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ABSTRACT

Ajrcraft subsystem birdstrike resistance technelogy is being developed and
applied by the USAF Wright Aercnautical Laboratories. Technology development
investigations are underway in the transparency and engine subsystems areas,.
Advanced state-cof-the-art transparency system technology is being utilized to
develop improved birdstrike resistant windshield systems for several aircraft.
Transparency subsystem technology investigations include development of: computer
aided procedures for birdstrike structural analysis; birdstrike hazard risk pre-
diction techniques; design procedures for integration of birdstrike protection and
high visibility into high temperature transparencies; testing procedures for
improved correlation between lab and field performance; criteria, equipment and
procedures for insuring availability of suitable optical quality; and a tranfparency

- system design guideline document (handbook). Engine subsystem technology investi-
*“ gations include development of: structural design criteria that account for the
transient overloads produced by bird and ice impacts on turbine engine first stage
fan/compressor blades; development and interfacing of structural response analysis
and impact loading model computer programs to provide direct assessment of a blade's
impact damage tolerance capability; and improved validation testing techniques to
establish reliable foreign object impact design criteria, The design analysis
methods, failure criteria and testing metheds will be applicable to both advanced
composite materials and monolithic materials of construction for current and
advanced fan/compressor blading. These technology development and application
efforts will be discussed in general terms as will the rationale behind these
efforts, the manner in which the technology development and application efforts

are interrelated, and some technical veids in designing for, and integration
of, birdstrike resistance.

- INTRODUCTION

USAF aircraft repeatedly prove that birds and aircraft cannot occupy the
-8ame airspace at the same time; 1000 to 1500 birdstrikes per vear cause millions
- of dollars in damage to USAF aircraft., During the past 12 years nine military
fDilots have been killed and 15 aircraft have been destroyed due to bird impact.
By far the majority of these losses are due to windshield and engine impacts.
- Design guidelines, test technology and hardware are being developed and applied
t“ enhance airecraft bird impact resistance. Windshield systems are being developed
to provide improved structural durability for several aircraft. Transparency
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sylogy investigations are currently being conducted to support these systems

id developments and to provide a rechnical base for development of transparency
1s for new aircraft or for modification of existing aircraft. Engine system
s>logy investigations are being conducted to provide a means of incorporating
valuating birdstrike resistance during the early phases of engine design.
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atrike Hazard Risk Prediction

Figure 1 is illustrative of the birdstrike environment. Establishing the
strike resistance level to be incorporated into a system design is obviously
tter of tradeoff. Designing for gurvival against impact of a very heavy
| at the aircraft maximum speed may be comforting to the aircrew but the
seiated penalties in weight, transparency optics, engine performance, etc.
rate acceptance of something less. Figures 2 and 3 are {1lustrative of the
acts of a birdstrike exceeding the designed level of protection. Decision
ers need a means of quantifying risks associated with acceptance of reduced
dstrike resistance levels. This information is needed both for design of a
aircraft system as well as in evaluating the effects of changing missiom
files, or of changing operating iocations for existing aircraft.

As part of an effort to assess the adequacy of windshield systemn pirdstrike

stection being incorporated into a new aircraft, an analytical model was developed

analyze the potential risk of birdstrike damage. The model has also been
ilized to evaluate the change in risk resulting from a change in mission profile

i1 a change in birdstrike resistance level,

The model is based on a premise that the expected number of birdstrikes

n be predicted and that damage will result when the kinetic energy from a

rdstrike is greater than some critical level. A velocity distribution for the
reraft and a weight distribution for the birds are mathematically combined to
.tablish a probability distribution for bird impact kinetic energy. BY assuming
at the ability of any given windshield system to
ilated to impact kinetic energy and impact location, the proportion of the wind-

1ield system which will be damaged can be identified as a function of birdstrike
inetic energy level. Mathematically combining the kinetic energy probability

{stribution with the critical strength level distribution yields the probability
f damage due to a single birdstrike. The expected number of damaging birdstrikes
an then be determined by combining the expected number of strikes with the prob-

bility of damage.

omparing predicted damaging strikes
two different high speed aircraft.
rison. Sensitivity of the model

A reasonable correlation was obtained by ¢
iith historically recorded damaging strikes on

'igure 4 presents the results of one guch compa
-0 variations of the input parameters has also been evaluated. Results reveal

-hat the model is sufficiently sensitive to take into account gpecific variations
such as those due to mission characteristics and geographically related bird
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population characteristics. This sensitivity, however, necessitates caution

in acceptance of results for they can be biased towards preconceived or erroneous
conclusions.

