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NOTICE

When Government drawings , specifications, or other data are used for
any purpose other than In connection with a definitely related Govern-
merit procurement operation, the United States Government thereby incurs
no responsibility, nor any obligation whatsoever; and the fact that the
Government may have formulated , furnished, or in any way supplied the
said drawings, specifications, or other data, Is not to be re9arded
by 1n~l1cation or otherwise as in any manner licensing the holder or any
other person or corporation, or conveying any rights or permission to
manufacture, use, or sell any patented invention that may in any way
be related thereto.

This report has been reviewed by the Information Office (01) and is
releasable to the National Technical Information Service (NTIS). At
NTIS, it will be available to the general public , including foreign
nations.

This technical report has been reviewed and is approved for publication .
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FOREWORD

This report is one of a series of reports that describes work per-
formed by Douglas Aircraft Company , McDonnel l Douglas Corporation , 3255
Lakewood Bl vd., Long Beach , California 90R46, under the Windshield Tech-
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Force Flight Dynamics Laboratory , W right—Patterson Air Force Base , under
Contract F33615-75-C-3l05 , Project 2202 / 192 6.

Capt. D. C. Chap in, USAF (Ret.), was the A ir Force Project Manager
during the conceptual phase of the work reported herein. Lieutenant
L. G. Moosman (AFFDL/FE;4 ) succeeded Captain Chapin durina the conduct of
the program.

- 
- Mr. J. H. Lawrence, Jr., was the Program Director for the Douglas

Aircraft Company.

Principle Investigators and contributing authors were:
M. J. Coker — Structures - Oesian
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J. B. Hoffman - structures - Desian
L. R. Islan der - Project Manager — Testinl, and Instrumentation
J. H. Lawrence - Structures - Design
J. U. Kozmata - Material and Process Engineering
V. G. Staar - Structures - Design

The authors wish to thank the many individuals in the comercial and - 
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military aircraft r!anufacturinq industry and the aircraft windshield

manufacturers for their excellent cooperation in sharinn their exoeriences

during the conduct of this work.

This report was first submi tted to the ~ir Force in February l97~
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SECTION 1

INTRODUCTION

The impact of a bird on windshields of aircraft flying at high speeds
represents a major structural problem for today ’s airc raft. The Doug las
Ai rcraft Company ’s Windshield Technology Demonstrator Program is part of
an effort by the Air Force Flight Dynamics Laboratory Improved Windshield
Protection Program to develop technologies that will assist in the design
of aircraft transparent enclosures to increase protection against bird-
stri kes.

Inclu ded in this report are the test plans , tes t resul ts and analyses
of a series of high speed impact tests conducted on test specimens of
various windshield laminations and suDport structure designs. A basic
consideration to this test series was the premise that for test results
to be truly representative , the tests must be performed on structure which
represents , simula tes , or otherw i se accoun ts for , actual aircraft structura l

-• stiffnesses. This consideration was followed throughout this test series.

Section II presents the test plans for a series of bird impact tests
consisting of the following:

• 6-1 Windshield Bird Impact Test Series
• Simulated Aircraft Windshield Bird Impact Test Series

The 6-1 windshield was mounted in a crew module and subjected to a
series of static loading/dynami c unloadings and bird impact tests on the
original and on Douglas-modified windshield edge mountings. The purpose of

this test series was twofold: (1) to demonstrate the relative meri ts of
the various designs to defeat a four-pound bird at 565 KIAS (Sea Level) and
to use this information in the design of simulated aircraft windshields
and supporting structure , and (2) to collect windshield and support structure
static , dynam i c , and bird impact characteristic responses (both deflections
and s tra i ns ) .
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Five alternate simulated aircraft windshields were d~slqned , fabricated
and mounted cn support fixtures which were desi gned to s imulate the actual
sti ffness of the respecti ve Installation . The purpose of this test series
was to demonstrate the capability of the Douglas alternate designs to defeat
a four-pound bird at 565 KIAS (Sea Level) wheW’ subjected to operational
temperature extremes. This provided aata from which recomendations were
made for a final USAF B-i windshield and supporting structure design.

Section III establishes the requirements for strain measurements ,
deflection and temperature measurements , and high-speed motion picture
coverage for the Windshield Bird Impact Tests. The test instrumentation
required in the conduct of this series of high-speed bi rd Impact tests
was , In certain aspects , unique , and represented an advance in the state
of the art. Detailed descri ptions of the instrumentation utilized In this
test series are presenred, as is a recomended instrumentation checklist
for Bird Impact Tests .

The bonding of strain gages on polycarbonate and acrylic window sped-
irens , and on interlaminar plies , and then subjecting these specimens to
high-speed bird impact , involved many instrumentation techniques which had

to be developed for these applications. Previous investigators in this
area expected crazing, with a resulting loss in Impact resistance, on any
polycarbonate part that had strain gage adhesive applied to it. Also , wi th
the high G-leve i expected from a bird impact on the windshield , retention
of externally mounted gages was a matter of concern. The candidate adhe-
si ves and installation techniques are also discussed in Section III.

The test results are presented and discussed In Section IV. In addi-

tion to the B-i Windshield Bird Impact Test Results and the Simulated

Windshield Bird Impact Test Results is a description of the Arnold Enaineering

Development Center (AEDC) data acquisition and reduction equipment , and

an estimation of the data uncertainties. The test results ir- lude dis-

cussions of selected shots, tabular sunraries , sunport structure behavior

an d strain and gage deflec ti on tabulat ion.

2
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It should be emphasized that this series of high speed impact tests

is based on the approach to windshield design which considers the entire
windshield structural system. By this is meant , the structure of the wind-
shield coupled with the windshield supporting structure. Any evaluation
of an aircraft windshield system must be systematically evolved from a
review of past experience and available related industry desicin nhilosophies ,
desiqn analyses , and test fixture development which are presented in
Sect ion V.

Section V also shows the results of Preliminary Design Methods utilized

in these analyses which could be adapted to any windshield design effort
involving bird impact.

Section VI presents a method for obtaining an equivalent static load

on an ai rcraft windshield subjected to a bird impact and evaluates the
effects on this load due to the rel ative stiffness of the impacted area.

This bird impact study is an attempt to address the effects of total wind-
shield system compliance on a rather simplistic level which may be con-
veniently used in the preliminary design phases of windshield systems.

Section VII presents conclusions and recomendations based on test

results.

Two appendices are included in this report :

Appendix A contains detailed failure analyses of the windshield speci-
mens utilized in these series of high speed bird impact tests. Specifically,

for each specimen , detailed part and test information is listed , fol lowe d

by a discussion of salient features of the failed specimen . Sketches

are included which fully illustrate failure patterns and windshield fab-

rication details.

Appendix B contains B-i windshield and simulated aircraft windshield

strain maps , which were formulated from the high soeed bird impact tests.

3
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SECTION II
TEST PLANS

The test plans presented were used in two separate series of bird
impact tests directed toward the B-i aircraft windshield design. The
f i rs t ser ies , B-i Win dshield Bird Impact Tests, was conducted on actual
B-i win dshields mounted in a crew module. Included in this test series
were several static loading/dynami c unloading tests to determine the simple
harmonic responses to the system when the edge configuration was altered.

The second series of tests was conducted on panels representing various
windshield constructions mounted in support fixtures simulating the actual
stiffness of the respective installation for correlation with analytical
prediction techniques.

The purpose of the first test series was (1) to demonstrate the rela-
tive merits of the B-i windshield installation and the same installation
with modifications to defeat a four-pound bird at 565 KIAS and to use the
test information for the design of simulated aircraft windshields and
supporting structure , and (2) to collect windshield and support structure
static, dynamic and bird impact characteristic response (both deflection
and strain) data.

The purpose of the second test series was to demonstrate the ability
of al ternate simulated designs to defeat a four-pound bird at 565 KIAS
when subject to operational temperature extremes for 8000 feet and below .
This provIded data from which reconinendations were made for a final USAF
B-i windshield and supporting structure design .

• B-l WINDSHIELD BIRD IMPACT TESTING

With three windshiel ds , one right hand and two left hand , ava i la b le
for these tests onl y four static and four impact tests were planned . As
the testing progressed and little damage occurred two additional impact

tests of a pass/fali response were performed.

- - -- -—— 
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The subsequent paragraphs define the test specimens , test ioads , the

test setup , and test procedure which had been planned to collect al l
pertinent data.

Test Specimens

Win dshield Specimens

The test specimens were furnished by the Air Force and consisted of
representative air vehicle windshields mounted In a Prototype B-i Crew
Module at AEDC.

The parts available were manufactured by Swedlow , Inc., per Rockwel l
International (RI) drawing L300015l , and were identified as:

*L3000l5l_OOl Left Hand SWU 108
[.3000151—001 Left Hand SWU 107
L300l51-002 Right Hand SWU 105

*Initjally installed In Module.

The le ft hand part , SWU 107, had the bush ing bolt attachments holes
enlarged from 0.257 nominal to 0.300 minimum diameter , by AEDC/ARO , Inc.
as described in Figure 1, before instailation on the crew module. Each
bushing was cleaned with Al aphatic naptha (TT-N-95), followed by cleaning

with Isopropy l alcohol . Dow CornIng 1200 Primer was then applied to each
bushing and the bushing cemented in the windshield hole wi th Dow Corning

93-007 sealant.

After testing, the test specimens were inspected for chipping , creec
and deformation , and were then shipped to Douglas Aircraft Co , for Track—

ing and Data Acquisition (IDA). There coupon specimens were removed to

establish mechanical and physical ~ropert1es of the di fferent materials.

6
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B-l Crew Module (X-5)

Prior to any testing in this series , repair to the X-5 ~•~odule was
necessary as the upper right-hand windshield support near the module
centerline had been damaged during prior B-i bird impact qualification
tests. The required repairs were accomplished by AEDC/ARQ.

Bus h in g Requireme nts

AEDC obtained 116 bushings for the right-hand windshield Installation .

These bushings conformed to B-i drawing dimensions and requi rements. The
1 16 bushings obtained for the left-hand windshield installation were

modified as shown in Figure 1.

After each bird impact test the bushings were reconditioned to prepare
for the next test.

Retainer Modification

One set of left-hand windshield retainers were modi fied for a separate
test as shown in F igure 2.

Test Requirements

To accomplish the required testing , AEOC provided facilities for static
and bird impact testing. AEDC also provided a test support structure to

mount the crew module for static l oading and dynamic unloading (Figure 25,
- 

- 
page 66) with the capability of apply ing a 2500-pound force normal to the
windshield without interacting with it during the response phase.

The auick release mechanism and loading pad were desianed and fabri-

cated by Doualas Aircraft Co.

A goal of the windshield bird impact test was to obtain data from the

same l ocations used to apply the static loads. Location A , Figure 3. for
statically applying load was also a target for bird impact. Other points

shown in Figure 3 were optionai target points but were not utilized in

this test series.
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Plan V iew

— !~!I COORD I NATES

A 18.58 252.31 81.87

c~~~T J  I 24 .14 247.61 75.46

Side View

FIgure 3. Bird Target and Camera Locations.
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To ensure continuity and repeatability of the bi rd impact tests,

rigid requirements were placed upon the bird weight , bird packaging and
the bird accelerating equipment.

Structure Requi rement

Modification of the test cell to accomodate the test assembly was
accomplished by AEDC. The test assembly was positioned in a level

attitude so that the windshield centerline beam would be at a 25-degree
angle with respect to the bird gun horizontal axis to match the B-i average
fli ght angle. The module and its support fixture were elevated and posi-
tioned in a lateral direction to provide the a~oropriate alignment for
the bi rd impact locations.

Installation of the windshields into the X-5 module was accom-
plished according to Rockwell procedure except for the bushings in the
left-hand windshield.

Cameras

Resul ts of each bird impact were recorded by 16MM high—speed cameras,

furnished by the AEDC. Frame speed of high-speed cameras was sufficient
(5000 frames/second) to clearly distinguish the bird during flight and

to show structural deflections during and after impact. All cameras
utilized color film and each camera viewing position had the test shot

number prominently displayed within the field of view during the shot

sequence. Module exterior camera coverage consisted of one high-speed

camera locate d at an ang le of app rox imatel y 30 degrees to the str ike path
showing an overall view of the approach and impact of the bi rd on the

test specimen , and a second high-speed camera located 90 degrees to the

strike path showing the flight of the bI rd , Impact and windshield deflection.

Figure 3 shows the approximate camera locations used throughout this series
of tes ts.
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Test Objectives

The objecti ve of the initial test series was to collect sufficient
deflection and strain data from bird Impact to assist in the development
and verification of, and correlation wi th, the bird Impact analytical

response prediction program documented in AFFDL-TR-77-99 (Bird Impact Math
Model). After this had been accomplished the second objective was
to demonstrate or verify the suitability of a reconinended edge design for
the 8-1 windshield.

The second series of bird impact tests was made on simulated aircraft
windshiel ds with four—pound birds at 565 KIAS as required for the B— i
aircraft. The simulated windshields , five different concepts in number ,

represented constructions considered acceptable for the B-i . The specific
objectives were to: -

1. Demonstrate the various simulated windshiel d constructions

- 2. Obtain data on corner configuration sensitivity during bird impact

3. Obtain response data for the three suoport structure configurations

when mated wi th the various panels.

4. Study the appl icability of several Instrumentation technqiues
for deflection and strain measurements.

Test Procedure

To determine the deflection versus loading for the windshield system
a series of loa di ng tes ts were conducted in the follow ing sequence :

1. A maximum of 1500 pounds static load was applied. Deflection

data , strain gage data , thermocouple readings , sensing element
readings , relative humidity , cell ambient temperature, and tern-
perature Inside the module before testing were recorded on data
sheets. The load was quickly released and a record of the strain

12
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gage data was made during specimen damping. High speed movie —

coverage was used during damping . The hydraulic cylinder was

retracted to Its original position.

Repeated test applying a maxirin.in 2500 pound static l oad at
Location A.

2. ExamIned strain gages and thermocouples for damage and removed

deflectometers. Refurbished and/or replaced any damaged units .

3. Positioned module in test cell for Bird Shot No. 1 at Location A.

4. Attached all instrumentation lead wires from windshield to
recording apparatus.

5. Performed calibration tests on recording apparatus with camera

li ghts on five minutes prior to calibration . Recorded all
cal ibration data.

6. Performed required Shot No. 1 bird impact test at Location A with

a four-pound bird at 650 + 17 MPH velocity . Recorded the con-
dition of specimen before test, strain gage data before and after

lights were turned on , and after impact. Recorded the bird weight ,

bird velocity , cell and module temperatures, thermocouples and

sensing element readings before camera lights were turned on , and
at time of impact. Deflection recordings of impact were accomplished

with high speed movie cameras. Other high speed movies were
used as required for testing coverage.

7. ExamIned strain gages , thermocouples , sensing element wiring , and

test article structure for damage. Refurbished and/or replaced
any units damaged . Reinstalled deflectoineters.

13
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- 8. Removed all retainers common to the left-hand windshield and

ins tal le d rewor ked re tainers noted in F ig ure 2. Tor qued bol t~,
coninon to windshie ld to 50-60 inch-pounds , incl uding the cen ter
retainer for the right-hand windshield. All other portions of
the retainers we re Installed and bolts torqued to 80-105 Inch-
pounds .

9. Applied a maximum of 1500 pound static load at Location A as
described in Sequence 1.

10. Repeated Sequence 2.

ii. Performed required Shot No. 2 bird impact test at Location A with

a four-pound bird at 650 + 17 MPH velocity . Recorded condition
of specimen before test, strain gage data before camera lights
were turne d on , at time of , and during impact. Recorded bi rd
weight , bird velocity , tempera ture , and relative humidity in test
cell and inside module before camera lights were turned on , thermo-
couple and sensing element readings before camera lIghts were

turned on and at the time of imoact. Deflection recordings of
impact were to be accomplished with high speed cameras. Other
high speed movies were also required during impact.

12. After Shot No. 2, the instrumentation was disconnected and the
windshield was removed. The retainers were saved for subsequent
usage. The test structure was examined for damage and repaired as
necessary.

13. Installed L3000i5i-O0l , Serial Number SWU 107, with R-I drawing
retainers and all bolts coninon to the windshields were torqued
to 50-60 inch-pounds and all other bolts were torqued to 80-105

inch—pou nds . As each bolt was part ial l y Insta l le d , PR 1422 sealan t
was applied around the bolt shank to fill the hoL’

14
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Note: Under ambient temperature conditions above 70°F, it

normal ly took 72 hours for the sealan t to ful l y cure. For these
series of tests, it was mandatory that the seaiant was cured.

14. Installed on the windshield were strain gages , thermocou p les , and

sensing element wires ; the l ead wires were attached to recordiriq

dev ices .

15. Strain gages and thermocouples were cal ibratea before the camera
l ights were turned on and five minutes after lights were turned
on. All data were recorded .

16. A maximum of 1500 pound static load was applied at Location A
as described in Sequence 1.

Repeated test applying a maximum 2500 pound static load at
Loca tion A.

17. Removed deflectoineters and static load applicator.

18. Examined strain gages and thermocouples for damage. P~efurbished
and/or replaced any damaged units .

19. - Repeated Sequence 5.

20. Performed required Shot No. 3 bird impact test at Location A as
described In Sequence 6 except that strain gage data was noted

during impact.

