manueverability of a stable store was Judged to be acceptable.

The desired increase in stability was accomplished by reducing
the size of the forward strakes as shown in Fgure 16. New grid coeffi-
cient runs were made with the store on the inboard station of an F-l
with a 370-gallon fuel tank outboard. In two hours and six minutes of
testing, the following runs were completed:

Mach Number C Aircraft Angles of Attack
0.3 2, L, 6, 8, 12, 16
0.65 0, 2, 4, 6, 8, 12
0.80 0, 2, 4, 6, 8
0.95 U, 2, b, 6
1.05 0, 2, 4,6
l.2 0, 2, 4

3

In two hours of tunnel testing, enough information was generated
to allov almost complete coverage of the F-L envelope. Computer
analyses showed that the redesigned weapon would separate safely from ]
the airzraft in the Jettison mode. Five mass simulation vehiclies were
dropped at various points in the captive flight envelnpe to provide
actual flight test data for comparison with the computer analysis.
The results for two of these drops are presented in Figures 17 and 18,

COMPLETE SEPARATION ANALYSIS OF A NEW WEAPON

The glide bomb in Figure 19 is currently under development by
the Air Force. This guided, 2000-pound bomb utilizes a set of folding
wings to extend the range. At the request of the system program
cffice (SPO) a study was undertaken to determine whether or not this
weapon would safely separate from the F-U aircraft.

The UT wind tunnel at AEDC was used to collect three basic types
of date with a 0.05-scale model: grid data, CTS trajectories, and
free-streamn data., The grid data consisted of total aerodynamic
ccefficients acting on the model in the vicinity of the F-l, as out-
lined in the method description. This data was collected with and
without fuel taenks on the F-4 model and at various aircraft angles
of attack and Mach numbers. The CTS trajectories were made st a wide
range of flight conditions end vith various tail deflection angles
on the weapon to simulate Jettison and to provide data to compare with
future computer simulation, Fina'ly the static aerodynamic coeffi-
cients of the weapon model with th» wings folded were gathered and
compared with those of the 0.20-5cale model. The force coefficients
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were in good agreement as were the moment coefficients at low (z4.0°)
angles of attack. At higher angles of attack, however, the moment

il coefficient of the smaller model was as much as 5C percent greater than
?G the larger model,.

e The next task was to use this data along with informaticn from the
SP0 to devzlop a digital computer simulation of the complete veapon.
The 3.20-scale model dats was used %o calculate the free-stream aero-
dynamic characteristics of the weapon., The deta for the inboard wing
station of the F-4 with a MK-84 2000-pound bomb installed (Reference L)
- was selected for the flow {ield data option in the program. For the
g grid data, the technique in the method description was used to obtain
interference coefficients for the weapon. A digital model of the auto-
»ilot and a scheme for computing the wing opening serodynamics were
otiained from the SPO and incorporated into the basic program.

A si-'dy was initiated to evaluste the two simulation techniques--
e flow field dacx and grid data. 7To do this, computer simulations of
Jettison trajectorias were made and compared to the CIF trajectovies,
Agreegeat with transluational motion was excellent, as shcewn in & v ,pical
. example by Figure 20. Jrreement with pitching and yawing nction was

f' generally good, as shown in Figures 21 to 25.

The disparities shown can be attributed to three factors. First,

o

i the free-stream asrodynamics of the 0.20-scale model used in the
: simulations are somewhat different from those of the 0.05-scale model
LT of the CTS trajectories. For example, at 0.7 Mach and -4.0° angle of

attack, the pitching moment of the large mcdel is 2nly 50 percent that
of the small model. Secondly, the flow field data on the F-U was
gathered at a single Mach number (0.85) and a single aircraft angle

of attack (0.3°). Although this permits the prediction of general
trends in the stores' motion, there are ususlly differences betwveen

the simulations and CTS or flight test trajectories. Finally, at
supersonic Mach numbers, shock location plays & mejor role in determin-
ing separation trajectories,

"o,
il

A comparison of the two computer techniques indicated that the

. grid technigue was the Letter method to uge in anglyzing the separatisn
ef the weapon with an active sutopilot. The iaftial simulations showved
tiat & normal launch with an autopileot pogsed ne threat to the aireraft.
The analysis then focused on single failures of three major components:
the sutopilot, the surface nctustors, and the wing openiny mechanism,

An autopilot failure could com=end full up on the tail surfaces
covs ing the veapon to pitch up and possibly contact the aireralt. A
flap position limiter wes included in the original derign preventing
positions of more than five degrees frog neutral for the fipst wwo
= soeonds.  The simulations shoved that this limiter would be sufficient
to protect the ajrcraft.
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A single actuator failure in the full up or down position was also
studied. It was determined that the autopilot could still control the
vehicle during launch within acceptable limits.

Finally, the timing and a failure of the wing opening mechanismn
were investigated. The original design called for the wings to start
deployment one second after weapon release. The analysis showed, how-
ever, that even with a pitch flap limiter, an autopilot failure would
place the weapon precariously close to the aircraft as the wings
deployed. The recommendation was made to the SPO that the design be
changed to start wing deployment two seconds after weapon release. In
addition, it was suggested that the wings be mechanically locked for 1.5
seconds to preclude any danger caused by early wing opening. Both of
these features were later incorporated in the design by the contractor.

During the initial pertion of the flight test program, three mass
simulation vehicles were dropped to verify separation characteristics.
These vehicles were configured with a seven-degree-down pitch-flap-bias
on the tail surfaces to aid separation. A comparison of the flight test
data with the flow field and grid techniques are shown in Figures 26 to
28.

These comparisons show good agreement between the experimental data
and the two techniques, particularly the grid technique. The disagree-
ment at the higher pitch angles (greater than 15.0°), is attributed to
the lack of emperical data on the 0,20-scale model at these large angles,

In general, these simulation techniques provide the capability to
accurately predict the motion of a guided weapon as it separates from
the aircraft. They allow the identification of poteniial problem areas
such as the wing opening time, before flight test, thereby permitting
the necessary design changes. Thkis permits a reduction in the number
of both wind tunnel and {light test hours, resulting in a savings of
expensive energy resources,
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LAUNCH TRANSIEMT ANALYSIS: ESSENTIAL
ELEMENT OF AIR LAUNCHED WEAPON
CONFIGURATION DEVELOPMENT
(U)

(Article UNCLASSIFIED)

by

TERRY G, BLOSE AND RALPH M. BARNES
Rockwell International Corporation
Missile Systems Division
Columbus, Ohio

ABSTRACT, (U) Current development programs for improved air-
launched weapon systems require consideration of weapon/aircraft com-
patibility during early weapon configuration definition and design.

An analytical technique for predicting launch and jettison sepa-
ration characteristics of externally carried air-launched weapomns is
presented. The to:chnique uses aircraft flow angularity data to deter-
mine the increment:l forces acting on a weapon due to the aircraft
flow field. A six degree-of-freedom program has been defined to cal-
culate these incrementa! forces which, combined with weapon free
stream aerodynamic characteristics and basic equations of motion, is
used to predict weapon separation characteristics. Since the techni-
que is based on the use of flow angularity data, numerous weapon con-
figurations may be evaluated. Thus, the techmique is particularly
useful during initial weapon deveiopment.

~ Correlations of predicted jettison trajectories with wind tunnel
and flight test data are presented to demonstrate the accuracy of the
technique. For additional comparison, jettison trajectories determined
using the Air Force Armamert Laboratory {AFAIL/DLIC) grid force/moment
interference coefficieut computer program are presented. The correla-
tions were conducted for an improved modular guided weapon developed
for the Alr Force.
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NOMENCLATURE

Direction cosines (see equation 1-3)

Aircraft free-streum velocity component along
aircraft X-Axis ~ ft/sec

Weapon center of gravity

Rolling moment, pitching moment, and yawing
moment coefficients, respectively, in the
weapon primed axis system

Rolling woment, pitching moment, and yawing
moment coefficients, respectively, in the
weapon body axis system

Incremental rolling moment, pitching moment, and
yawing moment coefficients, respectively, in the
weapon primed axis system

interference rolling moment, pitching moment,
and yawing moment coefficients, respectively,
in the weapon body axis system

Normal force and side force coefficients,
respectively, in the weapon primed axis system

Normal force and side force coefficients,
vespectively, in the weapon body axis system

Incremental normal force and side force
coefficients, respectively, in the weapon
primed axis system

Interference noxmal! force and side force
coefficients, respectively, in the weapon body
axis system

[uciemental local velecity component along the
pylon Y-axis due to flow ficld angle of sideslip
~ ft/sec