This model was initially developed by Dr J. Halpin, USAF. Additional develop-
ment and evaluation was by Dr A, Berens, University of Dayton Research Institute.
The model and its applications are further described in References 1, 2, and 3.

Computer Aided Procedures for Structural Analysis

Empirically derived birdstrike resistant systems continue to be the general
rule in system development. Lack of analytical procedures to predict birdstrike
resistance of alternate designs has resulted in systems of less than optimum
strength, weight and performance properties. Turn around time and cost to design,

build and evaluate a modified configuration impose such penalties that desired
performance is frequently sacrificed for program expediency,

Finite element-computer programs developed for linear or nonlinear analysis
of complex three dimensional structures are being developed and evaluated for
application to the windshield and engine birdstrike problem areas.

Windshields ~ The program being developed for windshield birdstrike structural
analysis is called MAGNA (Material and Geometric Nonlinear Analysis).

The “program
includes preprocessors, nonlinear analysis packages, user-written incremental

loading subroutines and post processors including shape plotting and stress and
strain contour mapping. Figure 5 illustrates some of the MAGNA features,

Initial results show strong promise for MAGNA use in predicting test results
at various conditions once the results are known for one condition, and for
predicting test results for modifications to the baseline design., The degree
to which the modified design can depart from the baseline tested design, and
still yield reasonable predictions, is being evaluated. Figure 6 illustrates
a finite element model of a monolithic F-16 canopy. Figure 7 {illustrates compari-
son of predicted and actual deflections on an early monolithic polycarbonate canopy.

The utility of MAGNA in developing an initial design is being evaluated.
The program was recently used to compare the stress levels and deflection charac-
terigtics of two different thicknesses for an acrylic monolithic canopy for the

¥-16, Units are being built to birdstrike test for correlation with predicted
performance.

The MAGNA computer program and its application to the transparencies problem
area is further described in References 4, 5, 22, 25 and 26.

Engines =~ The finlte element computer aided procedure being developed for
éngine application is called NOSAPM (Nonlinear Structural Analysis Program Modi-
fted), The ultimate goal of the program is to develop analytical and test proce—
dures and design criteria needed to establish impact damage tolerant fan/compressor
Blade destgns for future aireraft turbine engine application. Figure 8 illustrates
the overall approach which involves a blade transient response model interacting
with a foreign object loading model to establish, as a function of time, blade
deflection (tangential, axial and spanwise) and velocity resulting from a bird,
ice or stone impact, Knowing the blade's shape, material properties, and velocity
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Efforts underway include: development of a standardized test for evaluating
the energy absorption characteristics of polycarbonate; examination of various
combinations of environmental exposures to determine their lomg term structural
degradation effer~+ rn polvcarbonate energy absorption characteristics; develop-
ment of more relisrhle bhird 4mpact tosting and data reduction techniques; and
evaluation of current full-scale system testing to identify potential areas for

modification(s) which would contribute to insuring satisfactory long term system
performance.

The impact resistance of a polycarbenate transparency is influenced by many
factors during its design, fabrication, and utilization. These factors include
such items as processing temperature, thickness, surface finish, adjacent materials,
and environmental exposure. Evaluation of the effect which these factors have on
eventual system performance requires a reliable test method. Current test methods
were examined and a falling weight type test procedure was selected, Figure 11,
which offers a good compromise of sensitivity, versatility and economics. The
resulting test technique is being reviewed for American Society for Testing and

Materials (ASTM) adoptien. This test technique is further described in References
¢ and 10,

1 The ability to use a coated pelycarbonate transparency cffers obvious potential
I advantages over a laminated acrylic-polycarbonate transparency. Reduced design
complexity, reduced fabrication cost and improved optical quality are but three

i examples. Prior servirz life experience with coated polycarbonates has not been

- very favorable and laboratory ability to predict eventual system durability has
proven less than adequate. Results from a series of tests using the impact test
method described above are being evaluated to determine the change in impact resis—
tance of coated and uncoated polycarbonate specimens. The specimens have been
subjected to various combinations of accelerated environmental exposure conditions
which are believed representative of actual field service. Additional information
on this testing can be obtained from Reference 11.