21. Repeated Sequence 7.

22. Repeated Sequence 8 except that bushing sealant was added as
required .

15
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• 23. Repeated Sequence 5. Perf~rmed cali b ra ti on tests on recor di ng
apparatus with camera lights on five minutes prior to calibration .
Recorded all calibration data.

24. Applied a maxImum 1500 pound load at Location A as descri bed in
Sequence 1.

Repeated test applying a maximum of 2500 pound static load at
Location A.

25. Examined strain gages , thermocouples , sensing element wi ring , and
test artic le structure for damage, and removed deflectometers .
Refurbished test article structure and/or replaced any damaged units .

26. Ca librated strain gages and thermocouples before camera lights
were turned on and fi ve minutes after lights were turned on.
Recorded all data.

— 27. Performed required Shot No. 4 bird impact test at Location A as
• described in Sequence 11.

28. Reviewed data and test structure conditions from Shots 1 through

4 for subsequent assessment to ascertain which attachment should
be employed for future production windshields .

29. Removed every other windshield attachment bolt.

30. Performed additional Shot No. 5 bird impact test at Location A
with a planned four-pound bird at 650 + 17 MPH velocity .

Instrumentation : Replaced and repaired strain gages as required.
Monitored all working strain gages, thermocou p les , sensing elements
similar to previous tests. All high-speed cameras were used.
Appropriate still photos were taken after the shot.

16 
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31. Reviewed data and test structure from Shot No. 5. RepaIred
damage as required.

32. Perfonned Shot No. 6 bird Impact test at Location A wi th planned
six-pound bird at 650 + 17 MPH velocity .

Instrumentation : Same requirements as test Number 5.

Special Requirements: Precautions were taken to minimize module
Interior damage due to possible birci penetration duri ng this

shot. Relocated interior camera, lights , etc., as required.
• Plast ic sheeting was utilized to minimize possibility of bird

debri s residue in cockpit.

33. Reviewed data and test structure from shot Number 6.

After compietion of Shot Number 6 (BM-009), the B-i module , and both
— 

impacted windshield specimens with all removed ~‘etainers , har dware , boi ts ,

etc., were shipped to Douglas .

Documentation

To ensure that maximum data were retained from the several static and
impact tests, different methods of documentation were utilized.

For the static loading/dynami c unloading tests, this documentation

included recording of pre- and post-test structural and environmenta l
con d i t ion s , deflection versus time oscillograph recordings, digitized
straIn readings , and mnvies of the unloading and windsh ield dynamics.

The greatest concern in determining the instrumentation and data recording

methods was for strain gage failure duri ng the activi ty. To ensure that

maximum data points would be taken , the initial data points were in micro-

seconds. The data were recorded in the following form:

17
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Deflection : Displacement versus Time

and Displacement versus Load

Strain: ~ in./in. versus Time (Printed and plotted)

The recording methods utilized for the statIc cases were supplemented
with extensive camera coverage during the bird Impact tests. The intent
of camera coverage was:

1. To provide a means to accurately record the structural deflections
• occurring during and after the impact.

2. To provide an overview documentation of the impact that could be

• correlated with the recorded deflection and strain data.

3. To veri fy that the required condition of bird packaging was met.

SIMULATED AI RCRAFT WINDSHIELD BIRD IMPACT TESTING

This subsection describes a series of pre l im inary  bird tests that were
necessary to substantiate the materials selections and analyses formulated
for alternate design concepts that could be utilized for design of 8-1

Pi lo t ’ s/Copilot’s windshields and supporting structure.

The objectives of this series of tests were to assess:

• The adequacy of those materials selected

• The scaling effect of the selected instrumentation methods

• The effect of the adjacent structure on windshield panel stiffness.

• Aircraft operational and performance effects on the ability of
a transparency to meet bird impact requirements.

• The effect of gussets and/or corner fittings on windshield
panel response to the bi rd impact phenomena.

• Collection of test data for correlation with the bird impact math
model for analysis validation .

18
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• The effect of varying the transparency edge configurati on on
the transparency support structure.

• Selection of pertinent data for final transparency design
determination .

The windshield specimens used were curved to a 60-Inch radius to
simulate the 8—1 configuration . The initial testing was per the test plan
of Reference 1.

Test Specimens

Ten spec imens , simula ting laminated glass windshields and laminated
polycarbonate windshield s , were bui l t by trans parency vendors and we re
tested as described in this report .

In determining what constructions would be viable candidates for the
proposed B-i design , several laminated designs of thin polycarbonate were
estimated to be preferred ove r a single thicker (7/8 inch ) polycarbonate
ply. This resulted in the Z5942640—501 , Z5942639-503, Z5942639-505 designs.
To validate the theory that under low thermal conditions , the thicker
monol i thic l ayer would fail where as the mu lti l arninate design would accept

• partial failure without penetration , a monolithic polycarbonate ply specimen

(Z5942640-507) was required . The construction and edge confiouratlon of

these specimens are shown in Finure 4.

Three l aminated glass specimens (Z5942639-501), Finure 5, were built
to approximately simulate windshields that are currently in the Douglas

DC-1O aircraft. Tests on and service usage of this windshield has shown

that this construction has a high service reliab ility and reasonably high

impact resistance.

Figures 4 and 5 also show the various specimens built wi th identi fyinci

numbers.

19
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Test Specimen Support Structure

Two configurations of structural support were requi red to simulate
current B- l structural support. These two configurations were identified
as Z5942638—l and —50 1 fixture assemblies and are s hown in Figure 6 ,
with the differences between the two suoports defined in Flaures 6a, through

Figure 6h.

Those factors that heavily infl uenced the design of the support structure

were operational Internal pressurization requirements , use of stiff glass

and flexi b le poiycarbonate windshiel ds , and the use of s ing le row attach-
nient bolts and dual row attachment bolts .

Glass Laminated Windshield Installation - The Glass Laminated Wind-
shiel d , Z5942639-501 was installed in the Support Structure Z5942638-l, using

- 

• 
standard bolts , nuts and washers as shown in Figure 6.

The glass windshield has l/i6 inch oversized holes for bolting it to

the structure fixture. As each bolt was partially installed , PR 1422
sealant was applied around the shank of the bolt to fill the void between
the boit and spacer.

For bol ts that were reused , the ol d sealan t was removed from bolt
threads and sealant reapplied .

Polycarbonate Laminated Windshield Installati on - The polycarbonate

Windshield , Z5942640—50l , was installed In the Support Structure ,

Z5942638-501, wi th two rows of attachments as s hown in Fi gure 6.

The 4 attachments coninon between the windshield and support struc-

ture that were inaccessible were attached with nutpiates , and the ot her
80 attachments were installed with standard hardware as shown in

Figure 6.
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Fig. 6d

I Fig. 6e
Fig. 6f -

Fig. 6a
Fiq. 6b
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T t I 6 1 ’ ~~~~~~~~
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I I Fiq . 6t,
I I

I i i
:1 1~~ #1

End Plate

P/N Z5942638-l for laminated glass
P/N Z5942638-50l for la.lnated polycarbonate

Figure 6. WIndshield Suoport Structure Fixture Assemblies .
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As In the case wi th the glass windshield , each bolt hole was 1/16 inch

overslz~ . The resul ti ng vo id was f i l l e d w i th PR 1422 seala nt durin g

attachment installation .

NOTE: Under ambient temperature conditions above 70°F, i t took 72 hours

for the sealant to fully cure . Heat lamps were installed above the surface
to provide the required temperature . The temperature on the structure
adjacent to the windshield was mon i tored and the temperature was not
al l owed to exceed 120°F.

Test Specimen Rigging Instructions

The AEDC/ARO bird impact test equipment included an adjustable test

bed , as illustrated in Figure 7 on which the test setup was installed.
The test bed incorporated lateral and vertical adjustment capabilities which
allowed a target point on a windshield to be aligned with the centerline
of the bird cannon .

The bi rd shot test procedure required that the two configurations

(Z5942638-l and -501) of the fixture assembly be capable of being removed
and reinstalled in a different hole pattern corresponding to 180 degree
rotation (end for end) of a fixture assembly. To permit this rotation ,

two Interchangeable hole patterns were located in each adapter which

corresponded to the hole pattern in the fixture end plate .

To install the complete Douglas furnished test fixture includin g

w in dshiel d, support fixture and adapters , ARO hoisted the unit into
position to backdri ll 1-1/2 inch diameter holes from VS11O77O into the

adapter end plates .

The unit was al igned so that forward and aft adapter exposed plates

were vertical and that line of the bird trajectory hit target points “A”

and “B” after lateral and vertical translation .
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Test Requirements

Bird Weight

The test bi rds were either freshly killed or quickly frozen after
killing and slowly thawed prior to testing. Each test bird consisted
of a complete bird carcass weighing a planned 4.0 pounds . Weight
aujustments were made by clipping carcass appendages or by injecting
water into the body cavity.

B i rd Velocity

The basic design veloci ty was chosen as 650 + 17 MPH (953.33 + 25
ft/sec). Changes In the velocity are noted in the Test Sumary in Section IV,
and in the Test Sequence, Table 1 .

Thermal Requirements

The thermal requirements were chosen as the absolute minimum and

- maximum temperatures that could be experienced for bird impact. The hot
temperatures simulated a hot atmosphere supersonic cruise followed by an
emergency descent to 8000 feet and Flach 0.85 followed imediately by bird

impact. The cold temperatures simulated a co~d atmosphere subson ic cru i se
followed by an emergency descent to 8000 feet and Mach 0.85 followed
imediately by bird impact. The temperatures shown in Table I were
planne d temperatures on the core plies . These temperatures are as close

— as can be easily obtainable in the laboratory.

The desired external temperature environment was obtained by passing

LN2 vapor or heater air from manifol ds across the test panel surface.

The temperature range for control was approximately -85°F to 250°F. The
interior crew compartment temperature environment was created by enclosing

a cavity below the test panel 3nd supplying air from pneumatic lines pene-
trating the cavity wall. The internal temperature was held between 40°F
and 110°F. The entire test unit was enclosed in a canvas hood during the
establishment of the required test temperature. It took from four to six

30
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T~~LE 1. TEST SEQUENCE AUD TEMPERATL’RF REQUIREMENTS (°F)

Pill ~~~~~ 
165? SP6C. SNOT V 12-5 164 flO-1 3
NO. NO. LX. (pp ) 0.I.SFC T .C.INT I.B.SFC

25942540-501 9410 SW 001 A 941 b .40~~ . •20 F 40 T

25942840—301 SMi l SW 002 A %~) ~~~~ ~~~~

zssszu~~oi ~~~ ,, i ~~i 943 a .ss r •2rr rr
25942939-501 8413 PlC 001 A a eor  eo r eor
2594263.501 •u14 PIG 002 c ~s err err err
Z5S4253-SO1 ills PlC 002 £ 513 a 9or 90c  901

Z5942B40.SOl 9416 SW 002 C 399 b 821  BVF 82.1

25942640-501 8117 ~ U..001 C 731 b 97 1 — 9 l 1

25942640401 SillS SC 001 C 981 b 23O F l90 1 
- 

110 F
— 

23942639-501 1119 PlC 003 C 971 a 220 1 190 1 160 1

25342540-501 SIQO SC 001 A 955 b 74.1 00•T - 761

23312640.301 I1Q1 SW 003 A NO b .40.1 -20 1 - 3~~r

25942640.501 INO? SW 003 C 946 b 1S1 7 6 F  711

2534253.503 S$Q3 PIG 004 C 933 c 194 1 l59 1 139•r

23942639.505 BIQI PIG 005 C Si? c 206•T 19l 1 132.1

7594263.503 SIQS PIG 005 C 931 c 200 F 
-_

193 r 145 1

75912640.507 SPQ5 SC 002 C ~3S c 226 F 2l?F l4VF

25942640.507 INO? 56 002 S 920 c •39F  —41.1 3~~c

23942639.503 B~ $ PIG 004 S 940 b •W? •33 1 351

2594263-505 SIQ9 PlC 005 S 331 b .zr r •21~1 391

31
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hours to attain a steady state. Just prior to the bird impact fi ring the
hood was dropped. See Figure S.

Figures 9 and 10 show thermocouple locations for monitori ng the thermal
- 

I 

condition of the test specimens.

Test Procedure

The tests were conducted in the sequence listed in Table 1 wi th the

velocities and temperatures as specified. Table 2 shows the Instrumentation

Checklist used during the tests and Figure 7 shows the target locations.

32
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Not.; R.f.r to Tabl e 1 for t~~ er.tures

Fioure °. Thermocouple Locations on Glass ‘4indshield Surfaces
(Z5942639-501).

9; 