Incremental velocity cormponents along the

veapon body axes due to alrcraft flow ficld ~
ft/sec
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Aa

A8

Incremental local velocity component along the
pylon Z-axis due to flow field angle of attack
~ ft/sec : '

Number of primary lifting components; for
example, k is equal to 3 if the weapon is
divided into body, strake, and wing components

Free-stream Mach number
Weapon static stability margin ~ inches

Weapon free-stream velocity components along
the weapon body axes ~ ft/sec

Effective velocity components along the weapon
body axes ~ ft/sec

Weapon center-of-gravity position in the pylon
axis system~feet

Aerodynamic center-of-pressure position in the
pylon axis system ~ feet

Launch aircraft (fuselage reference line) angle
of actack .- degrees

Yeapon aeradynamic angle of attack in the primed
axis system, measured between the frce-stream
velocity vector and the weapon centerline ~
degrees

Effeccive aevodynamic angle of attack in the
primed axis system, measured between the
effuctive velocity vector and the weapon
centerline ~ degroes

Flow field agngle of attack in the pylon axis
system ~ degrees

Flow field angle of rideslip in the pylon axis
system ~ degrees

Weapon acrodynazic roll angle in the priwed
axis system, messured between the plane of a'
and the weapon veference orientation (zevo
&' is "K" orientation) ~ degrees

e AT D
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'y Effective aerodynamic roll angle in the primed
axis system, measured between the plane of
@' and the weapon reference orientation (zero
@' is "X" orientation) ~ degrees

Ad s A8+ AY Weapon roll, pitch, and yaw angles, respectively,

. P P P in the pylen axis system ~ degrees
SUBSCRIPTS

(a') Due to aerodynamic angle of attack

(a') Due to effective aerodynamic angle of attack

(o") Due to aerodynamic roil angle

(@) Due to effective aerodyramic roll angle

«( ) For a given primary lifting component; for

example, (W) indicates the wing component
FS For the total weapon at free-stream conditions
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INTRODUCTION

Recently, operational combat mission requirements for tactical
aircraft have demanded development >f new modular air-launched weapon
systems. Imnproved high-lift aerodynamic concepts associated with many
of the new weapon systems have placed increased emphasis on weapon/
aircraft compatibility considerations throughout weapoun design and
development, Foremost among compatibility ccnsiderations are launch
transient analyses which evaluate aircraft safety during weapon launch/
jettison. The analyses are especially necessary during early configura-
tlon development to define design changes, if required, prior to design
implementation,

The objectives of this paper are (1) to present a summary of an
analytical technique which can be used during weapon definition and
development to predict launch and jettison separation characteristics
of air-launched weapons, and (2) to evaluate the accuracy of the pre-
diction technique through correlation with both wind tunnmel and flight
test results. The correlations are performed for an improved modular
guided glide weapou system developed by Rockwell International
Corporation, Missile Systems Division, for the Air Force.
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—% FLOW-ANCULARITY PREDICTION TECHNIQUE

;;i The prediction technique, formulated during support of past Air
8 Force/Navy programs for externally carried air-launched weapon systems,
is based on determination of the aircraft non-uniform interference flow

argularities combined with a digital six degree~of-freedom computer
o program.

S The digital program utilizes the complete six degree-of-freedom
4« equations of motion to predict either the launch or jettison trajectory
of a weapon from a maneuvering a2ircraft. The program includes the
effects of:

(1) Ejector rack characteristicvs (ejection force, ejector piston
locatien, ciector stroke length, and total ejection time),

ﬁi (2) Weapon mass properties (weight, moment of inertia, and
: center~of-gravity position),

= (3) Launch aicveraft flight conditivns (Mach number, altitude,
g angles of attack and sideslip, budy angular rates and Euler
angles, and center-of~-gravity positicn),

- . (4) Yeapon/sircraft installation geometry (weapon center -of=-
gravity position on the aircraft, snd weapon attitude
relative to the aircraft refereace axis),

; ?3: (5 Atmospheric winds (optional),

(6¢) Launch sircraft flow field.

The weapon frea-stream static forse and moment coefficients

_ ) obtained from either ampirical/theoretical estimation methods or wind
| - : tunns} tests arx defined in the weapon primed or aercballistic axis

L% : system ( a*, ¢'). Coefficients for both the tofal weapon and each

4 ' - individual primary cemporient (e.g., body, wings) are incorporated iuto
- - the pregram using muitiple independent variable arrays with a linear-
e ‘ interpolation table look-up subroutine,

) The prediction technique uses aircraft flow field angularity

data { Aa; A8 ) to caleulate the interference fcrce and moment co-

efficignts acting on a weapon in the presence of the launch aircreft.
R " Flow-angularity data in the alrcraft flow field may be obtained from
 : B . theoreticsi/empirical wmethodz or from wind tumnel tests. The data
2xy : are obtained without the presence of tue weapon (clean pylon oaly).

- . . o To calciiste the interference coefficients on a weapom, the aver-

- age flow field angularities acting on esch primary lifting component
axe detoxmined from the flow-angulsvity data. The angularities are
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based on the vertical and axial position of the component's aerodynamic
center of pressure in the pylon axis system., The center of pressure
for the cruciform i1ifting surfaces is considered to be at the weapon
centerline.

Aa( ) = FlM o AXPep ) AZRp )] (1-1a)
AB( y = FlM - AXPCP( ) AZPCP( )] (1-1b)

The angularities are converted to incremental local flow velocity
components (DW, DV) in the pylon axis based on the aircraft free-stream
velocity X-component (AVX).

Aa
Dw( y = AVX tan[-—s-ff—iz} (1-2a)

* A
‘ : DV( y = AVK tan [-??%l] (1-2b)

The incremental velocity components are them transformed to the
weapon body axis based on the weapon pitch, yaw, and roll ( AGP, Aﬁl’p’
A_¢:p) orientation in the pylon axis.

e VX, 31 3 a13] 0
2 . DVY( y| = 8,1 85, 253 DV( ) (1-3)
! where:

ay, = cos éz,bp cos Aep
a,, = sin A:.(fp cos Aep

ajqy = -sin A()p
. 2,; * €05 !&l.lt? Siaéep sin .{ﬁgﬁp - sip ggﬁ;? coS A#‘;p
97 = COS 23!1!? cosAd:? + sin At,bp sin A()p sin A¢>p
: , 2,4 = €08 -.j"}9p sin Aq&p

ag) = sin As;}p sin fsqu + cou a'ifﬁ? sin ABP ces Ad’p |
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a3, = sin A¢lp sin A0p cos A¢>p - cos Ad/p sin Aq’)p

a;, = COs A&p cos Aq,‘)p

The transformed velocity components are combined with the weapon
free-stream body axis velocity components (VX, VY, V2) to obtain the
effective velocity components (VX, VY, VZ) for each weapon component.
The effective total aerodynamic angle of attack (Q@') and roll angle
(5’) for each weapon component are then approximated based on the
effective velocity components,

VX( y = VX + DVX( ) (1-4a)
VY( y = VY + DVY( ) (1-4b)
vz( y = vZ + sz( ) (1-4¢)
l' = 2 L5 7
Ty = tan! ‘I‘,-’Y( >~F V2 (1-5)
! KO
K7
5' = t:zm-l __( ) (1-6)

Using the weapon primed axis aerodynamic coefficient equations
with the control effectiveness contributions eliminated, the aero-
dynamic coefficients for each weapen component and for the total
weapon are obtained as functions of the effective velocity (a', rp )
and the free-stream velocity ( a'y, ¢') , respectively.

WEAPON COMPONENT EFFECTIVE VELOCITY COEFFICIENTS - PRIMED AXIS

W'y O gy T AN (g sin2[2$'( N (1-7a)
Cy'( y = ACy'( gy sin (48] (1-7b)
Sy = St gy A% () smzlz}ﬁ'( N (1-7¢)
N N sin[43'( ) (1-74)
Cgp'cy = ¢y ' ) sin (425'( )l (1-7e)
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TOTAL WEAPON FREE-STREAM COEFFICIENTS - PRIMED AXIS

C'es = ' qry AN ( ) sin’ (2] (1-8a)
CY'FS = ACY'(¢') sin (40! (1-8b)
Ca'ss = S’ qny ¥ Acm'( 40 sin? [2¢' ] (1-8¢)
Ca'pg = Acn'( o) sin[4¢'] (1-8d)
Cg'ps = ACp' ') sin [4¢'] (1-8e)
h The effective velocity and free-stream coefficients are transform-

ed to the body. axis system based on $' and ¢', respectively.