Current computer programs used to predict and evaluate system performance
3 and to optimize system design require accurate experimental data for imput and
- for verification of predictions, Reference 22. Evaluation of bird impact testing
"w . to establish characteristics of the impact force-time pulse for computer usage
revealed the importance of bird attitude at impact, References 12 and 27. A gelatin
bird is being evaluated for its impact comparability with a real bird in an attempt
to further reduce testing variability, Reference 82,

The ability of the MAGNA Computer Program to generate predicted deflection
maps during the impact event necessitates availability of a technique for accu-
rately and economically recording actual deflections. State-cf-the-art deflection
Measurement procedures were yielding unacceptable results due to the low level of
confidence in measured values. A semi-automatic procedure utilizing a Moire
Fringe type irterference pattern was evaluated and adopted. This technique is
illustrated in Figure 12 and is further described in References 13 and 29.

As one step in assessing the overall adeguacy of tramsparency system testing
to reasonably foretell eventual long term system performance, a test facility
Survey has been conducted. The survey addressed types of facilities and capa-
bilities presently available, types of testing currently being conducted and iden-
tification of recognized voids in capabilities and facilities for testing of
Current and advanced systems. The results of this survey (including number of
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TECHNOLOGY APPLICATION

Technology application activities are focused on utilizing the above-
mentioned transparency technology development and demonstration activities to
improve the birdstrike protection and durability of current operational systems
including the F-111, F-16, and T-38. To facilitate use of transparency system

technology, application activities alsc include development of a handbook-type
document .,

F-111 Transparency System

The F-11i transparency system, Figure 14, resistance against a four wmound
birdstrike has been increased from a nominal 150 knots to a nominal 500 krots,
System weight penalty associated with the laminated plastic transparency system
has decreased with various design modifications until it is presently cnly about
12 pounds over the weight of the original all-glass system. The system is pres-
ently being installed in the aircraft fleet. At least ten aircraft saves firom
otherwise catastrophic birdstrikes ars cvredited to use of this new transparency
system. Efforts involved in development of this Transparency system are further
described in References 20, 21, 31 and 34,

rd
Current F-111 transparency system related activities include evaluation of
system life cycle characteristics for information of benefit to other laminated
plastic tramsparency praegrams and examination of design modifications for red i-—
tion c¢f system weight and cost.

F-16 Transparency System

The F-16 transparency system, Figure 15 is of an abrasion resistant coated
monolithic polycarbonate construction. Operational experience with prior attempts
to utilize coated polycarbonate forward facing transparencies has resulted in

- coating degradation prior to an "acceptable' service life. As a backup to the

coated canopy, 1in event similar problems were encountered, three versions of =
350 knot four pound birdstrike resistant laminated plastic canopy were develorved.
An unplanned benefit of one of the alternate canopy designs is a potential weight
savings of about 25 pounds over the current menolithic design,

Fased on a recent life cycle cost assessment, production contracts were
awarded for two of the three laminated designs tc be installed on production zir-
traft beginning late 1981.

T-38 Transparency System

An alternate transparency system is also being developed for the T-38 air-
craft, Figure 16. The transparencies will provide an increase in the four pound
birdstrike protection level to 400 kncts. This is an increase from a nominal
Capability of 250 knots for the windshield and 150 knots for the forward CANOPY.
The present system utilizes through-the-canopy ejection as a backup emergency
€scape procedure. This feature, or a suitable alternative, will be retained
while increasing the canopy birdstrike protection level.