I -4
,f 

~~~~~~~~~~ :~3

Not.: R.f, r to Tabli I for t~~~~rCtuves.

Figure 10. Thermocouple Locations on Polycarhonate Windshield Surfaces
(Z5942~40—50l).
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TABLE 2
INSTRUMENTATION CHECKLIST
FOR BIRD STRIKE TESTS

1. Preparations (prepare gun for firing-trim and weight chicken).
a. Equipment In position.

1. Obtain still photos before every shot, showing camera positions

and strain gage details.
2. As accurately as possible determine position in space of

camera a-? lens angles with wi ndow , etc., (distances, ang les).
3. Perform scale calibration of movie cameras for all cameras.
4. Provide reference position markers (crosses, dots, etc.)

for mov ies.
b.  S t r a i n  gages - check continuity, measure resistance at terminals ,

identify channel by channel , i denti fy proper scaling for tape
recorder (sensitivity settings , and shunt calibrations).

c. Set up log for logii ng each record and event on o ’graph recorders/
tape - mark on records where possible - record clock time (hours/

— minutes) of events on the shot log .
d. Set up temperature recorder - check identity of each channel .

e. Prepare sheet, referencing each Strain Gage channel to recorder

channel - include calibrat ior. resistor value and equivalent
in stra in.

f. Obtain relative humidity reading from local source.
g. Provide 3AC with measurement system schematic showing identifica-

tion, serial numbers, cabl e type and numbers, signal conditioner
type and numbers , setting for equipment sensitivities and equi p-

ment calibration dates. (May be completed after test.)

2. Pre-test Env i ronmental .

a. Take zero record on tape/recorders.
- - b. Take calibration record on tape/recorders.

c. Start temperature recorder and continuousl y record or incremental

time record if applicable durinn heatinci or cooling .

35
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TABLE 2 cont’d.

2. Pre—test Environmental. (Continued )
d. Incrementally time record (intervals TBD) strain gage channel s

on tape recorders. Correlate with temperature records.
e. When target emperatures are reached and stabilized , take tape/

recorders recordings. (If appl ica ble.)
3. Bird Shot

(Record event t ime of each step.)
a. Take zero record on tape/recorders.

b. Take ca libration record on tape/recorders .
c. Start temperature recorder at T-30 seconds.
d. Monitor and record electrical sensing elements before test.
e. 1) Start count down

a) Turn on temperature recorder at 1-30 seconds. Mark
at I 0

b) Turn on oscillograph at T-5 seconds , 20 inch/second
(-i f applicable ).

c) Turn on tapes at T-5 seconds , 120 in./sec. -

d) Mark T-lights on and T = 0 and 1-15 seconds
e) Turn on cameras 1-1 second.
f) Mark time correlation at 1-1 second.

2) Fire - Note time of firing.

4. Post Test.
a. Tabulate data on Douglas Data Sheet and obtain test signatures.
b. Obtain stil l photos of damage and condition of specimen.
c. Strain gage data may be reviewed quick-look by playback on

oscillograph. Check for scaling and nualitative results. Also ,
compare with digitized data for timing and magnitude.

d. Data from digitizer and plotter to be available for review
within 48 hours.

e. Review movies and make notes.
f. Assist in and obtain deflection data from optical readina system

and computer program.
g. Provide suggestions/changes for improvina next test.
h. During testing , Douglas will determine the data channels riorities

requiring rapid diqitizino and/or plotting. The number required
will be kept to a minimum.

L  
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Test Provisions
The following facilities and equipment were provided at AEDC for these

tests:
1. Bird gun with speed trap and appropriately packaged four and six

pound chic kens , were provided as required.

2. Structural assembly used to mount the Doug las furnished preliminary
test fix tures (VS 11O77 O).

3. Liquid nitrogen (LN2) for cooling 
the prelirlinary specimens to -60°F.

4. Heating system to obtain specimen temperatures to 230°F.

5. Completion networks, power supplies , balancing and sensiti vi ty

controls for resistance bridge measurements wi th outputS

compatible to FM recording equipment.

6. RecordIng equipment for reading approximately 20 thermocouples

in rapid sequence.

7. A minimum of three high speed movie cameras (5000 frames per

second) to record specimen deflections versus time and to

veri fy time of bird impact and bird speed.

8. Ri tape recorders for up to 24 data channels. All tapes carried

precision time code for data synchronization . An additional

eight channel recording capability on cscillographs was available.

9. The format for data presentation was as mutually agreed and the
acquisition was the responsibility of AEDC . The format absolutely

required was the strain gage data presented in engineering units
(LI in./in.) versus time correlated with initial impact (printed

data and plots).

37
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10. AEDC test engineers , cameramen , and personnel capable of removing ,
replacing and repairing test specimens (excluding major repair).

Documentation

Bird Impact Test Shots

Douglas required a data format for the bird impact test shots that
would allow the recording of those Items that required direct readings
of instrumentation before, at-time-of , and after the shots . Such data
included temperature and sensing element readings and other physical
test parameters.

AEDC supplied oscillograph readings clearly identified regardi ng
scale and calibration . The equipment used to record data from the 33

strain gage channels was required to be sufficient to supply strain gage

data presented in engineeri ng units , p in/in versus time . The period of

interest Included the duration of impact , which was predicted to be about
half a mill i secon d , and some 5 to 10 milliseconds subsequent to impact.

Test reduction data incl uded:

• Strain gage data digitized and plotted .

• Deflections digitized and plotted as
a) Vertical displacement versus horizontal displacement,

b) Maxinuin displacement (x, y) versus time.

• Temperature recording trace and/or tapes.

Such data were generally made available for Douglas review soon after

test.

33
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SECT ION III

TEST INSTR UMENTAT ION

The test instrumentation requ i red in conducting these series of
high-speed bird impact tests was, in certain aspects, unique , and repre-
sented an advance in the state of the art. Descriptions of the instrumen—
tat-ion equipment and methods for the measurement of strain deflection and
temperature are included in this section . Also discussed is the camera

coverage for the bird impact sequences .

The bonding of strain gages on polycarbonate and acrylic window sped -
mens , and on interlaminar plies , and then subjecting these specimens to
hi gh—speed bird impact involved many testing techniques which had to be

develo ped for these applicat ions. Previous investigators in this area

expected crazing with a resulting loss in impact resistance , on any poly-
carbonate part that had any strain gage adhesive appli ed to it. Also , with

the high G-level exoected from a bird impact on the windshield , retention

of externally mounted gages was a matter of concern . Thes e concerns are
discussed and the means to reduce the adverse effects of the instrumentation

are presented .

STRA I N MEASUREMENT I NSTRUMENTATI ON

The strain gage instrumentation used for both the B-l bird impact

tests and the simulated aircraft windshield bird impact tests was to meet

the fol l owing requirements and conditions:

• Instrumentation shall yield position and velocity data for that

sec ti on of surface near the area of impa ct, and oreferably for
other parts as well , of a windshield or transparency. For the

area of impact, strain measurements were to be obtained until hi gh

elongation would open the strain gages.

• The motion to be measured was lightly damped oscillation with a

period of about 15 milliseconds. Peak velocities were anticipated
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in the region of 2000 cm/sec, with peaks as areat as 10,000 cm/sec.

• The period of interest Included the duration of impact , which is
about half a millisecond , and some 5 to 10 milliseconds subsequent
to Impact.

• The test method shall permit these measurements to be made without

interfering with the bird strike test. There was to be free access

to the test surface for the projectile, and the test apparatus was

not to affect the free movement of the test surface.

These requirements were met for both test specimens after several

iterations and reviews of the problems inherent in instrumenting material
that is flexible, in a highly transient environment , and very sens iti ve
to surface conditions.

Many problems were foreseen in attempting to collect strain data during

a bird impact on the transparency. The main concern was surface degrada-
tion from cementing strain gages to the unprotected polycarbonate trans-

parency. The physical effect of many gage adhesives Is detrimental as

they contain solvents which can plasticize the polycarhonate. It is

believed that the solvents cause the polycarbonate mol ecules to rotate

and align forming crystalline or ordered planes . Thi s may explain the

loss of the amorphous structure with ensuing brittleness.

To elim inate this problem , the cement used throughout the test series

was Mi cro—Measurements ti—Bone AE1O/15. It Is compatible with plastics

s ince i t is 100 percent epoxy and contains no solven ts. A clamp ing

pressure of no more than 20 psi was used. This resulted in an adhesive

thickness of about 0.005 to 0.010 Inch.

Another probl em is the flexing of polycarbonate. When under load it
can elongate over 100 percent. As usually installed no strain qane sys-

tein will survive this environment. Initially the use of a sealant

40
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encapsulated shock block ins tallation wa ronsidered adequate , Fiqure 11 ,
as the block would allow movement of the transparency without causing 

4

hyper-extension of the ribbon tab . The first three bird impact tests on
the B—l windsh 4 eld revaaled th~t gage failure was occurring in some areas
of the trinspdt - en~v. C~-~se ev~~r”ln - ’t1nn o~ t~ e hi gh—speed film showed
that on bird impact the whole sealant capsu ’ w~u1d defl ect causing the
strain gage lead to stretch and fail. To r~solve t r is difficulty the
sytrofoam ~‘lock was discarded and the gage ribbon lead was looped , as
shown in Figure 12. This allowed transparency elongation and proved
satisfactory on subsequent tests.

Stra in Gage Installa ti on

Sixteen (16) EP— 03—125AV—l2 0 (Option 8-64) ~icro-1~easurement stra i n
gages were installed on the inside surfaces of the two left-hand full-size
windshield specimens. Figure 13 shows the strain naqe locations on the
B—i windshields. For tests 1 , 2 and 3 the shoc k block installation was
used for all strain gages. For tests 4, 5 and 6, the ribbon tab loop
installation was used in the impact area at Locations 3, 4, 15 and 1€ ,
(Figure 13).

For the simulated windshield bird impact tests , strain gages were
located internally on the transoarencies at locations shown in Figure 14.
The gages were part Number EP-OO-i25Tt-1-l20 (Option 276). The planned
capability was for 20 measurements at each of two opposite corners on each

transparency. Additional ly, one 90-degree two element rosette strain nace
was located on the inside surface of the transparencies at each of two

opposite corners , in line with the center gage of the internally mounted

strain gage pattern. Sixteen single active leg strain canes were located

at points in the window frame structure . A typical wirin g harness assen,blv

V 

- installed on each specimen which connected with AEDC provided terminals

Is s hown in Figure 15. Fi gure 16 illustrates the strain measurin g system

circuit. AEDC provided system wirina, completion bridges , sianal condition — —

ing and RI ta pe recor ders , all integrated with the DAC instrumented sped -
men . Table 3 shows the planned strain nage channel nuniberin a per test

41

- - 4-— - — - V -

-~~ ~~-4 -~~ -- --—- - -4—- - -  - - - -~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- - -4——- -
~~ 

-.4 - - --- ~~~~~~~ -~ -4



— Cemented to Surface

Figure lI . Styrofoam Block Shock Absorber.

I Strain r Ribbon Tab
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

j

Fi gure 12. High Impact Shock Resistant Gage Installation .

- 
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Add constantan— Existing strain gage
- copper thermocou ple

inner and outer
urfa ces

,—Existing location 
- 
+

-4 ~Windshie ld
specime n

,—Existing( ,‘ l ocat ion
_ _  _ _  T

\— Add
EA-06—1 25Th—i 20
or equiv. strain
gage to inner
surface

Termi 

: ~~ 

___________

±

/ (Inner surface of windshie ld shown ) 
~

—‘ 96”
Clip cable to specimen. Use existing f—*1arness
holes . Bond cables to specimen with .J A
silicone cement where applicable.

._..Stagger
connectors

Figure 15. Strain Gage and Thermocouple Wirin g Typ for Two Corners.
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TABLE 3. STRAIN GAGE LOCATION AND RECORDI NG CHANNEL SEQUENCE NUMBER S
PER SHOT LOCATION

Strain Gage Location Channel Sequence No
Locati on
No. a,~ i~’Gage Dir. Pl y No. Sid. T ~ C T

* I H  -9 Outer *

V .9 Outer 1 1
2 H  -9 1I~%.r

-~~ Inner — _ 2 2
3 H -T Ou ter —

3 V  -, Outer 4
4 1-f -7 Inner 5
4 V  -7 Inner 6

W -7 Outer T ?

S V  -7 Outer 2 8 461 - 4 -7 Inner 3 9 5
6V  -7 Inner 4 10 6
7 K  -7 Outer ~ 

—

• 7 Y  -7 Outer
8K -7 Inner 6 12

• 8 V  .7 Inner ‘

9 1 - 1 -  .9 Outer 1T~~ 
—

9V  -9 Outer 14
10 H -9 Inner 15
19 V -9 Inner 16
1 1 H  -g Outer
11 V -9 Outer 2
12K -9 Inner 3
12 V -9 Inner _4 — —13 H -7 Ou ter
1 3 V  -7 Outer
14 H -7 Inner 6 3

~14 V -7 Inner *

15 H -7 
— 

Outer ~~~ ~7 
—

i S V  -7 Outer 8 8 10
16K -7 Inner 9 9 11

.._J1)(_ -7 Inner 10 10 12
1 7H -7 Outer “1T~ 

—

17 V -7 Outer 12
18 II -7 Inner 1.3

.___ ILY -7 Inner 14
‘19 H -9 Outer ~~ ~~ 

—

19 V -9 Outer 15 11
20 H -9 Inner *

_ j ~~V .9 Inner 16 12
21 H Ineer. Ply Inner T7~ ~lT~21 V Inner Ply Inner 18 14 14
22 H Inner Pl y Inner 15 17 15

•~~~ j v . . .  Inner P11 Inner Jj. .....i.L 16
23 H Supt. Structur e 19 -

24 H Supt . Structure 20 18
25 V Supt. Structure 21 17

__________ ~ wt. structure 22 18 
— —

‘27 V Supt . Structure ~ *

~ 8 V Supt. Structure • •
29 H SI t. Structure 19 19

~~~~~~~~ _________ S~~t. Struc ture — .IQ_ 20 —31 H Supt. Structure •

‘3? H Supt. Struc ture
33 V Supt. Structure 21 19

_______ ______ Suot. Structeee 22 20
35 V Supt. Structure 

— — 

~~T36 V Supt. Structure 24 22
3 7 H Supt. Structure 23 23
38 H _________ Suot. Structu~~ 

24

NOTE: Strain gages /channel s marked wi th  * ray be monitored w ith
oscillOgraph , if  ava i l a ble .
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shot. All strain gages requ ired dumy bridge completion networks. AEDC
recorded strain measurements fror~ the structural gages and any other
specimen strain gages on FM tape or by oscillograph.

AEDC ran a full set of cal ibration tests on the strain gages before
each Instrumented bird impact. The camera lights were activated at least
five (5) minutes before the strain gages were zeroed and calibrated to
el iminate any transient thermal effects on the strain gages.

Cali bration of instruments was required to verify that total systems
requirements have been satisfied. Evidence of recent certification was
provided to the Douglas test representative .

Strain Recording Equipment

The equipment used by AEDC to record data from the strain gages was
sufficient to supply Douglas strain Qage data , presented in engineering
units , u in./in. versus time, with both printed data and plots. As it

was antic ipated that strain gages in the impact areas would fail due to
high elongation, It was deemei important that initial time Increments

dt - ig the digitizing process be as small as possible (micro—seconds).

Temperature Measurements Methods

Appropriate critical operating temperatures were determined for typical

high—speed high performance aircraft. To accurately monitor these tem-

peratures at critical locations , appropriate thermocouples were used . All
thermocouples were of copper-constantan construction calibrated to
I.S.A. or equivalent standard.

Several temperature measurements were made on the B-i windshield.

Four (4) foil copper constantan thermocouples with 10 ft. leads , Part
Number 20—114410, availa ble from RdF Corporation , 23 Elm Avenue , Hudson ,
New Hampshire 03051, were cemented with AE- 15 by the AEDC on the outer and

Inner surfaces of each windshield specimen as noted in Figure 13.
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— The thermocouples were read and recorded prior to turning the camera
lights on and at the moment of impact to monitor all thermal responses.
Neither high response , nor rapid acquisition , was required ; hence , this
information was recorded on a data logger whose scan rate was one—half
second.

AEDC attached equ i pment on the two left-hand windshields ’ sensing
element , then read and recorded the resistance of each sensing element
prior to turnina on the camera lights and at the moment of impact. A
sensing element (AVK116O) resistance—temperature conversion chart is
shown in Fi gure 17. Thi s prov id es a conven ien t, built — in check on the
thermocouple readings.

For the simulated windshields four thermocouples were located in the
interior of each specimen . Leads from these were terminated nea~r the
inside surface of the window specimens. Eight thermocouples were located
on the exterior and interior surface of the transparency , and on the
surrounding structure. Temperature measurements utilizing thermocouples
were also made of the temperature chamber air , pilots head air , and
ambient outside air. Thermocoupl e locations were as shown in Figure 18.

AEDC installed thermocouples not provided by DAC and completed the
measuremen t ci rcuit as requ i red for recor di ng tempera tures . A recorder
for monitoring and recording temperatures at maximum of one second intervals
between temperature points was required. Continuous monitoring and recording
was necessary during heating and cooling and during bird impact testing
for each test shot. Test events were recorded on the temperature records

as they occurred. Thermocouple wiring schematic and connectors for hookups
between the windshield/support structure and the instrumentation equiPment

is shown in Figure 19.

Deflection Measurement Methods - Bird Imp~ç~
High speed cameras were used to measure deflections at selected time

intervals during impact. Five thousand frames /second cameras were set
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along an Inboard-outboard selIment , with camera locations as shown In
Figures 20, 21 , 22 and 23. Both cameras were located to view the external
and the interior surface of the transparency . ~ minimum of thirteen
target defl ection points , nine on the transparency and four completing the
segment geometry on the structure were required. For this deflection
measurement evalua tion , it was anticipated that during impact , the deter-
mination of all target point aeflections may not be attainable , but suffi-
cient definitio n was stil l expected to be obtained from those which remained
in view. The results were not entirely satisfactory , although a camera
was l ocated for an overall view of the bird impact and test specimen .

Deflec tion measuremen ts were made us i ng cameras No. 2, 3 and 4 shown V

in Figure 21 and cameras No. Cl and C2 shown in Figure 23. The points on 
V

the windshield for which measurements were made on defl ection during
impact were the same points for which the measurements were made in the V

static tests using the deflectometers . These points are shown in Figure 24.
Deflection measurements were made in the followina manner: points to be
measured were marked on the windshield with a cross made of white tape
with the center of the cross marked with colored tape . A scale was

attached to the deflection point and positioned to lie in the vertical
plane. A calibration film was obtained with the scale in position. The

scale was removed and , with the camera position unchanged , movies were

obtained of the actual shot. Measurements were then made by first placing

the calibration film on a dig itized film reader and determining a scale

factor for points in the plane of the scale. The film made during the

actual shot was then placed on the film reader and measurements of defl ec- 
- V

tion were recorded for each millisecond of elansed time (every five frames

for a frame rate of 5000 frames/second).

Camera N o. 4 was mounted inside the module , and as a resul t, was sub-
ject to movement resultin g from the bird impact. In order to correct the

error that this movement could Introduce , a point on the module structure

was used as a reference and the difference between the movement of points

on the windshield and this reference point on the structure was then taken
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All dimensions

Impact noint in inches.