INDIVID'JAL COMPONENT COEFFICIENTS - BODY AXIS

Mgy T 'y cos 5'()+CY'()sin $' (1-9a)
Cyo y = Cy'( ) cos $'( y =~ CN'( ) sim 5'( ) (1-9b)
. Gy =Gl 08 F(H PG sin P (1-9¢)
Cag y = Ca'( ) 08 (- Ca' () Sin ) (1-9d)
Ci()=S'() (1-9¢)

TOTAL WEAPON FREE-STREAM COEFFICIENTS - BODY AXIS

CNpg = ON'pg €08 @' + Cy' o sin ¢! (1-10a)
~ Cypg = CY'FS cos @' - Cy'pg sin @' (1-10b)
Copg = Ca'pg CcOS o + Cn'pg Sin ¢! (1-10c)
Capg = Cn'pg €05 ®' - Cy'p sin ¢ (1-10d)
Ctps = Cf'ps (1-10e)
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The interference coefficients ( ACy;, ACy;, Aly,, ACpy, ACyy)

for the total weapon are the summations of the effective velocity body
axis coefficients for the weapon primary lifting components minus the
free-stream body axis coefficients for the total weapon.

Mk 7
ACNi = Z CN( 3 CNFS (1-11a)
L 1 i
- -
ACYi = Z CY( ) - CYFS (1-11b)
[T ]
[k 1
AcmjL = Cm( | " Capg (1-11c)
L. 1 .
[k h
Acni = cn( ) - CﬂFs (1-11d) ‘
. T )
M - k 9
AC£i= l CL( ) - CﬂFS (1-11e)

k = number of weapon primary lifting
components considered

The interference coefficients in the body axis are incorporated
with the complete free-stream aerodynamic coefficients (including con-
trol effectiveness and damping) in the six degree-of-freedom equations
of motion.
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APPLICATION OF THE TECHNIQUE

The flow-angularity technique, previously presented, was applicu
during configuration definition of an air-launched guided glide w:i.apon
required to be compatible with several Air Force/Navy tactical aircrvaft.

During definition of the weapon configuration, Rockwell Inter-
national Corporation, Missile Systems Division, in coordination with
the Aircraft Compatibility Group (DLJC) of the Air Force Armament
Laboratory (AFATL/AFSC) at Eglin Air Force Base, Florida, conducted
aircraft flow angularity wind tunnel tests, and performed sepacation
analyses for weapon jettison from an F-4D/E aircraft.

The flow-angularity wind tunnel tests, Reference (1), were con-
ducted in the Aerodynamic Wind Tunnel (4T) of the Propulsion Wind
Tunnel Facility (PWT) at Arnold Engineering Development Cer.ter (AEDC/
AFSC). The tests were performed using the AEDC captive trajectory
store separation system (CTS). Flow-angularity data were recorded
using a calibrated 40-degree conical tip pressure probe. The probe
static and total pressure in the proximity of the aircraft were
measured and reduced to flow field angularities using predetermined
probe calibration data. The flow-angularity data were obtained at
preselected coordinate locations in the pylon axis system as functions
of aircraft angles of attack and sideslip, Mach numbar, and aircraft
loading configuration., Data were obtained for the inboard wing
stations of an F-4 aircraft for a Mach number range of 0.55 to 1,2.

Jettison (autopilot inoperative) trajectories or several configura-
tion design concepts were predicted throughcut the F~4 aircraft flight
envelope using the previously discussed tectinigue. The weapon weight
for the concepts was assumed to be 2500 pounds. The control surfaces
for all the concepts were locked in a trailing-edge cdown position to
provide a nose-down pitch bias. The free-stream/build-up aerodynamic
coefficient data for the various concepts were estimated based on
development tests of similar configurations conducted in the NASA Ames
l1-foot transonic, AEDC-4T and Rockwel. low-speed NACAL wind tunnels.
Parametric configuration variaiions for the following design concepts,
shown in Figure 1, were evalun~ted:

Concept (1) Fixed span cruciform (X) wings and cruciform
strakes; cesulting in a statically stable
configuration for jettison and launch.

Concept (2) Crucifcrm wings, with tips that extend after launch,
and either (a) cruciform strakes, (b) cruciform
strakes with retractable spoilers, (c) interdigitated
cruciform strakes, or (d) intevdigitated asymmetric
span cruciform strakesy resulting in a statically
uastable configuration during jettisom.
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Separation trajectories for the parametric configurations evalu-
ated are shown in Figures 2 through 4 at a critical (high angle of
attack) release condition - 0,65 Mach number at 30,000 feet altitude.
The trajectories are from the left-wing inboard pylon of an F-4 air-
craft with outboard 370-gallon external fuel tanks. The trajectories
are for normal jettison (1.0 g level flight) with the aircraft landing
gear, flaps, speed brakes, and wing-leading-edge slats retracted.

At the specific release condition, Figure 2 indicates that for
jettison of Concept i, longitudinal/directional static margins up to
13 inches stable have satisfactory jettison characteristics, and always
produce nose-down and inboard incremental picch and yaw angles, respec-
tively.

Figure 2 also indicates that for Concept 2a,

(a) a longitudinal static margin at low angles of attack of
17 inches (0,944 diameters) unstable or less provides
satisfactory vertical translation (ZSZP) of the weapon;
that is, no weapon/aircraft contact, acceptable (safe)
aircraft/adjacent store clearances, and vertical trans-
lation of the weapon center-of-gravity with respect to
the aircraft is always increasing,

(b) a directional static margin of 4.5 inches unstable or
less provides approximately zero lateral translation
QAYP) of the weapon center of gravity,

(¢) during initial jettison, a longitudinal static margin of
approximately 10 inches unstable produces zero incremental
pitch angle (Afp),

(d) during initial jettisom, a directional static margin of
approximately 4.5 inches unstable produces zero incremen-
tal yaw angle (A¢p).

For jettison of Concept 2b, Figure 3 shows that a longitudinal/
directional static margin of approximately 8 inches umnstable (which
corresponds to 18-inch exposed semi-span strakes with retractable
spoilers of approximately 1,2 square feet total frontal area) has
satisfactory jettison characteristics and minimum (near zero) pitch/
yaw dynamics, -

Based on estimated aerodynamic coefficients, the jettison charac-
teristics for Concept 2c, presented in Figure 4, are assumed to be the
same as those for Concept 2a for equivalent strake exposed semi-span.

Figure 4 shows satisfactory Jettison characteristics for Concept
2d with 17 inches unstable Jongitudinal snd 4,5 inches unstable direc-
tional static margins. The static margins correspond to interdigitated
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strakes with exposed semi-spans of 15 inches in the horizontal and 11
inches in the vertical.

In summary, the results of the analyses indicate that (1) from an
F-4 aircraft with outboard fuei tanks, satisfactory jettison character-
istics can be attained with some specific stability margins (e.g.,
strake span/spoiler combinations) for all the weapon concepts that were
evaluated, (2) weapon translations and pitch/yaw dynamics during jetti-
son are, as expected, directly associated with the aircraft flow field
effects and the static longitudinal/directional stability of the aero-
dynamic configuration, and (3) for the configurations evaluated, the
pitch/yaw dynamics are minimized with a moderately unstable static
margin,
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S (1)
EXPOSED  STATIC
SEMI-SPAN  MARGIN  COMCEPT

RELEASE CONDITIONS - IN, ~ I8,
MACH NUMBER 0,65 i T -28 2
ALTITUDE 30,000 FT, v 17 26
LOAD FACTOR 1.0 g + 113 -20.3%
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BOTES; (1)) STATIC MARGIN AT LOW 14 -14
ANGLES OF ATTACK; YV 1n .10
POSITIVE MARGIN IS 12 -7
STABLE, 1 - 4.8
10 -2
(2) SYMBOLS INDICATE 9 +1 1
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FIGURE 2 EFFECT OF CRUCLFORM STRAKES ~ CONCEPTS (1) AND (2a)
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STRAKE "
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STRAKE W
) EXPOSED  STATIC
RELEASE CONDITIONS SEMI-SPAN  MARGIN CONCEPT

MACH NUMBER 0.65 ~ IN, ~ 8.