Present T-38 transparency system related activities involve development
+d evaluation of candidate designs capable of providing the required increase
1 birdstrike protection while retaining the backup crew escape capability.
~tivities to date are described in References 23 and 24.

ransparency Design Guide

In the various efforts to develop and utilize technology in improving trans-
arency system performance it became apparent that the existing data base is soO
-idely dispersed that one occasionally redevelops data or makes assumptions,
ometimes erroneous, in lieu of using available data. An effort to consolidate
‘ransparency system design and performance technology, Figure 17, into an easily
wsable design guide format has recently been completed. This handbook-type
locument, Reference 6, was developed to provide a single source for design require-
pnents, performance data, and systems design recommendations. This guide can be
ised by engineering and management personnel to gain cognizance of the many facets
3f transparency system design. In this designp guide, available transparency
technology is consolidated and presented in a format which provides for easy iden-
tification of existing data and technology voids. Technology voids were identified
in such areas as material sensitivity to environmental conditions, appropriateness
of current optical quality requirements, and definition of a statistically accept-
able bird impact threat. The document is organized into the following chapters:
Management of Transparencies and Related Subsystems Design; TransparencyEAircraft
Configuration Relationship; Vision and Optical Design; Structural Design and
Analysis; Bird Tmpact; Materials; Environmental Design; Combat Exposure Design;
Maintainability; Reliability; and Transparency Design Verification and Quality
Assurance Requirements. This compencium of design and test guidelines is further
described in Reference 15.

CONCLUSION

Structural enhancement utilizing advanced technology te reduce dependence
on empirical system development is an effective way to provide more system per
unit of program cost and duration. In addition to its applicability to new
systems, this technology also makes it practical to upgrade the structural dura-
bility of some current systems thus improving their flight safety and/or cost-of-
ownership characteristics, and doing so with little, if any, penalty.
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“SELDOM BUT SERIOUS”



BIRDSTRIKE RISK PREDICTION
MODEL ASSESSMENT

ELIGHT RECORDS (1968-1978) CANOPY  WINDSHIELD
BIRDSTRIKES RECORDED 17 m_w
SYSTEM ‘FAILURES’ 6-8 | 1-2
PROBABILITY OF _.np_Exm 35-41 035-.068
USE OF PROBABILISTIC i
PREDICTION MODEL
31 047

PREDICTED PROBABILITY OF FAILURE



MAGNA ANALYSISH CAPABILITY
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- ALL BELEMEMT TYPES FULLY COMPATIBLE

® CONVEHTENCE FEATULRES

- THCREMENTAL NODE GENERATION

- TNCRENENTAL ELFMENT CFNERATION

=  DOUNDARY CUOHDITIONM GUEMHLRATOR

- GEUMETRY PLOTTING (DEFORMEL AND ORTGIHAL SHALES)
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~  GEHERAL CWISTHATHTS
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- LINEAR OF HOHLINEAR ANALYSIS e TDPROGRAM CAPACITY

STATLC OF DYHAMIC RESPONSE
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- ARDITRARY LOADRING (1TME -DEPENDFNT, NON-TROTORTYOHAL) ! e R

and SOLUTION
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- CAPMACTTY DEFIHED AT UM TIME
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' - DWHAMIC CORE ALLOUATION

- MIILT 1Y 1QAD CASES

-  STORAGE CONTROLLED INTERHALLY 'R USER CONVENEEMHCE

WL INL IAE JTIES
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BIRDSTRIKE COMPUTER SIMULATION
FOUR POUND BIRD AT 350 KNOTS

Teg

MOGHNA NOML DNEAF Atel Ll

COUPLED LOADS, 5.4 fc

ANEMA T MLLRIA A
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TANGENTIAL (X-DIR.) DISPL. {IN)

COMPARISON OF PREDICTED AND
MEASURED BLADE DISPLACEMENT

J-79 ENGINE BLADE ROTATING
AT 8200 RPM IMPACTED AT
70% SPAN BY 2 0Z. BIRD

BIRD IMPACT
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~ — — HIGH SPEED
MOVIE
ANALYSIS

FIGURE 9.
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TRANSPARENCIES
FOR SUSTAINED
SUPERSONIC FLIGHT
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URE 10.




COATED CABLE GUIDES
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