Mirror 
~~~ ~~~~~~~~~~~~~~~ 82~~~~~~~~~~~~~~~

Camera 3

Cross-section of module
loo ki ng forwa rd

Figure 22. B—i Windshield Bird Impact Test, M i rror Loca ti on
for Camera Number 3, Tests RMOO5 - BMOO9.
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as the actual windshield defl ection. The difference between the measure-
ment of deflection of a certain point on the windshIeld by cameras 2, 3
and 4 can be attributed to errors in this correction and the correction
for v iewin g an gle.

Deflection Measuremen t Methods - Sta ti c

Deflection readings were required at several points for the static
loading conditions. Maximum deflections at the target point were required
for both B-i specimens at lmmact.

Deflectometer Installation

Nine (9) deflectometers were mounted by the AEDC on the inside of each
l eft-hand windshield at locations noted in Figure 24 to determine deflections
during static loading tests. These were Bourn Model 109 linear potentiometers.

These deflectometers were capable of deflecting at least two (2) inches
before bottoming out. The defl ection gages A through E were mounted on
a structural beam that had been secured at the aft longeron member and
the forward bulkhead. The deflection gages F through I were mounted on
a structural beam that had been secured to the center beam and outboard
beam. Any deflection of both ends of deflectometer support beam was

measured with periphera l deflectometers lA , 2A , 3A and 4A.

Deflectometer Recording Equipment

The measurements were made using a Bourns Model 109 linear potentiom-

eter as the active leg in a wheatstone bridge circuit. The notentiometer

shafts were spring—loaded to insure intimate contact with the inside

surface of the windshield and to cause the shaft to follow the wi ndshield

movement during rapid unloadin g of the applied force. The oscillograph

rea di ngs were recorded before , during and after the maximum static load
was applied , an d upon release. The deflection data were supplied in inches

versus app l ied loa d an d inches versus time. Thi rteen channels  of defl ec-
tometer data were recor ded on osc i l l o qra ph s.
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Photogra ph ic Covera ge

The purpose of camera coverage was threefold:

1. To provide a means of accurately recording structural deflection
under impact conditions.

2. To provide an overview documentation of the shots .

3. To verify that the bird package was intact.

AEDC provided high speed 16 m camera (5000 frames/second) to measure
spec imen defl ection , in inches , versus time during bird impact. A medium
speed camera (200 frames/second) which varied in location , was used on
some shots to provide a more real time record of the bird impact event.

Both black and white , and cOlored high speed film were used alona with
appropriate li ghting .

For the B-i bird impact defl ection camera locations in the test area
are shown in Figures 21 , 22 and 23. Camera Number 3 was mounted such that
it viewed the interior of the module through an opening in the side below
the transparency. This camera viewed the windshield directly on shot No. 1 ,

but was positioned to view the wind shield through a mirror on shots 2
V 

- 
through 6 in order to obtain a better angle from which to view windshield
movement (Figure 22).

For the windshield simulation impact test two cameras , Figure 23 , Cl

ana C2, were utilized for the deflection measurements . A third camera ,

Camera C3, was positioned to provide the best overall view of the test

specimen and fixture . 
V

AEDC supplied Douglas with came ra lens coordinates , camera viewing
angle , and edited , unspliced copies of the fi lm.
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- - One copy of color photographs of the specimen , environmenta l fixtures ,
and pertinent pre-test and post—test items were provided Douqias and the
Air Force.

Still color photographs were made of the test setup , including the
interior of the module , def lectometer setup, static loading device , camera
setup, Inner and outer views of the windshield, and general overall views.
Color photographs were also made 0f the test article after Imoact to record
any damage to the windshields or supporting structure.

/— U

61

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -4-~-4_ — ~~~~~



- * - 
--—-V -V -

SECTI ON IV
TEST RESULT S

This section presents the results of the hi gh soeed bird impact tests
and static loading/dynamic unloadin g tests on the B-i windshield. Plso
presented are the results of the high speed bird impact tests on the
simulated aircraft windshield specimens. All of the accuired test results
data are not presented in thi s volume , but these additiona l data may be
found in their entirety in the AEDC Reports , References 2 and 3. The
followirm paragraphs present a discussion of the data acquisition and
reduction , test data uncertainties (which are expanded in Peference 2),
test specimens and supportinci structure behav~ ..i , and strain gage and
defl ection tabulation.

DATA REDu CTION AP!0 UNCERTAINTIES

Data Reduction

Projectile velocity was determined from three X—ray stations located
along the f light path between the launcher muzzle and the target . The
velocity measuring system was mounted on an instrumentation dolly with

V the first station l ocated anproxinnately one foot from the muzzle of the
strioper tube. The X-ray pulsers were triggered when the chicken broke

a 24 gauge copper wire in an el ectrical break-wi re system. The time
between firings of the pulsers was recorded with a digita l chronograph ,

and using the time together with the distance measured between images of

the projectile on the X-ray film (after corrections for point source emis-

sion), the velocity was determined.

Strain gage and deflectometer data obtained during the static portion

of the static loading/dynamic unloading tests of the B-i tests only were

provided to Douglas in the form of oscillociraph traces together with their

respective calibration traces. Strain gage data obtained during the dynamic

unloading portion of the tests and the actua l bird shot tests for both

series were digitized , then plotted as a function of time .

- _ _ _  - 
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- - Photographic data consisting of motion picture film and still photo-
qraphs were also transmitted to Douglas for evaluation .

Data Uncertainty

Estimated total uncertainties associated with data obtained during
these tests were as follows (Reference 2):

Parameter Uncertainty
Velocity + 0.5 percent
Bird Weight + 0.1 percent
Strain Gage Readings ÷ 18.0 percent
Deflection (using deflectometers) + 12.0 percent
Deflection (using cameras) + 0.2 inch
Temperature + 1 .73°F

Sources of uncertainty considered for strain gaoe measurements
include: (1) gage factor and gage resistance, (2) calibration resistor
value , (3) siqnal conditioner gain (static calibration/dynamic operation),
and (4) magnetic tape record/reproduce system gain (static calibrationf
dynamic operation). The bias of the instrumentation equipment used to
record was estimated to be neglig ible.

3-1 WInDSHIELD BIRD IMPACT TEST RESULTS

Test Specimens

The tests included the original ~— I windshield design and installation

requ i rements utilizing two rows of tight attachments , then revised for

two row s of attachments with loose holes , one row of attac hments with tirtht

holes , one row of attachments with loose holes, and one test with every

other attachment l eft out. To accomplish the variances , two sets of bushings

and a new set of retainers for the left-hand windshield were required .

One set of these bushings were fabricated according to Rockwell Drawing

rio . L3000645, and the other set fabricated according to the same drawing

but modified appropriately. Before each bushin g was installed , it was

cleaned with alaphatic naptha , fol l owed with cleaning with isopropyl
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alcohol . Dow Corning 1200 primer was applied to each bushing and then
the bushing was cemented in the windshield hole with Dow Corning 93-007
sealant. The new retainers were modified by cutting as shown in Figure 2.

During the previous Rockwell International 6-1 windshield test
— . (Reference 4) the right-hand lonqeron , near the centerline of the module ,

was damaged. A large piece of the longeron was torn off during bird Impact
and cracks were formed in the web. Most of the damaged section’ of the
lon geron was removed an d a new secti on made of steel was ins ta l le d
(Reference ARO Drawing No. VSTO4O94O1). The rioht-hand windshield , No. 105 ,
was installed before the tests began and remained for all the shots.

Static Loading/Dynamic Unloading Tests

Static loading/dynamic unloading tests were conducted before each
of the first four bird Impact shots.

The loading was accomplished by means of hydraulically operated load inci
pad , Figure 25 , which was mounted with its axis norma l to the impact point.
A quick-release mechanism was incorporated as an integral part of the
device to remove the load with a minimum of damp ing action attributable

• to the device itself. The loading device was calibrated for loads up

to 2500 pounds.

The test procedure was to obtain deflection measurements using the
defl ectometers at several different load levels, then dynamically release

the load and obtain strain versus time measurements and hi gh—speed motion

picture coverage of the event. High-speed motion picture coverage was
provided to obtain a visual record of the releasing of the loading pad

and to measure the defl ection of the windshield for comparison with

defl ectometer measurements. The center deflection measurements taken during

the static loading tests prior to the first four bird shots are presented

in Table 4.
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Figure 25. B— i Windshield Static Loading/Dynamic Unloading Test Setup.
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Bird Impact Tests

A tabulation of the test results is presented in Table ~ and the follow-
ing paragraphs discuss the test results.

The outer acrylic ply of Panel No. 108 spalled and cracked as the
result of shot ~4umber 1 , but there did not appear to be any damage to th~
polycarhonate structural ply. There were several cracks in the polycar-
bonate inner ply that appeared to emanate from an area that was damaged by
excessive heat being appl i ed to the wind shield during the installation of
the strain qanes. Strain gages were checked and damat-ied ones repaired in

V 
preparation for the ctatic test.

~n shot ~iun*er 2, there was some addition al soall inq of the outer ol y
but no visible damage to the structural ply or any additi onal crackinq of
the inner ply. The strain gages failed in the impact area and were
replaced in preparation for the static test.

0n shot ?lumber 3, usina windshield o~ne1 Number l~)7, the outer acrylic
ply spalled and cracked , but there was no visible damaae to the poly-

carbonate structural oly or cracking of the inner oly. Anain the damaned
strain gaqes were repaired or renlaced in preparation for the next static

test.

Shot Number 4 produced very little darnane to windshield panel ~umber 107.
There was some additional cracking and peelinn pf the outer ply, but no

visible damage to the structura l core ply or inner oly.

Before shot number 5, every other bolt comon to the windshiel d

panel was removei. The ends of the top aft retainer (L3r’00157-003) and

the forward end of the lower aft retainer (L3000l 59-003), which were not

secured with bolts , were bent outwards as a result of the hydraulic forces

of the bird . As an aid in preventing this from occurring on the followina

shot , bolts were moved from adjacent holes to the ends of the retainer ,
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- leaving two successive holes without bolts. This bolt configuration was

successful in securing the ends of the retainer during the impact of shot 
—

Number 6.

On shot Number 6 (six-pound chicken), the inner ply cracked hut did not
spall. The progressive damage to the outer ply, and the crack pattern
of the inner ply are shown in the Failure Analysis of Appendix A; as well
as a complete failure analysis based upon crack prooaaation . Structural
damage to the module also occurred as the result of this shot. Cracks
apoeared in the aft longeron and in the outboard sill structure. Also ,
a few bolts failed , but there was no penetration of the bird into the
interior of the module.

Documentation of the tests is illustrated in Figure 26 for vertical
deflection (bt-1u06). Tue strain yage maps for the B-i winushield and

the 36 x 36 inch test specimens are locatec in Appendix B.

U Stra in Gage Ins ta l l a tion

Strain gages were attached at strategic locations as shown in Figure 13
for the windshield and in Figures 3 and 5 of Reference 5 for the structure .

As described in Section III , qaces were installed on each of the two

windshields , and six gages were selected from those attached to the struc-
ture to be monitored during the tests.

Strain measurements were made using a data acquisition system comnrised

of bridge completion networks , signal conditioners , recording maanetic

tape machines and recording oscil loqraphs • Twenty—two recording channels

were used in acnuiring data on deflection tests and on the actual test

shots. These data were presented as oscilloarams and were digitized and

converted to the desired units. The bandwidth of the recording system ‘~!8S

DC to 4 KHz.
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WI N D SHIELD DEFLECTION MAP
Top number is deflection from 2500 pounds static load.
(Bottom Number) is defl ection from bird impact.
Reference 2, Camera 2

Figure 26. Windshield Deflections — B— i lIindshie ld Bird Impact Test
Specimen SWU 107 , Test Mo. B?’O06 .
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~~ SIM ULATED AIRCRAFT W I N D SH IELD BIRD IMPA CT TE ST RE SULTS

In order to finalize and optimize all of the structural design aspects
for a full sized 8—1 alternate windshield design , simulated aircraft
windshield test specimens as described in Section II, were bird impacted
according to the test plan described in the same section . This subsection

V details the actual test and those difficulties encountered in the course
of the test.

A computer windshield sizina analysis was in progress during the design
and early bird tests on the 36 x 36 inch windshields . Based on these
analyses the glass windshield support structure fixture was modified for V

five of the last seven bird tests. The l ower stiffener flanges were

removed on three of the support structure members as noted in Figures 28
tnrough 30. The removal of this material reduced the relative stiffness
of the structure near corners B and C as noted on Figure 27. The reduced
stiffness is more representative of the actual B-i structure (refer to
Section V) .

Bird Impact Tests

Noted in Tabl e 6 is a complete summary of the test results for the
20 bird shots conducted on the simulated aircraft win dshield specimens.

The resul ts , in this table , are arranged in ascendin ci order of the test

sequence.

The three glass laminated specimens (P/~J Z5942639-50l ) manufactured

by PPG were tested at three thermal regimes and withstood the imnact of

a four-pound bird at = 565 knots without excessive damage.

The one specimen of four 1/4-inch plies of polycarbonate laminated by

Sierracin was successfully tested at V~ = 502 knots at maximum hot tern-
oeratures and cracked only one ply. Subsequently, this specimen was

t~~~ e1 at V~ 5~5 knots at room temperature and passed . Since the

.1-is’ ’c~t-j ef silicone interlayer does not change sianificant ly at the
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FIG 30

DEFLECTION LONGERON ~~ I • 48,300 lb/In —I

REFERE NCE LINES b • 41,900 lb/In
- c • 45,134 lb/In

a = Glass Support Structure (P/N Z5942633—l ) Stiffness
b = Polycarbonate Support Structure (P/N Z5°42638-501) Stiffness
c Modified Glass Support Structure (P /N Z5942638- 1 ) Stiffness

Figure 27. WindshIeld Support Structure Fixture Assemblies.
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AREA R~4OVED ON —

MODIFIED STRUCTURE 

7
25942G43- l Longeron /2024 Alum inum a l l o y /

— _____ — Original Section

4 _
_
. Properties~

- - lxx 3.22 in
4

= 1.55

- _______  - A = 2.~3 in2

“odified Section
Properties :

___________  _________  

T xx 1.11 in~
Iyy = 0.33 in
A = 1 .64 in2

NAS334CPA26 Bolt
AN9EO-416L Washer
MS21O42L4 Nut
80 Places

Z594263 0—5 0l Glass
laminated windshie ld

Figure 28. Representative Aft Longeron SupDort Structure .
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II1 ~~~

Z5942639-50l
Glass windshield

~~~~~~ 

— 
I 

— 

NAS334CPA26 Bolt
AN960-416L Washer
flS21042L4 Nut

J CO Places

ORIGINAL
SECTION PROPERJIES :

—— — — lxx = 3.22 ~n

Iyy =1.55 ~~

* MODIF I ED
SECT I OH PRO PERTIE S:
lxx = 1.11 in~

T Z5942643-2 Aft Lonqeron 1YY 033 in4

J 2024 Aluminum Alloy A = 1.64 in 2

- AREA REMOVED ON
MODIFIED STRUCTURE

Figure 30. Aft Longeron Support Structure .
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lower temperatures , It is believed that this specimen design would also
withstand the bird impact at lower thermal extremes.

The one specimen identified as Z5942639—505, of four 1 /4—inch plies
of pol ycar bona te lam ina ted by PP G was succ essful l y tested at max im um
thermal extremes and withstood the impact of a four-pound bird at
Vc = 565 knots.

The 7/~—lnc h ply of polycarbonate laminated specimen , Identified as
Z5942640—507 and installed with one row of attachments, was tested at
maximum thermal regimes and withstood the impact of a four-pound bird at

Vc = 565 knots.

Instrumentation and Documentation

Strain measurements were made using a data acquisition system com-
prised of bridge completion networks , signal conditioners , recording mag-

netic tape machines and recording oscillographs. Twenty-two recording
channels were used very successfully in acquiring data on static loading/

dynamic unloading tests and on the actual bird impact test shots. These

data were presented as oscillo qraphs and were digitized and converted to

desired units and replotted as a function of time.

This strain data were further analyzed by taking time cuts on the digi-
tized plots and sunrarizing all the strain values as a function of time

as each strain gage peaked . The strain data are summarize d and presented
in ful l in Reference 3 and in part in Appendix B. The strain maps in
Appendix B show the strain gage measurements at pertinent locations for

eacn spec imen .

Deflection data consisting of motion picture film edited such that all

camera views of the impact and adjacent areas were reduced into defl ec-

tion versus time data for each shot and punched on IBM cards. It was the

ori ginal intent that the IBM cards , thus punched , were to he used to olot

deflec ti on versus time p lo ts for four predeterm i ned indiv i dual l ines on
the surface of the windshield , as shown In Figure 27.
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A Douglas proprietary program was utilized to use these IBM cards
and plot deflections (as a func ti on of t ime for a l l  four lines ) to simul-
taneously show relative deflections and windshield shape at any Instant
in time. This informatIon could be used to verify the bird impact model

described in Sect ion V. A sample output of defl ection at time = 0 mi lll-
seconds, an d time = 3 millIseconds , is shown on Figures 31 anà 3~. This
latter figure shows a typical lack of deflection detail in the area of
impact. This Is due to the nature of the def lection data collection
process. When the film ana lyst can not discern the motion of the target
lines , no defl ection data can be punched on the IBM cards. On this
series of tests , meaningful defl ections in the area of impact were difficult
or impossible to obtain due to obscuring of this area due to chicken
debris , or in cases involving cold tests , the ucold.air fogging” of the V

area and/or ice and frost flakes .
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Figure 31. Relative &eflection and Windshield Shape at T-O Milliseconds
Af ter Im pact.
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Figure 32. Relative Deflection and Windshield Shape at Time = 3 Milliseconds
After Impact
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SECTIO N V
WINDSHIELD SYSTEM DESIGN STUDIES

This series of high speed bird impact tests Is based on a proper
approach to windshield design, that of considering the entire windshield
system. By this is meant the structure of the windshield itself coupled
w ith the windshield supporting structure. Any evaluation of an aircraft
windsh ield system must be systematically evolved from a review of past
experience and available related Industry design philosophies , design
analyses , and test fixture development. These items are presented In
this section .

This section also correlates the results of this series of hi gh speed
bird impact tests as relating to, and affecting the coal o~ this prooram :
demonstration of windshield design techno1~gles using parameter guidelines
based on the B-i a ircraft.

DESIGN PHILOSOPHIES

In recent years windshields were designed to meet the same basic

requirements ; yet, differences taken in the design approaches and
material selections have resulted in the Introduction of problem areas
such as maintenance problems , marginal service lives , failure modes that
result in aircraft fl ight speed restrictions in accordance with FAA bird
impact requirements , and in the extreme, the loss of USAF aircraft due
to bird stri kes .

Meaningful data that were available for an Initial review for the
Windshield Technology Demonstrator Program Included:

• Air Force furnished F-ill bird impact data

• Air Force furnished A-b and A—37 bird impact data

• Goodyear Aerospace reports AFML-TR-74-234 Parts I and II

• Rockwel l International B-i data and drawings

• Airl ines service experience data for the L-lOli and B-747
aircraft windshields

-5--- —--. -V
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• FAA bird impact study reports
• Douglas DC-8/DC-9/DC-lO service experience , test and development data
• Vendor furnished data

Subsequently it became readi ly apparent that the windshield design for

V 
the B—i aircraft should be directed toward combining the best features
of the Rockwe ll International 8-1 design and the Douglas DC—lO design .
Results of other transparency tests performed by various manufacturers
were also evaluated in determining an optimum design . These evaluations
are discussed in the subsequent subsections .

Alternate B— i Windshield System DesiVgn Approach

In an endeavor to develop an alternate B-i windshield design , basic
design philosophies and guidelines were established as presented in the
following discussion.