ALTIIUDE 30,000 FT.
LOAD FACTOR 1.0 g e :3 -:2 s
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! FIGURE 2 CONTINUED
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TRAKS )
EXPOSED coTIC
SERI-SPAN  NARCIN CONCETT
RELEASE CONDITIONS ~ N, ~ IN,
MACH NUMDER 0.65 18 -28 2%
ALTLITUDE 30,000 FT. 17 -2
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momaL  starictd)

AREA~ RARGIN CONCEPT
RELEASE CONDITIONS sQ, FT, ~IN,
MACH NUMBER 0,65 O 3.3 +30 2b
ALTITUDE 30,000 FT. 0 z.$ 16 i
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FIGURE 3 EFFECT OF CRUCIFORM STRAKES
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429

WITH SPOLLERS

B L ST T PG ™)

e T




mowtaL  statictd

AREA ~ MARGIN CONCERT
RELEASE CONDITIONS 5Q. FT. ~ 1N,
B NACH NUMBER 0,65 O 3.3 +y »
) ALTITUDE 30,000 FT. 0 2.5 +lo
LOAD FACTOR 1.0 g v 1.0 +7
oA D 1.6 +1
NOTES: (1) CRUCIFORM STRAKE X 1.3 -5
% EXPOSED SEMI-SPAN 0.8 -13
= 18 INCHES. No Spoilers  -28 t
o {(2) STATIC MARGIN AT LOW
ANGLES OF ATTACK;
POSITIVE MARGIN IS
STABLE,
(3) SYMBOLS INDICATE 0.5
SECOND TiME INTERVALS,
. »
#
R
al
- 40 50
":-" AY ~ FEET
P
: -10
-20
~-30
FIGURE 3 CONTINUED
-,
&
e
‘: 430
N ;
e f
;3! B ‘ o B S T
x R
. - , mEt
L3 s~ T . N ‘
v = [) o ~
iy - » * e .
. it AR TR L ]
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AREA~ MARGIN CONCEPT
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SPOILER )
FRONTAL STATIC
AREA~ HARGIN CONCERT
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STRANE EXPOSED  sTaTic())
SEMI-SPAN ~IN.  MARCIN ~IN. COMCEPT

RELFASE CONDITIONS (HOR.[VERT.) {LONG./DIR )
NACH NUMBER 0,65 i} 18/18 -28/-28 2¢
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STRAKE, EXPOSED ST.\TIC“)
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STRAKE ExposeD  sTATIC'S)
SEMI-SPAN ~IN,  MARGIN~IN. CONCEPT
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STRAKE EXPOSED  sTATIC'D)
SEMI-SPAN~IN. MARGIN ~IN, CONCEPT

RELEASE CONDITIONS (HOR./VERT,)  (LONG./DIR.)
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EVALUATION OF THE TECHNIQUE

To evaluate the accuracy of the flow-angularity technique, pre-
dicted separation trajectories are correlated with wind tunnel trajec-
tories and flight test data. The predicted trajectories are also com-
pared with trajectories determined using the grid force/moment inter-
ference coefficient computer program used by the Aircraft Compatibility
Branch (DLJC) at Eglin AFB, Florida. The correlations and comparison
are performed for a modular guided weapon which has cruciform (X) wings
and strakes, and is statically stable during jettison. The weapon con-
trol surfaces are locked during jettisonm to produce a weapon nose-down
pitch bias. The total weapon weight is approximately 2500 pounds.

The predicted separation trajectories were determined prior to the
flight test program using the flow-angularity technique. The initial
flight conditions for the trajectories are based on F-4 aircraft
trimmed lift characteristics corresponding to 1.0 g level flight and
nominal gross weight., WNormal MAU-12 ejector rack conditions based on
static ground tests for various store weight classifications were used,

The wind tunnel trajectory data were obtained during aircraft com-
patibility and separation tests, Reference (2). The tests were sponsor-
ed by the Air Force Armament Laboratory (AFATL) and conducted in the
AEDC-4T wind tunnel in December, 1974, The tests were conducted with
0.05-scale aircraft and weapon models using the PWT Captive Trajectory
Store Separation System (CTS) linked with a digital computer,

The flight test program was conducted at the Armament Development
and Test Center (ADTC), Eglin Air Force Base, Florida, in February,
1975. The flight test data are obtained from photogrammetry results
derived from on board high-speed camera coverage of Mass Simulation
Vehicle (MSV) drops. It should be noted that although the photo-
grammetry results are digitized for each on board camera location, the
accuracy is questionable, particularly in the yaw and roll motions of
the weapon for this particular applicationm.

Trajectories were determined by the Aircraft Compatibility Branch
using the grid force/moment coefficient program described in Reference
(3). The program makes two basic assumptions. The first is that the
total coefficient on a weapon sepavating from an aircraft can be repre-
sented by a free-stream component and an interference component. The
second assumption is that the interferenge coefficients vary only in
vertical distance from the aircraft,

The wecapon free-stream aerodynamics used in the DLJC program were
obtained from wind tunnel tests using a 0.23-scale model. The data are
input into the program in the aeroballistic axiy system with a total
three-dimensional aerodynamic model contaiuing control, coss-
coupling and damping texwms.
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The grid interference coefficients acting on the weapon were
obtained with the AEDC-4T CTS system using 0.05-scale models of the
weapon and F-4 aircraft, The aircraft model was mounted on the main
strut and is adjustable in roll, pitch and yaw. The weapon with an
internal six degree-of-freedom balance was mounted on a sting that can
be positioned with the six degree-of-freedom CTS rig. The weapon model
was translated in the aircraft pylon axis vertical direction ( AZp) and
the total coefficients acting on the weapon were measured every two feet
(full-scale) up to 20 feet.

Taking measurements with the store translating only in the vertical
direction greatly reduces the amount of time required to cover the Mach
number/angle of attack range associated with the typical flight envelope
of an aircraft. In this particular test, twenty-eight runs at Mach
numbers ranging from 0,3 to 1.2 and angles of attack from zero degree
to 16 degrees were made, in slightly over two hours,

After completion of the wind tunnel testing the interference co-
efficients were determined by subtracting the free-stream coefficients
from the total coefficients that were measured in the tunnel. These
interference coefficients were then entered on a data tape that is used
by the computer program. Subroutines in the program read the tape,
store the coefficients and do any interpolation required between points
on the tape. The program uses the force/moment interference coeffic-
ients and free-stream coefficients with the six degree-of-freedom
equations of motion to simulate the separation trajectory of a weapon.

DISCUSSION OF CORRELATIONS/COMPARISON

Correlations of the predicted and CTS separation trajectories with
photogrammetry flight test results are shown in Figures 5 through 7 for
both subsonic and supersonic relesse conditions. The weapon center-of-
gravity translations, and angular rotations in the pylon axis system
are presented as a function of flight time, In some cases, pholo-
grammetry vesults for two different on beard camera positions are
shown.

The correlation between the predicted trajectories and the flight
test data is, except for rell angle ( \¢p), reasonably’ good both sub-
sonically and supersonically. The weapon roll angle is consistently
underpredicted compoared to the CTS wind tunnel and flight test data.
The underprediction could be caused by an interaction effect of the
aircraft pylon on the upper wing surfaces of the wegpon which i¢ not
acceunted for in the flow-angularity techmique. The aircraft pylon
probably reduces the aivcraft spanwise €lov field on the upper wing
surfaces at ths initial condition {(AZ, = 0). An improvement in the
technique would be to include the initial pylom effects on the weapou.
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The initial interference rolling moment coefficient ( Acli) could be
calculated based on applying the spanwise flow to the lower lifting
surfaces only.

Comparison of the predicted trajectories using the flow-angularity
technique with the separation trajectories determined using the DLJC
interference coefficient program are shown in Figures 6, 8, and 9.

The comparison shows excellent agreement, except in roll angle, at
poth subsonic and supersonic release conditions.,

It is of significance to note that the rlight test photogrammetry
data are least reliable in roll, and the chase film did not exhibit the
magnitude «f roll that is indicated by the photogrammetry data. Also,
the CTS truzjectory and interference coefficient data are subject to
small weapon model asymmetries which produce induced rolling moments
which were not indicated in the 0.25-scale wind tumnel tests., There-
fore, due to these considerations, the discrepancy in roll attitude
correlation is expected to be less than shown.
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CONCLUSIONS

1, The flow-angularity technique, as presented herein, provides
good prediction of air-launched weapon pitch/yaw separation character-
istics., Application of the technique during weapon design and develop-
ment would nced only limited captive trajectory wind tunnel testing at
critical conditions, if substantiation is required. The resultant
cffect would be a considerable reduction in program development cost:
(tunnel occupancy hours, etc.) associated with extensive CTS separation
testing,

2. Comparison of predicted jettison separation characteristics
using the flow-angularity technique with those determined using the
DLJC force/moment interference program shows excellent agreement.

3. The flow-angularity technique provides analysis flexibility
during configuration development of air-launched weapons. Since the
technique is based on the use of aircraft flow field angularity data,
determined experimentally or from empirical/theoretical methads,
numerous weapon configuration designs may be evaluated.

4. For the weapon configuration concepts evaluated in the
analyses, satisfactory jettison characteristics at nominal release con-
ditions are indicated with unstable longitudinal/directional static
wargins., During jettison, the weapon pitch/yaw dynamics are minimized
with moderately unstable static mavgins.

5. The analysis illustrates and supports the concept that detailed

separation or launch tramsient analyses ave an essential element of high-

lift aiv-launched weapon configuration develosmant.
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RECOMMENDAT 10N

It is recommended that floy-

future (or current, where necessa

a data base for air-launched weap
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angularity surveys be performed on all

ry) aircraft configurations to provide
on configuration development,

FArY TN



REFERENCES

(1) Carmen, J. B., "Flow-Field, Aecrodynawic Loads, and Separation
Trajectory Tests on the MK-8% and SUU-54 Super HOROS Guided Weapons
with the F-47 and A-7D Parent Aircraft at Mach Numbeis .65 to 1,60",
AEDC-TR-74~103, October, 1974 (U).

(2) Carmen, J. B. and Kaupp, H., "Aerodvnamic anrd Aircraft
Separation Characteristics of the Electro-Optical Guioc. Bomb (EOGB II)",
AEDC-TR-75-66, June, 1975 (U).

(3) Mathews, Charies B., et al, "A Technique for Investigating
the Launch and Separation of Guided Weapons", JTCG Aircraft/Stores
Compatibility Symposium, September, 1975 (U).

457




L0

J

_"‘%‘9’5 n‘ w- N

P

“ 7

ACKNOWLEDGEMENT

The authors wish to acknowledge the contributicns of C. D. Bogart
of Rockwell international Corporation, for assistance in programming
and developing the analytical six degree-of-freedom digital program.

The authors also wish te acknowledge Mr. Charles B, Mathews and
Captain Robert D. Casorn of the Air Force Armament Laboratory (AFATL),
Aircraft Compatibility Branch (DLJC), for their cooperation and assist-
ance, and for providing a description of the AFATL interference coeffic-

ient program and the jettison characteristics presenved in Figures 6,
o, and 9.

NETOs




AUTOBTOGRAPHY

Terry G. Blose graduated from the Georgia Institute of Technology
in 1968 with a Bachelor Degree in Aeronautical Engineering, and perform-
ed graduzte work at Ohio State University. He is presently a Member of
the Technical Staff of the Vehicle Engineering Group at Rockwell
International, Missile Systems Division. He has conducted theoretical
and experimental aerodynamic configuration design studies, and performed
pre- and post-flight launch/jettison store separation analyses for the
GBU-8/B MK 84 and GBU-9/B M118 Guided Bombs, and the AGM-53A CONDOR
Weapon System. For the past two years, he has been responsible for tne
Launch Transient Analysis of an Electro-Optical Guided Bomb, and has
implemented numerous improvements in the area of Analytical Store
Separation Prediction Techniques,

Ralph M. Barmes graduated from the University of Cincinnati in 1957
receiving the degree of Aeronautical Engineer. He is presently Lead
Aerodynamicist for HOBOS Programs (Homing Bomb Systems). He has been
responsible for the aerodynamic configuration development of the
MK 84 EOGB I and the M118 EOGB, in addition to the current GBU-15
Program. He participated in the LASRM Air Breathing Propulsion con-
figuration development program and the HORNET Air-to-Ground EQ Seeker
Development Program. He is a registered Professional Engineer in the
State of Ohio and o merbe. of the ATAA. He served as Columbus Section
Chairman of AIAA during iv71 and 1972,

459

3 PRI




CHASE
The Optimum Photoanalysis System

Alan Aden
McDonnell Aircraft Company
Edwards ArB, California

ABSTRACT

The acquisition of accurate, reliable, stores trajectory data at
reasonable cost and minimum delay has been an elusive goal. Each
of these objectives and more have been achieved in CHASE.

CHASE was developed and used concurrently during the F-15 Develop-
ment Testing and Evaluation. It became fully operational in the
closing months of testing, and contributed heavily to MCAIR's
success in this area. Trajectory data in 24 hours became routine.

A1l this is possible in any facility having a film reader and
general purpose computer. The beauty of CHASE is that it requires
very little preparation, stores need no markings, usas no special
equipment, and is absolutely conservative in the manpower required.
A separation requires, on the average, only one hour on a film
reader and two minutes on an average computer.

CHASE is an analytical and software technique that yields 6 degrees
of freadom data within an accuracy equal to, if not better than, any
existing system. This is exemplified through its formal presenta-
tion of the unconditioned results. The output is final data
including diagrams and a full diagnostic if problems arise. The
system has been proven operationally and has been qualified by
various means, including a staged test case. Success of CHASE is
the result of sume innovative math, elimination of all assumptions,
and precise optical calibrations. Its reliability is built ir with
a complete data file and the extreme simplicity of its zpplication.

CHASE has been effective under ali adverse conditions including the
typical "lousy" coverage. It adjusts for variations encountered.

No Timitations have been exhibited from the shape of the stores-or
the location of the cameras.

"Approved for Public Release; Distribution Unlimited"
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1.0 INTRODUCTION

The CHASE Photoanalysis System is a very recent McDonneti Aivcraft
Company {MCAIR) deveiopment. [t is the ultimate evolution of MLAIP
photoanalysis techniques into a responsive, accurate and yet
econzmical approach to gathering stores trajectory data from air-
craft separations. Hence, the title "Optimum". This efficiency

is maintained in the preparation, testing, as well as in the
processing and presentation of the data. It is our opinion that
any further improvement must result from some approach othei than
the use of photograyhy. TV of course is one consideration. But,
there are other resourres that can and probabily will be used.

The acquisition of engingering data fvrom cine casigra coverage
has been an art at MCAIR for many vears. This scieice qot

its wings, 1f you wish, in 1957, when movies were used to
monitor the wing loads ot an #1901 Voodoo i operation Redwing.
This was a peiipheral flight of a nuciear eyplosion. A substi-
tute aivcratt was needed for the fully instrudented loads air-
plane that was Yost in an accident shartly hefore the test.

The camera was a quick and simple successor to the instrumenla-
tion and did its thing well.

> 35mm cameras were used in 1958 on Voodoos to devermine the
clearing-distance of ordanance launches. Later 16 gun cameras
were used on the F3H Demun to establish the Sparrow 1! tra-
jectories from rail launchers. CHASE‘s parent system was
developed in 1959 and used to present the fuselage missile
trajectories being launched from the F4H-1 Phantom. Two
approaches were used then to analyse the Sparrows photo coverage
for displacements, piich, and yaw relative to the Jaunch aircraft.
Both of these were multi-camera solutions and the system that
evolved, which has been used tor years, has been accordingly
called "Multi". At one time early in this application a single
camera "quick look" method was also introduced. This did yield
results overnight, but they were truly cursory since it was
assumed that the missile had no yaw or side displacement. This
was an applied graphical technique which was used only in absolute
necessity because it required a special talent and effort. This
approach was mentioned here only because it was MCAIR's first in
a series of attempts at the single camera solution.

Multi went through three evolutionary phases culturing it into a
system used by MCAIR for the last deca’: covering all sorts of
stores. It was the system proposed to b2 used in the F-15 test
program for which two aircraft were instrumented. We initiated
the F-15 stores compatibility testing with the 600 galion center-
line tank and recognized immediately that the multi camera so-
lution could not keep pace with the program. Coverage was
limited. Too much dependence was on the camera reliability.

But primarily, there was simply too wmuch film to read. To use
the resources allocated, the camera installations and staff lines,
and yet provide analysis ot each separation, the single camera
solution cuminated the possibilities.
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On a number of occassions prior to this decision the single
camera solution was attempted. Some met success under lab
conditions but failed to produce with actual data. And those
that did work were still unacceptable for flight operations
because they were sophisticated and required considerable computer
time. With our backs to the wall we did achieve an operable
single camera solution for the F-15 Eagle. This breakthrough

is simply attributed to our disregard of higher mathematics, to
our dependence upon fundamental principles, some innovative
handling, a-d the imagination of several individuals. The grand
achievements wnhicn werz made somewhat later are attributed fto the
attainment of an exceptional optical precision.

- 2.0 ENTER CHASE

The prototype system was called Single and was a very basic
implementatior which could be u~ed for research and testing.