Since the B-i windshield is part of an existing air vehicle system,
certain R- I design philosophies and requirements were maintained , including
the following:

s Aerodynamic shape

• Structural member locat ions
• Reacting pressurization carry-thru loading between the

win dshield and support structure

• Crew compartment pressurization criteria

It was determined that primary consideration must be given toward
defining the acceptable failures during the design of the windshields
and supporting structure during bird impact cotidItions . Historically,
on Air Force aircraft the resultant effects of a bird strike were de-
stroyed windshields , destroyed structure and frequently a complete loss

of aircraft and crew. It is believed that the windshield should be ,
at wors t, disposable after a bird Impact , but still should be capable
of meeting operational requirements for mission completion . The

82
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V windshield structural supporting members should not be disposable or have

permanent deformation because of high maintenance costs to repl ace the
structure.

The existing B-i wi ndshield designs make use of retainers that are
cornon to more than one transparency . Frequently, durina a windshield

rep lacement , the adjacent windshield and retainers were damaged and the
pressure seal was destroyed. As a design objective, this program has
been directed toward utilizing only one row of attachmen ts an d an inte gral
retainer around the entire periphery of the windshield for ease of
installation . Also , for ease of maintenance , loose hardware such as
retainers , shims , fi ttings , and fasteners that are difficult to account
for during a windshield change-out , shoul d be kept to a min imum. The
attaching bolts should be the same length , nu tp l ates at tache d to the
structure , and the retainers and dry seals a permanent part of the wind-
shield.

Also , since It is virtuall y impossi b le for a trans parency ven dor to
manufacture a curved windsh iel d to an exact sha pe , attachmen t holes
shoul d be oversized to allow maintenance personnel to readily align
the windshield on the aircraft and maintain interchangeability .

Industry Windshield Design Approach

In an effort to test only the most promising windshield designs ,
certain engineering judgments were made as to windshield materials
(structural plies and interlayers), the thickness and number of plies .
The basis for these judgments are discussed in this subsection.

A method of calculating bird penetration capability for a glass
windshield was based on an informal test by Douglas Aircraft on the

DC-b glass windsh ield. The OC— lO windshield and suoportinci structure had

been successfully bird impact tested to 776 EPS. Usin ci a mathematical

analysis based on an equation for bird impact force from Reference 6:

33
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P = K (W) 2”3 (V) 2 sin A ( 1)

where P = peak normal force , lbs.,
K = test constant ,
W = bird weight , lbs.,
V = bird relative velocity , FPS ,
A = im pact ang le , degrees.

Assumin g the same peak force an d other cons tan ts hol d , then the DC-iD
glass windshield rotated from 41° to 25° woul d wit hstan d an impact
velocity of

V = C(776)~ ~~ ~~ j1/2 = 967 FPS (659 MPH)

This analysis showed that a glass windshield was structurally feasi-

ble; hence , other test data involving glass windshields were investigated .

PPG made some high-speed bird impact test data available (Reference
— 7). The impacted test panel consisted of two glass plies .50 inches

thick using CIP 64 interl ayer and a .110 inch thick outer glass shiel d.

The test temperature was -16°F, the bird impact ang le was 25 degrees ,
and the impact velocity was 895 FPS (610 MPH). The bird did not pene-
trate. Minor glass spall was visible on the inner p ly . The conf iguration
of Figure 5 is based on this tested design .

An effort was made to determine the effect of the number of structural
plies on bird penetration velocity for polycarbonate laminates . Reference -3
indicates that the penetration velocity for a four-ply laminate is
approxi mately 17 percent higher than for a I ’ monolit h ic panel . These
resul ts apply to a flat panel at room temperature and a 45 degree bird
impact angle. This report also compares the effect of multiple plies

on penetration velocity . A four-ply l aminate with CIP 0.10 inch urethane

is approximately 20 percent better than a three-ply laminate at room
temperature , 45 degree angle and flat. The configurations of Figures 4a
and 4c ~re based on this teste~1 ‘lesion .

24
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An additional comparison from this report may be made for a two-ply

laminate with 0.50 inch plies and CIP 0.10 inch urethane interl ayer
by applying the ratio of 0.10 inch urethane to .025 inch Ethylene
Terpolymer (ETP) to the curve for the 0.50 Inch plies with ETP inter-
layer. The new configuration would have a penetration velocity greater

than 766 FPS (522 MPH) and slightly les3 than the four-ply (0.25 inch
— per ply) c..~fi gurat ion at room tempera ture , 45 degree ang le an d fla t.

Th~ configuration of Fi gure 4b was based on this desicmn.

From this report (Reference 8), Goodyear makes these observations :
1) while additional plies increase the penetration velocity , doubling
the number of plies does not double the penetration velocity ; 2) doubling

the plies does , however , more than dou b le the k inetic energy defeated;
3) the relationship between impact velocity and impact angle is shown in
Fiqure 33. The results of the current B-i tests are shown superimposed

on it.

Windshield Mounting Design Approach

Two divergent mounting philosophies have been used throughout the
aircraft industry. One mounting philosoph y is to isolate the windshield

from the aircraft structural loads . The seconu is to carry fusela ge
loads through the wi ndshield.

In the first mounting philosophy, it is necessary to design the
surroundin g structure to the airframe ’s fatigue life requirements with-

out depesiding on the windshield for any support . This philosophy
dictates a heavy , stiff structure . Most industry studies and testing

Is based on this design philosophy .

The seconi approach allows a 1ighter weight structure to meet the

fatigue life requirements . This approach , which was adopted for the
al ternate B-l windshield system design , involve d a constant analytical
Study, throughout the design process , of the rela tive stif fnesses of al l
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elements of the windshield system . Douglas utilization of this design
approach in these series of tests, with the necessary emphasis on
proper support structure stiffnesses, Is presented subsequently in this
section.

STRUCTURAL SUPPORT SIZING ANALYSIS

The purpose of this analytical effort was to conduct a study of the
B-i baseline support structure with a glass-face transparency cross
section usinq designs composed of a single thick ply of polycarbonate ,
and muitl iaminate polycarbonate and glass transparency cross sections
to provide the optimum structure to resist bird impact.

This study Includes the following areas:

• Identification of those structural elements which cause undesirable
changes in stiffness at any point throughout the transparency and
support structure. This is, essentially, an investigation of
sensitivi ty to changes in the structural stiffness of the various
elements of the design .

• Refinement of support structure that Is requi red to provide the
flexibility necessary to be compatible with the transparency for
bird impact.

• The influence of windshield support structure corner gussets/
fittings on the impact sensiti vi ty.

• The effects of using one row of attachments versus two rows on
impact response.

Finite Element Model

The approach taken to accomplish this study was based on utilizin g
a Douglas redundant force analytical computer program. The resize
finite element model of the 8-1 baseline (AV4) support structure, Figure
34, contains the structure from the canted bulkhead at ~ 293.3 aft to
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Index to Substructure Diagrams - Overall

z

&ars 
~~~~

10 / lpanels

/ 
14 ~9 Edges

9 7 8  ::
I

SS SS
NO. DESCRIPTION NO. DESCRIPTION

1. Forward Lower Fuselage 10. Center Beam (Part 1)

2. Aft Upper Fuselage 11. Center Beam (Part 2)

3. Eyebrow Window 12. Upper Longeron

4. Aft Side Fuselage 13. Side Post

5. Aft Lower Fuselage 14. Petainer

6. Canted Forward Bulkhead 15. Retainer

7. Lower Longeron (Part 1) 16. Windshield (Bars)

8. Lower Longeron (Part 2) 17. Windshield (Panels)

9. Forward Bulkhead Fitting 18. Wi ndshield to Edge Member
Attachment

Figure 34. 8-1 (!~V4) Modeling.
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YF - 317.00 and above the pressure panel at ZF 
= 26.5. This model

consists of approximately 5,000 elements .

The system was modeled with the greatest detail at the transparency
support flanqe. The transparency and edQe attachments were modeled on a
coarser scale , reflectina the need for relatively less detail in areas of
uniform construc tion.

Specifically, the modeling of the structure included support flanges
modeled to account for local bending and bolt simulation. Modeling of
the attachments in the flange area was simplified by grouping four
attachments together, then varying the stiffness of each group to simu-
late one or two attachment rows .

A detailed discussion of the modeling and CASO computer program
utilize d in this study is contained in Volume 2 of Reference 14.

Support Structure to Transparency Compatibility Evaluation

A basic premise tn designing structure to efficiently take impact
loads is that there should not be areas of sudden stiffness discontinulties .
Hence , an evaluation of the support structure and transparency compati-
bility was made. The initial evalua tion took p lace during the prel iminary
design phase so that necessary adjustment to support structure stiffnesses
could be made. This evaluation was accomplished by analyzing the finite
element model with a unit load at each of the 105 transparency nodes to
determine the stiffness of the transparency support structure at different
locations . These stiffnesses were mapped for each of the candidate

transparencies listed so that an overall view of the stiffness change
can be seen and the relative compatibility determined.

As indicated in Table 7, Fiqures 35, 36, 37, 38 and 39 show the

transparency/structural support compatibility plot for the indicated
configurations. The plots show lines of equal stiffness , calibrated in



F

kips per inch , which are developed with consideration for the effects of

both transparency and support structure. These compatibility plots may

be substantiated by comparing the actual stiffness of a windshield of
given configuration with the plotted stiffness generated for the com-
patibility plots. Specifical ly, for the 8-1 configuration (Configuration

C in Table 7), the actual stiffness of the win dshield , as measured during
the static loadi ng tests of test number BMOO6 is 9124 lbs/inch (refer to

Equation 29, Page 146). This value compares well with the stiffness of
9500 lbs/inch taken from the compatibility plot of the corresnondino
confi guration , Fiaure 37.

TADLE 7. DESIGN CONFIGURATION .
POLYCARBONATE/C1LASS LAMINATES

CONFIG. STRUCTURAL PLIES NO. 
~~~~~ 

REF.
_______ 

NO. MATER IAL ~ PLY BOLTS FIGURE

a 4 ply PC 0.25” 2 
_________________

b 2 ply PC 0.50, 1 
________________ 

36
c i Dl y PC _° .!?._

‘ 2 B-i Design 37
d 2 ply GLASS 0.50” 1 

__________________ 
38

e 4 ply PC 0.25” 1 39

The general plan was to establish a baseline with the extremes being
a flexible transparency and a stiff transparency with compatible struc-
tures for each. This baseline was then used to compare transparencies
with intermediate stiffnesses. As a result of the compatibility evalua-
tion , it was determined that the preliminary bird Impact test specimens ,
4—ply polycarbonate windshield , Figure 35, was the flexible transparency,
and the glass windshield , Figure 38, was the stiff transparency.

The edge attachment for the flexible transparency was original ly
the two-bolt configuration (see Figure 35) as ft was most effective
for pressure loading . Also , this provided a test as to whether the two—
bol t design could reasonably be used . The method to determine if a two—
bol t configuration was acceptable was by evaluation of the test soecimens

_ _ _
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after the speci fic 36” x 36” preliminary bird tests . This Is an ‘ autopsy ’
method of showing c’~’npat1ble structure , or the lack thereof; since ,

by natural definition, compatible structure tends to make for successful

bird tests . Hence , if compatibility can be obtained for this configura-
tion , then structure that woul d respond in a predictable manner and of
optimal structural characteristics for maximum bird impact resistance
can be analytically determined for the other configurations.

Initially, the analytical studies showed that corner gussets would
provide for the necessary stiffness or flexibility at the corners of
the windshiel d. During these windshield tests, this was not verified.

Because minimum strength requirements of the support structure
(based on 2P pressure and an estimated bird impact load) dictated its

design , the desired compatibility could not be obtained through the
computer resize method. Conditions of compatibility could be met only

when structural elements of like-sti ffnesses existed at the support

structure transparency juncture. Since the support structure was
already at its design of minimum stiffness, the only way to partially
accomplish the desired compatibility was to use a one-bol t configuration .

Subsequent successful 36 ’ x 36” specimen bird tests utilizing the one-

bolt design demonstrated the validity of this approach .

Initiall y it was anticipated that the support structure would not
provide enough flexibility to be compatible with any of the polycarbonate
configurations . However , the end result was a support structure that
coul d be used for ~~~ of the polycarbonate windshield configurations .

For the stiffer glass transparency , the support structure was sized
to a minimum stiffness requi rement as determined from the 36” x 36 ”
specimen preliminary bird tests and the strength requirements . A minimum

stiffness was used because this test structure is more flexible in its
critical corners than the corners of the 8-1 support structure . This
tends to compensate for the increased weight of the transparency .

9€
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It should again be noted that the strength requirements dictate a
support structure design with a certain minimum st i ffness. Th is may be
quanti tatively represented as (EI) edge req ’d’ 10W , (EI) edge req ’d.
(EI)5~~ struc . + (EI)transp edge . Hence , it may be seen that in the
case of polycarbonate transparencies , where Etrans << E

~~, str~c ’ there

is virtually no stiffness contribution from the transparency edge, so
the stiffness of the support structure governs. In the case of glass
transparenc ies , however , Etrans edge and Esup struc are of same order of
magnitude, hence , the transparency can add to the stiffness of th~ support

structure. So, for compatibility , the stiffness of the glass windshield
support structure is less than that for the polycarbonate windshields.

Identifi cation of Structural Elements That Cause Undesirable Changes

in Stiffness

A survey of industry-wide windshield bird Impact testing relative to
support structure design , as well as observed design tendencies on this
p rogram , indicates that an overly stiff support structure tends to be
designed and utilized for purposes of durability during a series of
impact tests. This is sometimes rationalized because the utilization
of very stiff support structure tends to place maximum load on the
transparency. Results of the present analyses , as well as the 36 x 36
inch specimen bird Impact test p rogram , indicate t~at while this
“sti ff” approach may be acceptable for center shots , it is very unrealistic
for determining bird impact capability at a location which will ultimately
be mated to existing airframe structure whose stiffness is significantly
different than that tested.

The previously described analysis (pages 39 through 96) was used
to determine the areas in which stiffness changes occur. In order to
Identify the structural members which contribute to the change in sti ff-
ness , the resize capability of Douglas ’ computer program was used. This

program allows the insertion of a load and deflection at a preselected
locat ion , and the program will resize the structure to obtain the given
deflection wi th minimum weight.
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The resize program for the 4 ply 1-bolt polycarbonate configuration
was completed. Minimum areas and minimum depths were used for the wind-
shiel d support structure. Even with these greatly reduced sections ,
(to provide more flexibility ) the corners were still too stiff to be
compatible with any of the polycarbonate windshield configurations as
originally designed . Therefore, a different attachment design was
indicated to reduce the stiffness link between the support structure and
the transparency . This was accomplished by utilizing the one-bolt con-
cept.

From the results of this analysis , the moments of inertia and areas
were calculated for the support members . These were compared to the 36
x 36 inch test fixture. It was found that the sti ffness would be within
the limi ts of the test fixture but the area would not. For this case,

the model was modifi ed with the ability to either add or subtract areas
in such a way as to not change the stiffness significantly. The model
was resized again using these new areas and a one-bolt edge attachment.

Utilizing this resizing approach in an attempt to optimize the sup-

port members , the four-ply polycarbonate l aminate analysis , utilizing

one row of attachments , was completed and the results were the basis
for reworking the 36 x 36 inch specimen support structure members as

shown in Figure 27 , Page 73.

Attachment Evaluation

The one-row versus two-row attachment evalua tion was accomplished
by repeating the conpat iLility evaluation of the sunport structure to

transparency analysis as previously described . It was noted during the
preliminary 36 x 36 inch specimen bird impact tests that the shearing
of the polycarbonate structural plies was directly related to the degree
of edge corner stiffness. Hence , usin g the one-bolt concept sign i ficantly
reduces corner sti ffness allowina successful subsequent shots on the simu-
lated windshield panels.

~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~
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Pressure Consi derati ons

In addition to bird impact forces, the support structure design must
acconriodate the aircraft internal pressure .

Polycarbonate Windshield Support

The structural cross sections for the polycarbonate support structure

configuration were evolved from conventional stress analysis techniques

per methods of this section. The moment of inertia is approximately 3
to 7 percent greater than the existing Rockwel l B-i design . The depth is
shallower in order to reduce the stress in the outer flanges . The rota-
tional stability has been Increased. The area of this support structure
is approximately twice the area of the original 8-1 design . The cross
sections selected for the simulated aircra ft windshield tests are
representative of the proposed production design. The bol t hole spacing
for this prototype approach was approximately 1.625 inches .

Glass W indshiel d Support

The support structure for the glass windshield was sized by a 2P
pressure condition (21.2 PSI) and was designed to carry fuselage loads
around the windshield opening . The stiffness of the center post for

this configuration is approximately twice the Rockwel l 8-1 design to

insure the necessary low stresses in the glass plies . This concept
requires only one row of bolts for attachment of the transparency to
the structure and improves maintainability considerably.

The hole spacing is approximately 1.625 inches 1 and each window may

be removed individuall y. The weight (250 lbs.) of the glass windshield
Is approximately twice that of the polycarbonate windshield configuration.

The glass configuration was pursued because of its strength at hiqh

temperature , its excellent optical qualities , and its capability to
defeat the bird . Suitability of a glass configuration to meet these
requirements has been establishe d by prior tests performed at Rockwell

and Douglas Aircraft which are reported in References 9 and 10.