The input formats for Single were computer card and the same

as those used for Multi. Both Sinale and Multi were used con-
currently during the Eagles testing. €Since it was an added

burden to an already over-loaded erfort, we didn't devote near as
much time to its development that we wouid have liked to and needed
to. As a result we a ' not have the confiderce aor did we put full
dependance on Single till well into the test promvam, at the point
where we began to drop as many as 6 stores per fiight. t{u s intro-
duction stil) paid off handsomeiy. e kept pace with testing on
both planes.

wnen time permitted, improvement: were added &5 we coniinued 0
use Single. A new name was adopiyed when a routine was added that
located the camera rathe~ than using some fixed, «hpwn location,
From this point on the Single sziutions has been referred to as
the CHASE solutior. hni4 name CHAST does not infer fursurt or
anything second rate, but reprvesents the ultimate objective *o
use real “"chase" photo coverage for separation data. Ry Fal)
1974 the uprated CHASE system was being used exclysively to
support the weapons testing. It's responsiveness cortributed
immeasurably to meeting the milestone commitmenis. Flights
needing previous results for go-anead were flown gn successive
days. Some reservations were expressed when sucl; data appeared
so promptly.

Before continuing, vur definitign of Photoanafysis is- The art
of taking linear information from photographic coveraue, con-
verting that into angular representations, combining those anyles
with measurements of the aircraft and/or of a store, to conver:
all of that information into *trajectory data of the store
relative to the airplane.

Basically CHASE is a simple concept. towever, its computer
program is very large and complex. Much of this 1s to maintain
absolute precision in the analysis, to assume all possible
human duties, to simplify the operation, and to provid. check
and balances wherever possible. From years of experience we‘ve
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learned that there is no room for assumptions in photoanalysis.
Many times these will work. But, there is always that condition
that prohibits a solution under such constraints. Too often
this is on a critical fest when the analyst is under pressure to
produce results, simply compounding the problem.

3.0 THE CHASE CONCEPT

\ »,
\ >
Figure 1

“CHASE CONCEPT”

The concept of CHASE is illustrated in Figure 1. The principal
used is:

(1)

In the field of view information of three targets on the
airplane is read from the film, These three targets are
referred to as Boresite Targets. Their readings are con-
verted into included angles between the Vir. of sights
from the camera. This forms a tetrahedron, a rigid
structure. The baseline dimensions of this tetrahedron
are established using the aircraft stations uf the bore-
sight points. Then math that fundamentally applies an
iteration of the Law-of-Cosines is used to locate the
camera such that the projected radials make a best fit
of the targets. When the coordinate sum of the successive
radial errors is less than one inch, a solution has been
established that is used to obtain the camera location.
The orientation or look angle of the camcra is computed
using this camera location and the uptical transfer
functions. The camera location and orientation is computed
for every frame that is processed. £ach frame then is in
itself a complete solution, and is not dependent upon
another camera nor is it time dependent, It adjusts for
the conditions that exist at that very precise moment.
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4.0

{2) Using that same frame, three points are read on the store.
Various features of the store having distinct outlines are
used for these three points. Again the included angles to
those points define another tetrahedron. Using the location
of these points for the baseline of that tetrahedron, the
base is shifted around in the same manner until there is a
best fit for the radials. When the sum of the differences
here is less than one tenth of an inch, the location of the
plane (the stores coordinate system in space) is established.

(3} At this point the store is numerically reconstructed.
From this numerical representation the data, as requested
bty the user, is precisely furnished. Discrete points on,
in or outside of the store and attitudes of a preferred
coordinate system are presented rather than the traditional
nose, CG, tail. The analyst can now observe clearances of
critical pcints. This is particularly beneficial for non-
symmetrical stores or those having protrusions.

The rule of thumb that was developed in choosing targets to be

read and which has proven faithful is very simple. You select and
read three targets that give you the largest included area between
those three points. It does not matter if the plane is horizontal,
vertical or oblique. Boresite targets are located throughout the
aircraft such that a suitable choice of targets can be found even
as masking occurs. The same applies to targets on the store.
Normally about a dozen targets are designated for a store to
facilitate film reading. Any three targets may be read on any
frame, with no limitavions.

CHASE REFINEMENTS

Over a period of a year many refinements were incorporated in
Single and/or CHASE. Some of these were small but yet contributed
to the precision we sought. Cthers were benefits to its oper-
ational use.

4.1 Optical Improvements

Initially with Single we experienced some unacceptable
errors, We looked for problem areas and the first and
most obvious was the optics. Assessing the lens cali-
brations we found three major errors, The first was
relatively easy to detect although it did require the
preparation and use of a digital optical system simu-
lation. The calibration geometry was handled incorrectly.
The second was found after a series of lab and shop tests
where we recognized that the optics were changing every
time a camera was repaired. With the same lens and the
same camera, the optics would change. Why? This was
prevalent with the 5.9mm lens and probably was due to
their telescopic structure which could flex. The older
5.7mu lens which we were also using did not have as
prongunced a problam probably because they were cast and
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4.2

4.3

conical in shape. We then realized that the lens holder
itself was noticeably altering the distortions when its

set screws were tightened. This and the third error
required that we combine the camera and lens for
calibration. Quite astonishingly we found that the third
source was an offset between the optical and physical
centers inadvertently manufactured into the cameras. The
fix for these aberrations resulted in; (1) a new calibration
board with a jig to precisely locate and point the cameras,
(2) new computer logic, and (3) a procedure requiring that
each camera and lens be calibrated together and as released
for flight. Now the physical and optical centers could be
separated and measured. This was not the end, there were
more optical findings that are discussed later.

Information Files

One of the more beneficial gains was the minimization.of the
human factor. Any photoanalysis system that operates in the
software domain does require a lot of information. We
doubled this requirement when we went to the single camera
solution. Single received these inputs manually by computer
cards. CHASE was uprated so that these inputs were on recall
from a computer file.

There are four different files. The first file contains all
of the boresite information. In particular, it holds the
aircraft stations of each boresite target assigned to the
airplane. A second file is for the optical calibrations.
Contents of this file are shown in Figure 4 and discussed
later. A third file is the ,iircraft File, and it has the
instrumentation configurations for each airplane. It contains
information of the cameras, their designations, and their
locations if defaults are ever used. The fourth and newest
file is called the "W" file or Keapon File. It is the file
that numerically describes the shape and size of each of the
stores. Figure 2 is an example of an AIM-7F in this file.
These files are called up for processing by key words. The
key words are entered into one computer card which is called
the Control Card.

Camera Positioning

As mentioned, CHASE locates and points its camera. This

is done each frame to maintain its independent integrity.
The program does offer options and defaults if other choices
are desired or required. Should a camera see fewer or no
boresite targets, CHASE will default to the lesser solutions
or at worst use the file information. ‘All too frequently
we experienced a reorientation of.a camera due.to turbulence,
G loads, mislocation, etc. This-corrected such a variable.
Bending and/or flexing is especially prevelent under heavy
load factors and when heavy store or ordinance loads are
jettisoned. We have evaluated data showing that such an
effect does induce a noticeable error.
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Figure 2

"WEAPON FILE LISTING”

4.4 Uptical Finesse

After a series of refinements, we found ourselves
investigating the optics again. A ground simulation that
is discussed later indicated a need to further search this
area. The accuracy of the transfer function was still
relatively poor and contributed much too large an error

to the system. Putting much more effort and depth into
the study this time we really made some breakthroughs.

To eliminate any optica! influence of the calibration,

a three-dimensional {30) grid matrix was fabricated. Our
prototype grid board is shown in Figure 3. The first
finding and a rather startling one was that the optical
center was not related to the physical center of the
aperature (which we had expected), nor was it related to
the images center, or to the aimed center of the lenses,
It was random and varied as much as 10%¥ from these references.

Figure 4 illustrates this offset, the magnitude, and pattern
of its variation. Shown is the exactness of the transfer
function as a function of selected optical centers. [t
appears insignificant. But, the use of this center has
improved the calibration accuracies by a factor of 2 to 3.
The table shows the randoa: nature of this offset as repre-
sented by the Y and Z Biases. This gain has penetrated
accuracies where we are now able to see and evaluate
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subtle effects in an optical system. We found that the
mere removal and replacement of a lens on a camera (same
lens, same camera) changes its characteristics. Recently
we exhibited where closing of the "f" stop (increasing
the setting) improved the calibration accuracy by better
than 50%. This exemplified the fact that the more area
of the lens that is used, the more distortion one can
experience. The replacement of safety wires, the
tightening of lens holders, the mere tampering with the
installation noticeably affect the calibration. Each
affects the photogrammetric results under the proper
conditions. We now expect one sigma accuracies of
+0.05° where before accuracies of +0.2° were considered
good.

SPRare Wipswesivils 0 GBR

ourypy
R

Figure 3
*3D CALIBRATION BOARD”
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“OPTICAL DECENTRALIZATION"” OF A 5.9MM LENS,
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Figure 5
“CALIBRATION CURVE FIT ERRORS”

A second order curve is used to represent the transfer of
the film dimensions to their angular representation.
Presently the achieved accuracies are compatible and
acceptable for CHASE. Figure 5 shows a typical pattern
of the curve fit errors. The greater the density, the
larger the error with polarities symbolically indicated.
Some of these patterns are systematic and if future gains
are needed the errors can be reduced. As time permits,
the effects of the tnermal, inertial and aerodynamic
loads will be investigated. Also the precision and thus
the preferred choice of image coordinate references, the
repeatability of the film advance, and the film types
will be looked at. By tradition and for economy, MCAIR
has used the perforations (sprocket holes) for the .
coordinate reference. This may be changed.
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The optical revelations have netted real gains and have
opened new fields for photoanalysis. With the "3D
Calibration Board" the camera/lens calibration process
ic an ultra simple one. On an average, a minute on a
computer and 10 total minutes of the lab tech, analyst,
and operator are needed. This is swift, cheap. and
should never influence a decision not to calibrate.

it yields much for so little.

The production calibration board is small, rugged, and
eacily portable. Tris makes the technigue highly
desirable for field operaten. As far as is known it

s the only such application with its degree of accuracy.
With it one inherently calibrates an optical system

“as is", as a whole which few systems can do. The
cameras do not have to be brought to the lab, the board
can be taken to the cameras.

5.0 BORESITING

necently our boresite practices were investigated. Uur ground
simulation indicated improvements were needed nere. However,
it has been long recogniced that better accuracies were needed
from the boresites. No successor could be conceived. Now the
excellent accuracies in our conversion of camera data opened
new possibilities for a better method.

Boresiting originally was the pointing and measuring of the
cameras' look angles and their locations. This same term has
been retained but the scupe hardly remains the same or
appropriate. With CHASE where this data need not be known,
boresiting is the practice of precisely locating the targels
on the aircraft. Even methods to de just this have changed
considerably over the years. Griginalliy a grid syster under
the aircraft was Yaid oul 3ad measyresents were made within it
Then to lecsen the layup these measuresents were made froci known
aircraft poinis and some teaporary points an the ground.
insicad of the rectalinear medsuraewnts, slant measurecwnts
were used in a3 computer routine. tven with this ypdate,
“boresiting” has been an extremely tedious jobh. Loft line
inforration is gathered of identifiable locations on the air-
piane. Thon measyrements dre made between these and other
targets so that new target coordinates could be established
and computed. Finaliy a set of nurders are corgiled which are
cong idered acceptable, at least representative of the points,

The .2 gren't accyrate points. Absolute accuragies of 3.5
ary ihe goal of the new techrique, 3 te § times better than
the currenil nmethod. In 3 norval ogeration there is rot the
convenient layup ner sufficient time and facilities for qood
results. Good plass can be made, but they never matevialize.
Fvery aivplane seesxs to have different dimensians for cowsn
points and even repeet Measuremenis differ. We kave olso
found that the camera location calculations yield considerable
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variation in their results. This is quite natural because of
the poor bcresite accuracies. Quite possibly the cameras see
an apparent motion from airloads etc. Regardless it is not
detrimental for weapons testing as validity tests under all
conditions have shown that the magnitude of variation does not
aggravate the results. We, of course, plan to improve this.

A radical approach for "boresiting” is now planned and in
development. This is expected to be rapid, precise, and will
uniquely establish the boresite target coordinates for each
sepa~ate aircraft. Representative tests have shown that it

is feasible and should y*eld acceptanle accuracies. The concept
is depicted, in Figure 6. After cameras hava been ,rinted,
boresite targets arce placed on the aircraft for each camera
wheie they wil) give the best visibility and math geometry.
These Jocations wiil no longer have to be a compramise. Hith
Toft data we use physical features such as rivets, corpers,

etc. which permit locating the points. Next a series of still
photographs will be taken in which a group of the targets

{not necessarily al1) and three Ccordinate Reference Points are
included in the views. These Coordinate Reference Points are
three distinct points of the airplane that are visible from

all quadrants, and for which their static locations are
accurately known. For some views, one or two substitute

points may be required
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Figuin 6
“OPTICAL BORESITE TECHNIQUE”
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6.0

Applying portions of the Multi and CHASE analyses to these
photographs, each camera is located and in turn the targets

are located. Since many calculations for each target are
obtained from the pairing of photographs, a statistical
selection is made of each location further improving accuracies.
If far greater precision is required, the substitution of
transit measurements for the camera data may be made.

In addition to having strategic target locations and improved
accuracies, this approach:

(a) Does not require that the aircraft be in layup.
Phetogrephs can be taken individually and at any
time, wherever, and in any ronfiguration; even
with people working on the aircraft.

(b) Is cheap. The aralysis is dore oy the computer
ard all other tasks are token.

(c) Is quick. If need be it can be accomplished in
a day. Any new airplane whatever the type can
be readied for flight with very Yittle lead time.

(d) Any errors in the Coordinate Keference Points are
normalized. All "jig" and "config" variations frem
aircraft to aircrart are routinely accepted. 1t is
surprising how much one airplane varies from
another when tight accuracies are sought.

OPERATIONAL HANDLING

Aside from the technical enrichments CHASE was also experiencing
general cleanup, efficiency and rovelty mods, standardization,
et.. With most of these incorporated, CHASE has proven to be
functionally an excellent and easy system to use. Having used

all of the MCAIR photometric systems, and having appraised some
used by others, we report that CHASE is a “real chamu" to use.

Its ease has been facilitated in the operational design considera-
tions. There is no engineering judgement gr participation
required in the set-up, the film reading, or the verification

of the data. The rules are few, simple, and straightforward.

The operator reads only those frames that capture the dynamics.
He chooses the targets that need to be read. He picks three
store targets and three or Tewer horesite targets, app.ies ihe
rule to get the Targest area, and proceeds to read the film.
The X and Y cartesian coordinates are read from the image
coordinate reference to each of the six points. TYhess, the
frame number, and an ID are entered into a card and used for
processing. The system is designed so that he can switch
targets at random, both the siore and the boresite targetr.
Wben he makes these switches he records them on a coding sheet.
This coding sheet is punched and that card is added to the
data deck. We requive that ha make both boresite and store
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7.0

target switches on a drop whether they are needed or not. This
is fcr data verification purposes which is explained later.

The controi card having the Data file key words is added to the
film deck and if desired, cards containing the launch conditions

"¢re acded. The job is then submitted to the computer for pro-

cessing. It is a "one shot" process. The output is formal,
final data. The functions and formats of this data are shown
rater. The final data also includes cover sheets, one which
is similar to Figure 2 that describes the store that was
processed and the references used to present the data. Also
included are diagnostic data for the job. If there is a
problem often it can be detected by referral to the dia-
gnostics. One does not have to refer bact to raw data.

CHASE is a very efficient system. One drop takes maybe two
minutes on an averaqe size computer. It takes on an average

-f only four to six hours of labor to handle a drop. For those
who have not worked separation data, a good portion of that
labor is spent editing, titling it, and splicing the coverage
together.

VALIDATION

CHASE results have been verified in a number of ways. One means
being used to obtain a quantitative measure of its accuracy is
the ground simulation mentioned earlier. This test, aside from
the flight loads, realistically represents an actual flight.

The simulation examined all aspects of flight data plus extreme
attitudes, multiple store and boresite combinations, and
obstructed or degraded coverage. But we could not simulate

the normal to extreme vertical displacements. An AIN-7F launch
and jettison were simulated from an F-15 chocked on the ramp.
Each simulated location was measured and translated into the
aircraft coordinate system for comparison with results from

each camera nomally carried. The processing also was
operationally the same as that of flight coverage. Results of
this test are being cemiled the same as that of flight coverage.
Results of this test are being compiled and will be reported.