L 
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Windshield Deflection Comparison

A comparison was made between a 4—ply polycarbonate windshield , a
3-ply polycarbonate windshield , and the Rockwell B-l windshield using
deflection as a basis for comparison (Table 8). Analytical studies
which requ i red finite element tech~;l ques were conducted by Rockwell to
determine the structural deflection under pressure. The model used a

one—inch strip of structure with two-bolt attachments for the simulation .
When the comparison was made for a loading condition of 10.6 PSI pressure ,
the difference in deflection for the three configurations was less than
10 percent. The same configurations modeled in the same manner but with
a single bolt deflected approximately 23 percent more than the two-bolt
installation . Confi uence in the simulation exists since the B-i analytical

two-bolt deflection of .202 inches compares favorably with R-I test data

of .208 inches as shown in the bottom row of Table 3.

The deflection of the these panels is a function of the total cross
section area as well as the moment of inertia. Solid section panels
have a higher moment of inertia than multi-ply panels because the inter-
layer has a very low capability to transfer shear between plies. The
deflections , however, are almost equal . For the solid panel , the

deflection and stress is dependent on the moment of inertia and the

hoop tension capability . As the stiffness decreases with a multi-ply
panel , the hoop tens ion capability predominates.

The results of the one-bclt method require that the bolt spacing be
reduced from 1.625 inches on center to approximately 1.250 inches on
center for .25 inch diamet.er bolts to reduce the bolt bending to an

acceptable level . The total number of bolts was reduced from 232 to
147, a 37 percent reduction . Since use of mu l ti-layer l aminates reduce

l ight transmission and degrade optical quality , further optical studies

were conducted on two-ply composites for polycarbonate and glass trans-
parencies, using both CIP silicone and PPG 112 i ‘.crl ayer. Refer to
Section II of Reference 14 for these studies .
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TABLE 8. DEFLECTION FOR COMPOSITE WINDSHIELDS
SIZED TO FIT THE B-i GEOMETRY

PRELIMINARY
DEFLECTION INCHES
10.6 PSI PRESSURE
50 INCH RADIUS

i Row of 2 Rows of
Bolts Bol ts

4-P1~’ Polycarbonate
.25 Inch per ply 0.379 0 .197
(F igures t~~ , 4c) 

___________ __________

3—Ply Polycarbonate
.25 Inch per ply 0.412 0.218

• (Figure 4a)

2-Ply Polycarbonate
.50 Inch per ply 0.305 --

• (Figure 4b) 
____________ ___________

1—Ply Polycerbonate
.87 Inch 0.248 0.202
(Figure_4d) 

__________ __________

2-Ply Glass
.50 Inch per ply with
.120 interlayer --
(Fi gure 5)

1-Ply Polycarbonate
.87 inch
B-1 A/V #3 --
(P1 Test 1-25—75)
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PRELIMINARY DESI GN METHODS

Several independent approaches to analytical substantiation of test

data were devised and utilized in the design phases of the alternate
B-i windshield. These methods were used to advantage In this program
and are described in this subsection.

Deflection and Stress Calculations in a Laminated Beam

Reference 11 describes and documents the theory and procedures for
calcula ting the elastic deflection and stress distribution of a flat,
laminated beam with fixed ends or simply-supported ends comprised of
transparency materials subjected to a normal point load at the midpoint
of the beam. The development of a computer program using the basic
theory is presented along with illustrati ve examples and a “user ’s
manual ” . The program results have been favora b ly compared wi th actual
test data , inclu ding data of this test series , an d wi th a f ini te el e-
ment method. This subsection presents salient features of Reference 11.

Beam configurations used as a basis for the included illustrative
examples are as follows :

Case A - 4-ply pol ycarbona te laminate d beam
Case B - 2-ply glass l ami nated beam
Case C - 1-ply polycarbonate laminated beam
Case D - 2-ply polycarbonate laminated beam

Deflections for these cases are generated using a unit load and

are as shown in Figure 40 for beams of vary ing lengths . This figure

shows the deflection comparison of a laminated beam to a multi-ply beam
without interl ayer.

Being able to ascribe a stiffness va l ue to a laminated beam is of

great Importance in any comparative evaluation . Techniques of Reference
11 readily allow a calculation of the “effective stiffness ” of any

• l amina ted beam . This effective stiffness value is calculated from the

102

-- _~~——— s~ ~~~~~~ ____________ _ _ _ • 

j



F 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

S3H3N1) Ni~ N31 ~‘N39

C C 0 0 0 0 0 0 0 0 0
- _w’__

~ .... j _____ ‘
~
‘ —....J ..... ..i -

_____ - —~—~ ~
• _____ — _____ — — —  . —

U — — . — — — — — • —.

,‘— .“.— — — — S — — —  U
__5 • • • _ _ _  

.

—V.——— — — — — — — —  @1
I • ____  

, I.
— - — — —  QJ

_ _  _  

_ 

_ 

I

_ _  

~~~~~ 

_ _  _ _  

~~~~~~~~~~~~~~~~~~~~~ 
~~~

~ ..L. ~~~ - ______ . . 
— _____ 

S 
— — —

~~~ >. - - S .  ‘ 5  - . - . •• • t • - . -

LiJ ..J LiJ _____ .... ~..... — — —•
H ~~~ ~~. ~ ‘ i I

5 ’
- - .~ s~~~ .- ..-. -- I . - .  - 

• 
~~~~~

103

~ 

5—. ~a..—k_._5— .. ...L_. ~... j•~~
. _..S. ._ ~_.... . . _  ~~~~ _dl~



r -r ~r r r ~~ —‘Pr -~S 

- _ _ _

defl ection at the beam centerl ine using the formula for a beam with
fixed ends and a center point load which is:

3
E I (EFF )  = 2V (2)

where F is load , .L is length and V is deflection. Effective stiffness
varies with length. Table 9 is a comparison of effective stiffness,
at various lengths for the four cases, to the stiffness if all the plies
acted as individual beams . The reason why effective stiffness increases
with length is that the Interl ayers are more effective in transferring
shear between structural plies , as length increases. Thus , the behavior
of the longer beams approaches monolithic. Fiqure 41 shows a
plot of the effective stiffness for the B—i configuration (Case C) as

S a func tion of len gth.

The analysis and computer program presented by the methods of

Reference 11 were developed to provide a tool for evaluating laminated
combinations of transparent materials during Initial design of wind-
shields and windows . Historically, formul as and theories from engineeri ng

handbooks have been used for this purpose , but these methods are highly

S 
app roximate , for the most part . App l ication of “handbook” formulas ,

as modified by considerations of “effecti ve sti ffness” w i l l  be discussed
la ter in this section .

It should be appreciated that the laminated beams analyzed per
Reference 11 could represent a Stri p cut from a typical ai rcra ft win d-
shiel d transparency remote from bulkhead supports.

The primary characteristic of such a laminated beam is the relative
ease of structural plies to slide past each other because of the softness - •
of interlayer materials. Also , this method has a solid theoretical base

because equilibrium and compatibility equations are wri tten for the beam ,

based upon assumptions that preserve the Important features of laminated
beam behavior. The resulting set of differential equations is solved
exactl y.
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TABLE 9. EFFECTIVE STIFFNESS (POUNDS-INCHES SQUARE)

SIN GLE ACTING
BEAMS

OUTPUT FROM PROGRAM (NO INTERLAYER)

LENGTH OF BEAM - (IuCF~FS) 10 20 30 50

CASE A

4-Ply Polycarhonate 3,391 5,683 9,238 19 ,212 2,600

CASE B

- 
2-Ply Glass 217,500 237 ,900 270,600 3F6,000 209,100

CASE C

S 1-Ply Polycarbonate 20,700 23,450 27,500 37,900 19 ,720

- CASE D

2-Ply Polycarbonate 14,326 29,370 48,175 89 ,080 7,900

V
• 

- 
(Reference 11)

j_5 S~
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Flat Plate Deflection Analyses

For relative ease In arriving at pertinent prelimi nary design
parameters, utilization of published “handbook” formulas would be
desirable. This subsection presents analyses utilizing “handbook” flat
plate formulas , and presents data Indicating their suitability for
preliminary design purposes. A comparison of the “handbook” approach
with test values is made.

Flat Plate Analyses - Pressure Loading

Table 10 presents analyses that were performed on a windshield of
typical construction (2-ply glass per FIgure 5) utilizing “handbook”

flat plate techniques . Formulas and coefficients from Roark (Reference
12, Article 59) were used which account for bending as well as in-plane
tension . The analysis in Table 10 is shown in two parts . Part A shows
a typical handbook approach : the structural plies are assumed to act
separately with each ply supporting hal f the pressure. Part B shows a
more realistic approach: the structural plies are assumed to act
together through a consideration of interlayer effectiveness. An

!9.~iYalent thickness is thus obtained. This thickness is the thickness
of a single ply which acts the same as the lam inated panel . S
The total pressure is then applied to the effective panel as shown.

The analyses shown consider both pinned-edges and fixed-edges for
comparison purposes. The value of deflection for Case B—2 , Table 10
is in close agreement with the finite element model defl ection for this
configuration as discussed on page 100 and shown as follows:

HANDBOOK ANALYSIS FINITE-ELEMENT MODEL
DEFLECTIO N DEFLECTION

(CASE B—2 , TABLE 10) (2-PLY GLASS CASE , TA RLE 3) DIFFERENCE
0.086 in. 0.078 in. 9%

Such close correlation as this tends to lend credence to “handbook”
analyses of laminated transparent panels , providing all parameters are

truly representative.
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TABLE 10. DEFLECTIOP1S AND STRESS FOR B-l TYPE WINDSI~IELD
USING FORMULAS FOR FLAT PLATES UNDER UNIFORM LOAD

A. Handbook Analysis (Reference 12, Article 59)

Structural plies act separately.
No interlayer shear assumed.

S 
Material : 2— piy glass , t — .50 in. per ply (Ref. Figure 5).
Modulus of elasticity: E 10 x 106 PSI.
Panel load : 10.6 PSI (total uniform pressure on 2-plies);

w — i9~_~. — 5.3 PSI per ply.

Average panel width : b — 33 Inches.
S Handbook length-to-width Increment: 1.5 (actual Is 1.8).

Handbook value for Poissons ratio: .316 (actual is .25).
Handbook values:

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

— 

12.5

1.5 K2 .625

(Edges Pinned) 1(3 = 4.48
- 

1.5 
~~~ 

.28

(Edges Fixed) K3 5.75

Case A-i - Edges Pinned:
The above handbook coefficients must be adjusted to account for a
lesser value for wb4/Et4:

wb~ = 5.3 (33)4 10.061 ~ 4’ ~~7 (5)4

06
= ç ~2 l~2:5 (.625) - .503

~~ 1(3 
10.06 (4.48) — 3.606

1
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TABLE 10. (contInued )

Deflection, y — R~t - .503 (0.50) 0.252 in.

C.1.2 ~ I!P,%2
Stress, S — 

~~~ 

£~~. — 3.606 IV 
— 8294 PSI (at panel

b (33) center)

S 

- Case A-2 — Edges Fixed :
S 

~ 
— 10.06, ~ 

~~~ 
(.28) — 0.225, 

~~~ 
— 

~~~~~~~~ 
(5.75) = 4.63

Deflection, y — ~~t — .225 (.50) 0.113 in.

- - Stress, S = 1(3 —a. — 4.63 2 10,623 PSI (at center of
b (33) long sides)

B. Handbook Analysis (Reference 12 , ArtIcle 59)
S 

Structural plies act together.
Interlayer shear is effective.
Same conditions as Part A , and same panel (Figure 5), except effec-
tive stiffness considerations , Table 9, are used to calculate an
equivalent thickness. The total pressure (w - 10.6 PSI) acts on
this equivalent thickness.

S Equivalent thickness:

El — 270 ,600 lb—in 2 (Table 9, Case B, length = 30”)

t [270~60O X 12) = 0.687 inch
10

Case B—i - Edges Pinned:
wb 4 10.6 (33)4

4 — 5.64
Et IQ~ (.687) -

— ~~~~~ (.625) — 0.28, 1(3 ~~~~~~~~~~ 

(4.48) — 2.02

S 

Deflection , y — .28 (.687) 0.192 inch

Stress , S — 2.02 10~ ~,6~7)2 — 8754 PSI
33
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TABLE 10 . (con ti nue d )

Case B-2 - Edges Fixed:

— 5.64, ~~~~ 
— ~~~~~~~~~ (.28) — .126~~1(3 ~~~ (5.75) = 2.59

Deflection, y - .126 (.687) - .086 inch

Stress , S — 2.59 ~~~~~~ (18hj2 — 11,255 PSI
33

-

5
,
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Flat Plate Analyses - Central Static and Bi rd Impact Loading

This subsection will present methods and techniques which indicate
that the B—i bird impact problem can be solved utillzlr- “handbook”
techniques , coupled with test results.

When considering the preliminary design of windshield panel s for
bird impact, the actual width of the panel Is a critical factor. It is
difficult to arrive at a correct value for this width without supporting
test data. From a typical B-i windshield static load and bird Impact
tes t, Bt1006 (Reference 2), deflectIon measurements were taken with
deflectometers for the former test and photographically for the latter

S test. These deflections were plotted and are shown In Figure 42 as a
function of location. By extrapolating the deflection curve to the
position of zero-deflection, the windshield effective panel size is
determined. Table 11 presents these effective panel sizes for the
static load case, and for the bird impact case. Note that the “effective
panel” has that size which allows it to behave analytically as does the

• entire windshield under test.

• Before flat plate formulas can be utilized in these cases, realistic
S 

values for the loads must be obtained . In our case of the 2500 pound
static load on the B-l windshield , the load is already determined , and
a flat plate formula is utilized as shown in Tab1~ 12 , Part A , to arrive
at the required deflection calculation . However, the determination of
a bird impact load has been nebulous at best. Utilizing bird impact

equations such as Equation (1), page 84, resul ts in the following calcu-

lation for a static bird Impact force:

F 0.0558 W
b 

V2 sin 0

where the terms are as defined on page 84. Hence ,

F — 0.0558 (4)2/3 (953)2 sin 25° — 53 ,969 lbs.

This is too high a force for impacts on typically compliant structure,
as will be shown below.
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BIRD IMPACT TEST

2

0 a _____________

S 

+5 +10 +15 +20 +25

STATIC LOAD TEST (2500 LB)
0 0.40

0.20 _ _ _ _

0 _ _ _  

-

+5 ÷10 +15 +20 +25

Location from Target Point (X, V Direction) Inches

Figure 42. 8-1 Windshield Deflection , Test Number BMOO6 .

112



!
~~~~~~~~~~~

5 55

~~~~~~~~~~~~~~~~~

1

~~~~~~~~~~~~~~~~~~~~~~~~~ 

- _ _ _ _ _

I

TABLE 11. -l ~
tIT 0S1-!IELD EFFECTIVE P~ IFL SIZE ,

STATIC LOAD A~1D F~I~ D IMPACT LOA D

S 

Handbook Effective Panel

— —.-—- — —--

Tes ted Effec ti ve Panel

Deflection , a

I ST L0CATIO~ OF S = 0 EFFECTIVE PAfIEL SIZEE +x 
_ _ _ _  

h(~~~~J a (= 2 Y )
D’ICOf, Static Load 13 21 26 42

- 1?~ flC~E , Bird Impact 15 1/4 30 V~ 1/2 60

— 
~JOTES : * Reference Figure 42.

-
•
-
• Effective panel size is determined by the location
of the zero-deflection line.
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TABLE 12. DEFLECTION FOR E-l WINDSHIELD USI~!(~ FOP S~ULAS
FOR FLAT PLATES WIfl! CONCENTRATED LOAD

A. Deflection due to static load

Material : C-i wi ndshield , St-IU-107

Structural ply — 0.87 polycar bonate
Modulus of Elasticity : E — 350,000 psi (low strain-rate value)

(Reference 13, Table 13)
Load : P = 2500 lbs. statically applied at center.
Effective Panel SIz e: 26” x 42” (Refer to Table 11)
Length-to-width ratio: 1.62 (size ratio)

b = 2 S ln.ru
P ~ a = 42 In.

S Eaulvalent thickness :

El 26 , 500 (Reference Figure 41 for lenath = 26 Inches)

= [26~5OO x 12 1/3 
= 0.968 inches

Deflection:

2 -

y ~ ~~g (Reference 12, Table 10 , Case 42)
Et

where ~ 0.0773, based on size ratio , a/b = 1.62

P 2500 nound , static loa d from ~-1 test no. Bfl006
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TABLE 12. DEFLECTI~M FOR 8-1 ~IINDSHIELD USINC~ FORNIJLAS FOP
FLAT PLATES 111TH COIICENTPATED LOAD (Continued )

hence y = 0.0778 [(2500) (26)
2

~ (350 x 10 ) (.968)

• — 0.41 Inches

B. Deflection due to bird impact

S 
Material: 8—1 windshield , SWIJ—l07

Structural ply = 0.87 polycar honate
• Modulus of Elasticity : E = 384,00 psi (high strain—rate value )

S (Reference 13 , Tab le 22)
Load: P = 11,000 pounds (Eouivalent static load from 4 pound bird

impact on target with sprina-rate K = 9124 pound/ inch.)
Refer to Figure 58 on page 151 .

Effective Panel Size: 30 1/2’- x 60’ (refer to Table 12)

Length-to-width ratio: 1.98
b — 3 0 l/2 In.

p

S - ~ a = 60 1n.

Equ ivalent thickness:
El = 27 ,500 (Reference Figure 41 for l enath = 30 1/2 inches)

- 
t = 12 

] 

1/3 
= 0.95 Inches

. Defl ection:

2
y a 

~ g (Reference 12, Table 10, Case 42)
Et
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TABLE 12. DEFLECTION FOR P-i UPIOSH IELD USINC FOR~1ULAS FOP
FLAT PLATES W ITH CONCENTRATED LOAD (Con tinued )

where a = .079, based on size ratio, a/l~ = 2

S 

hence y = O70[ ’~~°~ 
~3fl 5)2 

~ 
2.46 inches

~(384 x 10 ) (.95)

i i

- 116

-I

~~~~~~~~~~~~ _ _ _



To alleviate impact force conservatism , a method for determining a
static bird impact force equivalent to the dynamic force would be highly
desirable. Such a method should consider the compliance of the wi ndshield

S and supporting structure to be most effective. An analytical study is
presented In Section VI , which describes a method for obtaining an equi-
valent static load on an aircraft windshield system subjected to a bird
impact and evaluates the effects on this load due to the relative stiff-
ness of the impact area . Pence, for a bird imoact on the B-i wi ndshield
(Test number BMOO6 , Reference 2) which has an effective stiffness at the
point of impact equal to 9124 pound/inc h (refer to Figure 37, and Eoua-
tion 29), the eauivalent static load from Figure 5S on pace 150 is
11 ,000 pounds. This force Is 19 percent of the force calculated using
Equation (I) on page 34. JustificatIon for the method which generated this
lower, and more realistic load is contained in Section VI. Table 12, Part B ,
calculates the deflection due to bird impact on a given panel utilizing
flat plate formula.

The “Flat Plate ’ deflections calculated are listed below and compared
with actual as-tested B— i windshield deflections:

• CALCULATED TESTED
3—i WINDSHIELI 8-1 WINDSHIELD*

LOAD CONDITION DEFLECTION DEFLECTION ERROR

Static Load .41 .38”

Pird-Imnact 2.46” 2.42’

*Reference 2, Test BP4006.

Thus it is seen that handbook-type prel lminar.y desian values for

lam inated panals may be c~uite accurate If the Input narameters, such as
stiffness , effective thickness. and load , are truly representative.

In addition , the close agreement of bird impact test-versus-analysis

deflections lends credence to the validity of the equivalent static force

method presented in Section VI.
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Math Todel Computer Prog rarr

This subsection briefly describes a Douglas-developed bird impact
dynamic math model computer program and presents appli cations that have
been accomplished to support the alternate B-i windshield design. This
work was accomplished employing a prel iminary version of the Math Model S

computer program (“IMPACT”). This preliminary analysis is described
in Volume 1 of Reference 14 and in this section. The Math Model computer
program , as finally submi tted, is documented in Reference 15.

Part 1 of Reference 15 describes the theoretical basis of the program.
as completed , and presents applications to classical problems and actual
w indshield systems. The approac h i s based upon a f inite element model
of the mult ilayered transparency and supoortinn structure , subjected to
time-varying loads representinq bird impact. The ecuation of motion for
the model is derived , cons idering geometr ic and mater ial nonl i near iti es.
The approach to geometric nonlinearities is based upon the method of
fictitious forces and deformations. The approach to material nonlinearit ies

• is based on the Von Mises yield criterion , and the Pandtl -Reuss equation .
The scope of the computina effort is minimized by introducing a modal
transformation. The transformed nonl inear differential equation of
motion i s solved Incrementally in time and iteratively with in each time
step. Calculated results produced by the program are shown to correlate
accurately with exact solutions for simpl e dynamically loaded structures
that exhibit large geometrically nonlinear effects.

Part 2 of the renort is a User ’s Manual” , and Part 3 is a Programing
Manual. ”

Since the use of the Math Model is not generally considered to be a
preliminary design method , the appl ications in this section are Included
to Illustrate its demonstrated part ial ut ility. As discusse d in Section
I of Reference 15 , this computer program Is not fully operationa l for all

types of transparency design. However , its usage for laminated transparent
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panels of the simulated aircraft windshield general shape is shown In this

section.

Math Model Applications

Applications of the Math Model technique pertaining to the modeling
and/or analyses of the B-i windshield , and curved-and-flat-models of the
simulated aircraft windshield are presented below. The pertinent test
number/s are noted.

These analyses were run concurrently with the testing described In 
S

this report. The version of the Math Model computer program utilized
was not considered operational and the results thus generated were
treated as preliminary.

B—i Windshield Specimen

The finite element model of the B-i module is shown in Figure 43.

.5 Cross sections of pertinent structure are shown in Figure 44. These
figures illustrate some structural complexiti es which may be adequately
represented. A complete analysis of the B-i windshield was not accom-

plished due to other program comitments.

Simulated Aircraft Windshield Specimen , Curved Model

Fiaure 45 shows a finite element of a laminated glass specimen which
has been prepared by the Math Model . The specimen modeled is PPG-002
as tested per test number BMO14. The specimen and test are described
in Sections II and IV . A model of the affected structure was made which 

-
•

included the transparency and supporting structure. Figure 46 is a
cross section of the transparency showing the modeling of the four
gl ass plies and three interiayers. S
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~~ single-rowattachment

View A-A S

VIew B-B

Figure 44. 13-1 , X-5 Model Cross Sections.
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Figure 45. Simulated Aircraft Windshield Specimen Model .
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. Glass laminate (PP(~-OO2)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

View A-A
(Enlarged)

FIgure 46. Simulated Aircraft Windshield Specimen Model Section.
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Simula ted Aircra ft Win dsh ield Specimen , Flat Models

Flat finite element models of the simulated aircraft windshield test

specimens were prepared at a time when a preliminary model generator
applicable to flat models only was available , and before the final genera-
tor applicable to curved models was completed. Figure 47 shows such a
model , comprising a transparency and supporting structure. The modeling 

S

is done to the same degree of detail as the curved model of Figures 45
and 46. These models were analyzed with the aid of the math model linear
analysis option , rectangular pulse load. Applications of the program to
Flat Model numbers 2 and 3 are as follows:

Flat Model Number 2 - A flat panel version of the mocel of Figure 47

representing specimen PPG-002 (test number BMO14), as described In Section
II and IV , is called Model number 2. The bird weight is four pounds and b ird
velocity is 939 fps. Material properties correspond to room temperature.

The results shown in Figures 48 through 52 as subsequently described ,
represent only a small fraction of the total amount of computed data
available for Model number 2. This demonstrates the methodol ogies which

were utilized in this design effort.

Fioure 48 shows displacement for Model number 2. The figure shows how
a wave traverses the panel , starting at the point of impact at time t =
0.002 second after first contact. The wave travels diagonally across the
panel , and reaches the opposite corner at t = 0.008 second. The displace-

ments shown correlate with test results as well is can be determined from
available test data.

Figure 49 shows time histories of the total load and displacements at
selected points. The total load is 18,719 pounds applied as a rectangular
pulse for 0.00208 second. This load Is distributed to four nodes of the
model adjacent to the center of impact. The displacement near the center
of impact reaches a maximum at approximately the end of the load pulse ,
and then damps out In a sinusoidal manner. The presence of at least two
vibration modes can be observed . The displacement at the panel center and
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at the corner opposite the point of im2act reach lower maximum values at S .

later times, again showing the existence of a travel ing wave. Note the
large number of time points that can be economically calculated with this
option . Following completion of a run , responses for additional time
points arbitrarily chosen can be calculated with little additional expense.

The upper part of Figure 50 shows relative displacements of the l ayers
resulting from interlayer compression on a section of the transparency
approximately through the center of impact at t — .0024 seconds. These
results show the ability of the match model to account for through-the-
thickness effects. The lower part of the figure shows bending stresses in
the upper and lower surfaces of the outer glass layer. The allowable
stresses for the glass are such that these results indicate failure of the
layer. The test (BMO14), which was conducted after the analytical results
were obtained , confirmed this finding .

Figure 51 shows the distribution of stresses through the thickness of 
S

the vicinity of impact at t = 0.0021 second. The results indicate not only
* tha t the ou ter olass la yer woul d fa i l  , but also that the polycarbonate l ayers

would not fail. The latter prediction also was confirmed in the subsenuent

S 
test. Wte that the layers are bendina almost indeoendently, showino that

* the enqineerina theory of bendin o does not aoply to laminate construction.

Figure 52 shows stress contours computed in the upper surface of the
glass ply at t = 0.0021 second.

Flat Model Number 3 - The analysis of the model shown in Figure 47
was repeated with CIP interlayer material , which is much less stiff than
the PPG interlayer material of Model 2. An additional change was the sub-
sti tution of polycarbonate for glass as the outer layer of the revised
model (number 3). Responses for Model number 3 were generally larger than
for number 2. Figure 53 shows stresses in the region of impact. Failure
of the polycarbonate layers is indicated .
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o Stress and strain In vicinity of Impact, tine 0.0021 seconds.

Stress (ksl) Strain (zln/In.)
—67.29 —5183

as ~°~1TTrT~ -~ -- 
~~~

_.__Q SI _ _ _ _ _

— 11 25 —20,469

Cell 115 
~~~~ J I _____________

PC ~~~~~~~~~~~~~

‘ 

N
Ce 11 117 
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~PC Cell ll9 1 ~_ _ _ _ _ _ _ _ _  _________

.05 6,45

Figure 51. Stress Distribution (\cross Thickness, Simulateri I’ircraft
Windshield Flat Model , Model flumber 2.
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a Stress contour, glass , upper surface , tine a 0.0021 seconds .
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Fioure 52. Stress Contour, Simulated Aircraft Wi ndshield Flat Model ,
Model flumber 2.
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SECTION V I S

WINDSHIELD SYSTEM BIRD IMPACT STUDY

This section presents a method for analyt ica~ly determinino a static
load on the B-l aircraft windshield equivalent to the actual dynamic load
of a bird impact. This method evaluates the effects on this load due to
the relative stiffness of the impacted area. Eauivalency of the load
determined by this method to an actual .lynamic load is established by
comparing the ensuinq windshield responses (displacements) for several
actual B-i tests (page 117). The structural stiffness of both windshield

and supporting structure are included .

In the previous section , a method was presented which modeled and S

S analyzed the B-i windshield by transformation into an eauivalent flat
pl ate. An examDle of flat plate analyses using ~handbook” formulas was

shown (Ta b le 12). This was accomplished using both an actual static
load (used in Test BMOO6), and a dynamically equivalent static load which
was determined using methods of this section .

BACKGROUND

High speed bird impact tests have , in the oast, been performed to S

accomplish either of the following :

1. Provide a basis on which to judge the effectiveness of a
particular windshield to defeat the ’ birdstrike. (This has been
done, generally, without consideration or duplication of actual
aircraft windshiel d supporting structure.)

2. Provide a means whereby forces or pressures exerted on a taraet
may be determined when subjected to various impact velocities ,
Impact angles , and bird sizes.
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As is well known, the effects of impact on structure are less severe
when the impacted structure Is mounted on relatively flexible supports.
However, transparency support structures have been desloned most generally
by loading conditions which considered aircraft inertia and pressure
only. Al though bird impact loading is one of the primary parameters for
transparency design , It has received only secondary consideration relative
to design of support structure, and then only if the support structure
failed during bird Impact tests of the transparency.

It Is generally true that the transparency impact capability is higher
when impact Is near the center than near any of the support structure.
The F-ill windshield system is a good example. In the center it can
withstand a four pound bird Impact at velocities over 780 knots; however,
near the support structure it could only withstand a four pound bird

impact below 500 knots (Reference 16). There should be a ready
expl anation for this decrease In the windshield capability to with-

stand impact near the support structure. If a plate is loaded statically,

- * the plate stresses are higher when loaded in the center than near the
edges. This implies a structural response which is apparently opposite
to the observed results of bird impact tests.

These observations coupled with results from a survey of Industry-

wide bird impact tests show the following :

• The bird penetration velocity Is much lower when the impact
is near the support structure rather than at the center of the
transparency.

• The optimum transparency/support structure system would seem

to be one which has the same impact capability at any location
on the transparency. S

On the bas i s of these two observat ions , an analytical approach was
developed which would (1) consider bird imnact loadin r~ on the transparency!

support structure system in a manner adaptable with other tyoes of design
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loading, and (2) would provide a method whereby the bird impact capa-
bility of the transparency could be quanti tatively studied when bird
impact is adjacent to the support structure. This analytical approach
Is presented in this section. Though the derivation of the method Is
generally rigorous, its application is shown based on certain test
results from the 8-1 windshield bird impact tests.

This bird Impact study is an attempt to address the effects of
total windshield system compl1at~ce on a rather simplistic level which
may be conveniently used in the preliminary design phases of windshield
systems.

It should be noted that since this is a static approach rather
than a dynamic approach, the static effects of inertia and pressure
loading may be Included In the final ana1~is1s. The simplifi cation of
the time parameter inherent In a static analysis reduces the complexity
of the problem for an initial approach. This leads to economies during
these initia l design efforts where basic design trade-off analyses
should occur. The use of a complex computer program for the dynamic
analysis becomes most cost-effective when used in the final stages
of design in order to 1) eliminate probl em areas that are not readily
apparent in a static analysis and 2) to determine the exact capabiliti es
of the prospective final configurations. 

S

It will be demonstrated in this section that in bird impact situations ,
the imediate structural response is primari ly dependent upon the natural
frequency of the transparency/support structure system. This natural
frequency is a function of both the mass and the stIffness. The trans-
parency unit mass is relatively fixed by available materials and is
fairly constant, hence, in the original design phase only the trans-
parency stiffness can be readily varied. Using this static impact
method , curves are generated which show the relationship of the equivalent
static load to the stiffness of the impacted transparency system .
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S STRUCTURAL RESPONSE

- To ascertain the effects of stiffness on the structural response

and force transmission of a windshield system subjected to a disturbing . 
S

force , a model of the active structural elements involved was made.

5 
This Is shown in Figure 54, together wi th the attendant disturbing
force, Q(t):

Force

S 

Q( t) 

Q 

~~~~~~~~~~~~~~~~~~~~~t) 

- 

S

S lime

Figure 54. Mass-Spring-Damper System and Arbitrary Disturbing Force. S

The equation of motion for such a system is

M~~+ c k + K x = Q ( t )  (3)

S where M = effective mass being moved
C = viscous damping coefficient
K spring stiffness
x = displacement of mass In x-direction

* velocity of mass in  x-direct lon

S 
= acceleration of mass in x-direction

Q(t) = arbitrary disturbing force as a function of time , t
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To simpl ify, divide the equation by the mass , M. Hence equation (3)
becomes

• ~~ + + ~~~~X a Q ~~J. (4)

- This is again put in a more convenient analytical form by rearranging
and redefining terms, thusly:

~~~~~~~~~~~~~~~~~ (5)

where ~ = damping ratio a c/2 v’gFf

Wn 
a natural frequency of system a v1~7R’

q a load per unit mass
= duniny time variable

To arrive at a structural response to this system of applied loads ,
impulse considerations are employed. Whenever two bodies contact and
rebound , the change of momentum of either is the value of impulse on
the other, whether or not the impact Is elastic. Using previously
defined terms, the impulse I, in this system is

S 

I = Mdk ~fQ dt

Rearranging and substitutirg q Q/M , this equation reduces to the
following expression :

dk a
fq dt ’ (6)
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This Is defined as the incremental Impulse and is shown in FIgure 55:

~~~~~~~~~~~~~

0 
~~~

t 

~~~ 
~~~~ 

~~~ Time

Figure 55. Incremental Impulse.

The solution of the homogeneous portion of Equation (5 ) is

x(t) e ~ (x0 cos ~d
t + 

~0 + cU1~ x 0 sin wdt) ( 7 )

where x0 = Initial displacement

a init ial veloc ity

= natural frequency-damped
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- This solution is equivalent to the response In a free-vibration—with-
damnIng system subjected to thc above Initial displ acement ~nd velocity .
Under Impact conditions , where the time t’ is so short th3t there is
virtually no displ acement of the spring (refer to Figure 54) then, at
tim e ~

1 a

x a e k,—-- sin wdt) (8)

This equation of motion is identical to that in a freely vibrating sys-
tem with subcritIcal dampIng and negligible spring displacement (Reference
22 • Equation (8-46)).

If the increment of velocity is taken as initial velocity at any
time t’, then the increment of displacement produced by the Increment
of impul se, q dt’ , acting (suddenly) at ~ = t’ is

S 

dx e 
-c~~(t-t’) 

(
~.At.1) sin ~d

(t-t ) (9)

or in integral form: 
S

S t -~~~~~ (t—t’)

5 

x(t) — fe q sin W
d
(t
~
.t )dt (10)

This expression is the total displacement produced by the disturbing
force Q acting on the system for a time ~ 

a 
~ to ~ t. This response

S 

Is referred to as Duhamels Integral.

S 

The total solution to Equation (5) is obtained by the sun~nation of
* Equations ( 7) and (10). This response considers all initial , steady-

state, and transient conditions:

-çw t
x(t) a e “ (x0 COS wdt + X + ~w~x0 sin UIdt)