As a preliminary observation the accuracies appear to be well
within the expected £2" and £2° (5° for roll angle). With
special editing and care these accuracies could be several
ordars better,

Inherently and intenticnally CRASE results each time are
explicitly verified. This is the most distinguished yet

satient feature of the CHASE system. Unlike any other kfiown
technigue, a subjective test 1s made and if errors exist, they
are visibly and prominently shown in the formal data. A quick
lopk at the results reveals the integrity. For acceptable dats
one observation is to insure that the stowed results are at

zerg ov their appropriate location. The ether and most reliable
test is the insurance that there are no transients in the results
as target switches are made. The basis for this test is siaply
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that each frame and each target combination is, and again we
repeat, an autonomus solution which is geometrically different.
This is why the switching of targets is a mandatory procedure.
Obvious errors produce scatter accentuated by the line fairings
while sub(le errors induce biases. Figure 7 shows both of these
errors.,

In this presentation the format and functions are now seen.
Figure 8 of the same test shows the attitude data. The line
fairing associated with each function is included to (1) show
what a bias to a stowed position represents if offset is
experienced, but primarily (2) to accentuate the transients.
An option eliminates the bias. Generally the attitudes are
insensitive to judgement or system errors which lends credence
to those functions when they are used as critical or key
parameters in the evaluations. Worthy of comment are the
electrostatic printer/plotters we've used with the computer
system. In over three years of use we've found them to be
extremely efficient, reliable, flexible, accurate, functional,
and legible. They have been ideal for the variety of CHASE
formats,

Another very hardy test but one requiring extra effort is the
comparison of results from cameras having different vantage
points, Again, each of these is an independent solution of
its own. Shown in Figure 9 are views of an AIM-7F Missile as
seen from seven different cameras. The coverage from each
camera was read in its entirety. The photo quality is goud to
poor and representative of that used. Figures 1C through 16
show their photoanalysis displacement results. An extrodinarily
targe nuymber of target switching was used in readiag this data
to exhibit the effectiveness of CHASE in achieving continuity
of the data. The AIM-7F targets used in reading this data are
noted on the presentation and are as identified back in Figure
2. fYigure 17 shows the fine comparison of these data. Note
(1) that this data was processed for a severe, 5 6 load factor
and with the AIN-7F as much as 80 ft. from the camera, (2) that
the errors of Figure 7 have been vemoved and {3) the degree of
accuracy in which nose data is extrapolated from the fins in
Figure 15. Only the fin tips were used in reading the images.
This was done intentionally to demonstrate the extrapolation
abilities of CHASE. An error amplification of around five
exists in this case. Extrapolations of this type are a common
practice as stores exit the bottom or edge of a frame or when
the entire store is not captured 3s was the case for camera
stations 10 and 12 (see Figure 9).

Several comparisons have been made with data from other systems,
particularly the MCAIR Bulti soluticn. Each cosparison showed
good agreement except whare results were discrepent or suspect.
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With the above cursory knowledge the analyst can now, himself,
easily sense the quality. We had such confidence in the answers
that we programmed the raw results into the presentations. He
gets what we sees!

RESPONSIVENESS

CHASE gives the ultimate response for an emulsion imaging system.
Black and white coverage is preferred for film reading and of
course it can be developed on site, immediately. Separation data
has been processed with presentations at both St. Louis and
Edwards AFB within 8 hours after the landing. On one occasion
the data from four bombs were presented in 12 hours after
landing. As an even greater credit to CHASE these accomplish-
ments were made by personnel who at the time were novices to

the system which in itself was still a research tool. These
were just two of a series of separations made from F-15 No. 5
during the concludine weeks of the "Essentially Complete”
Milestone when results were required tor continuing tests.

In any case, CHASE routinely will provide 24 hour data.

Exemplary of CHASE's speed, rejection of an automatic, image
matching, film reader is in order because, among other reasons,
it simply would delay the processing.

Now any aircraft with any store can be reaiied for testing in
hours rather than weeks or months. In fact, they can be readied
in minytes with most of the preliminaries being handied on post-
flight. Stores do not have to be marked. Roughly 80Y of the
stores inventory have sufficient distinct features for processing.
for the remaining 20%, pressure sensitive, quadrature targets

are quickly and easily positioned with the store in place.
Occasionally a splotch of paint from an aerosol can adds contrast
to weak features. Views in shaded areas or of similar colors
need some help. Agaias this is done with the store installed

so that only the problem stores andfor areas are enhanced. No
joke, Figure 16 represents a situation on a turn-around when the
data pre-flight was sacrificed.
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9.0

Figuré 18
“MARKING STORES IN A HASTE"”

COST EFFECTIVENESS

Foremost, CHASE is a very cost effective approach. Its imple-
mentation merely involves the fabrication of a calibration
board and the incorporation of the software into a general
purpose computer or if desired into a mini-computer. It uses
existing facilities! Any X/Y film reader with a computer
compatible output, cards, tape etc., i5 adequate. Little train-
ing is requived. This training veally amounts to nothing more
than an indoctrination of the System. An individual with an
elementary geometric perception can read the film with good
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results. Since standard and simple equipment is involved,
little time is spent maintaining the system, nor are the
recurring alignment or calibration costs seen. To increase
the processing capacity of CHASE, you simple use more film
readers to cover the loading. Not only are the installation
custs token but the vecurring or operating costs are minimum.
We could not find anymore “corners to cut".

TEST COMPATIBILITY

CHASE is compatible with any store, large and small, symmetrical
and odd, or clean and dirty. If a new store is intrcduced,

its specs can be used for the file build-up. But preferrably,
tape measurements, made in 15 minutes, are used. The Weapon
File is created in less than an hour for each and every station
on the aircraft.

The location or aspect angle of the camera is insignificant.
Views, regardless of the vantage point, are processed equally
well. The quality of the data remains the same, but its
character will change some. Depending on the view angle, on2
axis or a pair of axes will have the more sensitive results.
For beam coverage, the side displacements are sensitive, etc.
It is desired or preferred that we have part of the aircraft in
the field of view. Here we can calculate the camera locations
from the boresite points. We like to have the camera in a
position where features of the store will stand out. Lastly
we don't have to see the entire store, only a portion of it.
It appears that solutions should be improved with the wider
fields of view or "fisheye lens". This seemed contrary, but
when investigated had meaning. The main reason we found was
that the CHASE concept is convergence dependent. In using the
wider fields, closer observations are obtained. This in turn
establishes graater angles on which CHASE thrives. Other
systems are mere deperdent upon angular accuracies and
resolution which discourage the use of the wider fields. Data
is being gathered and processed from a 3.5mn (160°) lens to
substantiate these observations.

RELIABILITY

CHASE is reliable. Since standard and simple equipment are involvad
there is little opportunity for breakdown. We've stated that it's
a “charm" to use. It's simplicity in use, its internal auditing
and defaults, and its verification aspects promote a high degree
of success. Photometric data inherently regquires some ve-runs,

We have experienced a reduction of these and have found that
their re-starts are quickened. CHASE has developed into a very
sensitive system where it {s now tolerant of many interpretation
and judgement errors. To exemplify this, we took a 16m frame
and printed it on a microfilm viewer/printer. This was then

read with a ruler. Scaling these measurements into units of

the reader system, results were obti “ned for every frame. The
data was & little noisier than nomal but would have been use-
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ful if the engincer needed it. On one occasion we encountered
absolutely the worst conditions: an unmarked, Tow contrast olive
drab MK-82 (which in itself is a nasty configuration), under an
overcast near sunset, and mind you with an improper f-stop. It
was dark! The data was obtained and was usable. CHASE also
allows a reduction in the number of . weras required. This
likewise decreases their dependence ang increases the success

of a mission.

GROWTH AND APPLICATIONS

CHASE or its derivatives have many applications. One that was
avoided in earlier discussions does offer proof of its accomplish-
ment and validity. This is the use of actual chase coverage for
engineering results. Figure 19 is a 600 gallon tank recently
dropped from a Phantom as photographed with a 16mm camera in

a chase plane. The sequence was filmed at-a range of better
than 300 feet abeam. Figure 20 is a CHASE diagnostic page of
this drop illustrating the limited degree of convergence
available for solution. In this case it is so small that it

is even difficult to detect. Figure 21 shows the chase CHASE
results along with the data from a wing tip camera. There are
noticeable but rational variations in the sensitive side
displacement, otherwise there is good agreement. Some view this
application simply as an expression of CHASES' ability. However,
the Systems Specialist recognize this as a very suitable backup
to those occasions when onboard coverage is lost, events occur
beyond their field of view, or simply to clean-up the aircraft
cameras were not carried. Regardless, it has justified further
investigation. The chase plane in the above case was another
Phantom whose rear canopy could introduce distortion. No
compensation was made for this.
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]3.0 C_.OM_O_H

CHASE conveniently and quickly provides space position data. A
camara may also be used, actively or passively, i.e. airborne
or fixed, for takeoff and landing performance, or other similar
uses. MCAIR is in pursuit of these other CHASE applications
that we are not at liberty to presently reveal. Some of these
will be a marked improvement over existing technigues. MCAIR

is pleased t2 announce that the marketing of CHASE installatiors
has been approved and %111 permit others to enjoy its merits.
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