~~~~~~~~~~~~~~ 

1 (t-t’)
+ Wd ~

fe ~ q sin Wd (t.t ) dt’ (11)
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For further equation simplicity , the damping ratio, c, is set equal S

to zero. For purposes of this analysis , this simplification is valid
since the amount of damping present In windshield systems composed of
state-of-the art laminated transparency materials has been found to be
small. (Reference 18). In particular , for a windshield beam of 8-1
transparency materials the damping ratio, ~ ~ 0.7 at room temperature.
Also , since the period of Interest during and subsequent to a bird
impact is so short, the amount of windshield damping has negligible
effect on response in the period of t.~.erest. Hence, Equation (11)
reduces to

x(t) a x~ cos w~t + sin 
~n
t S

+ 

~~~~~

- 

f

t
q sin ~~(t-t’) dt’ (12)

In a problem involving bird impact , we may properly assume the initial
displacement, x0, and the Initial velocity, k~, of the system are both

equal to zero. Hence, Equation (12) reduces to Its final form as

S 

x(t) = 
~ 

f q sin Wn (t-t’) dt’ (13)

IMPACT LOADING

To find the enuivalent static load , SL, at any time t. Equation (13)

representing structural displacement , is multiplied through by the spring
stiffness, K. Hence,

SL(t) 
a Kx (t) = 

~~ / q sin w~ (t-t’) dt’ (14)
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The assianed arbitrary disturbing force, Q, which is representative

of bird impact is shown in Figure 56.

Note that for mathematical simplification , a rectangular pulse is

used rather than the triangular pulse suggested by the University of

S 
- Dayton In their bird impact studies of References 19 and 20.

S 

Disturbing Idealized force distribution
Force, per Reference 19, 20

Effective force distribution
/ f  per Section VI

/ \

\

Time
Flaure 56. DisturbIng Force and Duration for Bird Impact.

This force Q(t) is described as follows:

o<t<td

0 t>td

where F — effective force during period of bird Impact
td = time duration of bird impact

Now, the force per unit mass, q(t’) is then equal to

(F , O<t<td (15)

S (0 , t>td (16)
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where M a effective transparency mass (per definition on page l3f).

Now, from Equations (14) and (15), the equation for the static load
In the time period from t a  o to t’ td is

S1(t) 
~ 

f

~~
I w~ (t-t’) dt’, O

~~
<td (17)

Performing the required integration gives

S 

S1(t) 
a 

~~~~~~~ 

[_ ~—c ~~~~ 
(t_ tI)} 

- 
S

= 

~~ 
[ cos ~ (o) - cos

= ~f.,2_ f i  - cos Wntj (18)

Since, by definition , = 
~~

- , then Equation (18~ reduces to

SL(t) - F (1 - cos w~t) , O<t<t d (19)

S The equation for the static load for any time t, greater than td Is

SL(t) * 
~~ f sin ~~(t-t ’)dt’ + J sin ~~(t-t’)dt ’ 1 td<t

(20)
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This equation reduces to the following :
t

SL(t) — 
~~~~~

— [ ~— cos w~ ( t_ t 1)]

-
S a F [cos wn(t_t d ) - cos ~~~ , t~<t (21)

By using Equations (19) and (21), the University of Dayton bird impact
studies, (References 19 and 20) and appropriate empi rical data from actual
B-i static and dynamic bird impact testing (reference Section IV), the

S relationship between stiffness and equivalent static load during bird
impact will be presented.

WINDSHIELD SYSTEM IMPACT

The presentation of the relationship between wi ndshield system stiff-
ness and equivalent static load during bird Impact fol lows in this sub-
section. This method Is illustrated through utilization of test data

-* obtaIned in the B-i Windshield Bird Impact Tests as described in this
volt~ne in Section IV.

Impact Time Duration

It has been determined by test that during a high speed bird impact,
the deceleration of the bird is negligible (Reference 19, SectIon III).
The duration of the force-time pulse is eaual to the time it takes for the

- bird to ‘ squash up.” This time is , then , the effective bird length divided
by its velocity, as follows:

t
4

a
V (22)

where td 
a time duration of impact (sec)

a effective bird length (ft)

V bird velocity (ft/sec )
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; 55 The effective length of the bird , L, is calculated per the following
S equation:

a (L + D/tane)/l2 (23)

where L a length of bird package (inches)
D a diameter of bird (inches)
e a impact angle (degrees)

These parameters are as shown in Figure 57:

FI~ure 57. Bird Mass Impact Parameters.

The following data was collected in the B-l windshiel d bird impact

test number PMOO6, Reference 2:

V —  967 fps
e~~ 21°
W a  4.0 lbs

The length , L, and the diameter , D, of the bird was obtained from

representative measurements made in conjunction wi th bird impact testing
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of the DC-1O windshield , Reference 21. These dimensions are L a 8.5
inches, and D a 5.25 inches for a 4.0 lb bird . The effective length, L.,
is then calculated from Equation (23 ) as

L • (8.5 + 5.25/tan 21)/12 (24)
- 1 .85 feet

and , the time duration of Impact Is calculated from Equation (22):

td a 
V 

a 
Q67 0.002 sec. (25)

Effective Force

The effective force is calculated by the following equation (Reference
20):

F a  
T
sne 

(26)

S where T~ 
a bird mass a bird wt/32.2 ft/sec2

V a 967 fps
e a 2 l ° S

1 .85 ft

Therefore

— 4 957 2 1 2P
~~~~~~~~~~ ~~sn — 22 ,500 lbs (27)

Effective Spring Stiffness

The effective spring stiffness at a particular point of the trans-
paren cy system Is the ratio of a known applied load at that point to its
correspondIng deflection. For purposes of this study , the average
deflection 0f the area of impact is utilized .
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During test flunter BMOO6 of the B-i windshield bird impact test
serIes, a static load of 2500 pounds was applied norma l to the wind- - S

shield at the center of the bird impact area. Ensuing deflections were
read at selected points with appropriate deflectometers. (Refer to
Section IV.) The deflections in the bird impact area were: 0.38 inches ,
0.28 inches , 0.27 inches, 0.24 inches , 0.20 Inches. The effective
spring stiffness is expressed mathematically as

K , P (28)

i=l

where P a applied load — 2500 pounds
n = number of deflection readings in target area = 5
&j

a deflection readings, as noted above

Hence, from Equation (28):

2500 
—

(.38 + .28 + .27 + .24 + .20)

— 9124 pound/inch (29)

Effective Transparency Mass

From the graphs of deflection vs. time of B-i test BMOO6 (refer to
Reference 2, Figure 14), the natural frequency of the transparency is
measured to be 40 cycles per second or 251.33 rad/sec. Furthermore ,
since K/M, then the effective transparency mass, M, is

M a ~~~.

Wn
9124 poundJinch a 

~~~ 
pound-second2 (30)

(251.33) nc

This mass corresponds with the definition on page 136.
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Maximum Static Load Versus Windshield System Stiffness

The equivalent static load, S1, is a load that , when applied statically, 
S

will produce the same structural response as occurs dynamically during
bIrd impact at a given t ime t. S

?-laximum Static Load, tt d

The maximum static load , 
~~~ 

that can occur in the Interval from time,
to to tat

d 
will occur at t t d, providing that the period of structural

response is such that wntd<lr. It should be noticed that this reservation Is S

of little concern considering the anticipated relatively large periods of real
aircraft windshield systems. Impact Time - Response Ratios, td/Tn ~~ td)
is shown in Table 13 over an Indicated natural frequency rea4me.

TABLE 13. D!PACT TIME - RESPONSE RATIOS , td/Tfl
,

FOR td 
a .002 SEC . 

*

S IMPACT
NATURAL FREQUENCY PERIOD TIME td
f~ 

— 

I,, td
(HZ.) 

_

- (rad/sec) (sec) (sec)

20 125 .0080 .002 0.25

40 251 .0040 .002 0.50

60 377 .fl027 .002 0.74

80 503 .0020 .002 1.0

159 1000 .0010 .002 2.0

238 1500 .00067 .002 3.0

250 1571 .00064 .002

The maximum stat ic load , SL1, from Equation (19) is:

a r(1-cos wntd)

1 ~t7

—. ‘~~~~ 5 5*5 - -~~~~ S —- 
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Substituting the calculated results from Equations 27 and 30 and
using the relationship Wn 1~714 results in

SL1 22,500 (l~cos
/!
T~
. (.002)) (32)

S 5 Maximum Static Load, t>td

To obtain the maximum static load , SL2, that will occur at times
t>td~ 

use Equation (21 ), and optimize. The maximum static load will
occur when

a ~L~;;~,;.+ td. (33)

Hence, the maximum static load from Equation (21) is

SL2 = F [cos w~ (t-t d ) -cos w~tJ t>td

a 22 ,500 [cos 
~ 

(f — + td - td) - cos Wn (~~~+ td)J

a 22 ,500 [_cos (~ + w
I~ t~)J

There fore,

a 22,500 [_cos (
~~

+ ‘~o.l44 (.002 )] (34)

where the parameter definitions are the same as used in derivinq Equation

(32).
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Load Versus Stiffness Curves

Curves relating the maximum equivalent stati c loads , SL1 and SL2I as

a function of the B—i windshield system stiffness, K, for a system natural
frequency 

~n 
x 40 cps are shown in Figure 58. These curves were

developed using the theory as developed In this section and the empirical
data for the particular windshield system parameters utilized in B-i test S

nunter BMOO6. For K a 9124 lb/in., it may be seen that the maximum
equivalent load is 11,000 lbs. 

S

Expanding the basic conditions to observe the behavior of SL_versus_K
wIth changing B-i windshield system natural frequency results in the
family of curves shown In Figure 59. These curves show the maximum
static load as a function of both the windshield system stiffness and
natural frequency.

Curves of this nature may be generated in like manner for other
windshield systems providing sufficient supportIng analytical or test
parameters ma y be generated.
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S 
S SECTION VIZ

CONCLUSIONS AND RECOMMENDATIONS

S 
CONCLUSIONS

B-l Windshiel d Bird Impact Test Series

Test results show that the existing windshield design on the 8-1 air-
craft will survive bird impact without hazard to the crew. The test
temperatures were limited between 55.5°F and 72.0°F windshield temper-

ature; therefore the results are val id onl y for that range.

The R-I designed windshields were determined to he a very high cost

Item from the standpoint of installation . Each edge of the windshield

had to be instal le d w i th two rows of attachmen ts an d on several edges
the exterior retainers were comon to another transparency Involving an

addi tional row of attac hmen ts. As a resul t of the num ber an d close f it
of the attachment holes , t he insta l la t ion an d removal of the windshi el d
was time consuming. To eliminate the need for conron exterior retainers ,

reduce the totaT number of attachments and difficulty of installing

attachments , Douglas modified the windshield installation design to

uti l ize onl y one row of attachmen ts instal le d i n loose holes with wet
sealant.

A series of six bird impact shots were made with four and six pound

birds at velocities up to 562 knots. The test results show that the

B-l windshield with the modified edge attachment desion will meet bird

impact requirements at room temperatures.

Simula ted Aircraft Windsh ield Bird Impact Test Series

To optimize the design of the windshields , structural support and edge

designs , a series of five simulations were designed utilizing materials
proprietary to three transparency vendors for bird impact testing. Two
specimens of each design , 36 x 36 Inches in size and curved to a 60-inch

radius , were tested. Each design represented various laminates of
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S 

- polycarbonate or glass plies. Two structural fixtures , one for glass the
other for polycar bona te, were used to support the simulated windshields
for the impact tests. The fixtures were designed analytically to be com-
pa ti ble structurall y with win dshi el d spec imens.

As a result of the Im pact tests, it is believed that a successful
design of laminated glass or laminated oolycarbonate could be developed
and installed on production aircraft. A glass , as compared to a pol y-
carbonate lam inate, would have prohibitive weight , yet the glass laminate

would be highly reliable , have good optical quality , and potentially meet
maximum anti— icing requirements . It would nave the disadvantage of having
only one vendor able to supply production windshields with the desired
vision envelope. The polycarbonate laminates also can be made reliable ,

have maximum anti— Icing capabilities and it is felt that good optical
quality can be developed by the two vendors .

S The laminated specimen with 7/8—inch thick polycarbonate can be

installed on a production airplane as demonstrated by the existing B-i
design .

RECOMMENDATIONS

The reconrended windsh iel d is the end resul t of a progress ive des ign

system of optimization which utilized the work documented in this report

an d in Reference 14.

Tests were run with a progressive series of different edge rest,aints

and stiffnesses, and/or various transparency designs at extreme temper-
ature conditions. The specimens involved in these tests utilized all

current state-of-the—art transparency , structural an d In terl ayer ma ter ia ls
comercially available for high-performance aircraft. There were five

final candidate windsh ield designs in this program. A primary point of

test specimen evaluation was the determination whether the ensuing speci-

men failure was cohesive (within a ply itself), or adhesive (at the bond

l ine between Interlayer and structural ply). A cohesive failure ensures
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that the maximum possible load is carried by a particular ply configuration.
Of the tested specimens, the two—ply glass design provided the most desired
combInatIon of strength and stiffness; however, the weight of this design
was prohibitive for high-performance aircraft. The four-ply polycarbonate
design , as tested per this report, represents the structural optimum in S
lightweight windshiel d design and Is reconinended as an alternate B-i

* 

windshield design.

A windshield laminate with a 7/8-inch thick structural ply cannot be
reconrended since the ply Is comprised of two or more individual plies
fusion bonded . Laboratory testing indicates that fusion bonded material

may delaminate and cause objectionable visibility probl ems for a fliqht
crew. Also , because of the stiffness of this confiouration , more loa d i s
transferred to the support structure locally. The support flange near the
impact point was cracked in each of two tests (possibly the cumulative
effect of previous shots conducted on corners).

Support structure corner gussets are not recoimtended as - test results
indicate conclusively that they did not contribute to the success of the

specimens withstanding the bird impacts.

As a result of analyses made relating to these tests, a semi-empirical
method for obtaining an equivalent static load on an aircraft windshield
subjected to a bird Impact has been developed . This method is character-
ized by a mathematical analysis using various stiffness loadings derived
from either test data or a computer sup ported f inite element math model.
The method also permits the evaluation of the effects of impact load due

to the relative stiffness of the impacted area. This bird impact study is

an attempt to address the effects of total windshield compliance by means

of an analytical method which may be conven iently used In the prel iminar y
design of aircraft transparencies .
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- APPENDIX A
S 

WINDSHIELD FAILURE ANALYSES

This appendix contains detailed failure analyses of the windshield
specimens utilized in these series of high speed bird impact tests.
Specifically, for each specimen, detailed part and test information is
listed , followed by a visual examination and discussion of salient features

S of the failed specimen. Sketches are incl uded which fully Illustrate

failure patterns and windshiel d fabrication details.

All specimens were returned to Douglas after the bird impact testing
for this series of visual examination . After this examination and failure

S analyses, selected parts had specimens cut from them such that material
properties could be determined by further test. (Reference 17).

An index is includ ed which relates specific tests to the related
failure analysis tables and figures.
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FAILURE ANALYS ES INDEX

Test Series Vendor No. Test No. ~ Table No. 
J 

Finure t!a~
B
~ rd 8-1 SMJ-1O8 fLl (Li
Impact ~4-OO6 A.2
Testing BM—007 A .3 S8-1 SWUIO7 BM-OOB A.2 A.4

_______________ ____________ 
BM-009 

___________ 
A.5

~ a ia BM O1O A ~ 

—

S ..‘rIU V VI  BM-0l7 
____________ 

A.7 S

~~~ ,,,,., 
Bt4-Oll R A 

— A .8
____________ 

BM-016 ___________ A.9
BM-012 A 

— 
A.1O

rru uup BM-0l3 ___________ A. ll
PPG-002 A.6 

— 

A.l2
Simulated PPG-003 BM-019 A 7 A. 13
Aircraft ____________ ___________  A.l4
Windshiel d BM-0l8 

— 
A.i5

Bird SK OO1 BM-020 A.8 A. 1 6
Impact SI~RJ—OO3 

B~l-O2l A 9 ) A. l 7
Testing ____________ BM-022 ___________ 1 A.l 8

PP4~-OO4 BM O2S A . lO A.2 0
- 

__________ ......LA.2l
SK-002 - A l l  A .23

A .25
PPG-0O5 BM-029 A .l2 A.26

__________ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _______ _~~A.27
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S TABLE A .l .

FAILURE ANALY SI S
ur

WINDSHIELD SPECIMENS
(B—i SWU-1fl8)

TEST ENCLOSURE P/N L3000l5l-OOl
S PART NUMBER SWU-l08

S TEST NUMBER BM-004 and BM—005
SHOT LOCATION Center
V (Fps) 951—953
TEST TEMPERATURE Ambien t
WINDOW TEMPERATURE Ambient

NO. BOLT HOLES

TYPE OF ENCLOSURES Laminate po1ycarbonate/silico~r ‘-r~n”shield.
TEST RESULTS No B ird Pene trat ion

D i scuss ion

On Shot rio. 1 (8(1—004), the outer acrylic ply of Panel No. 103 spalled
and cracked but there was no damaoe to the polycarbonate structural ply.
There were several cracks in the polycarbonate inner ply that emanated
from a dama ged area appeared to be a “heat bubble ” where a 3-inch circle
of the inner p ly delam Ina ted from the Inter l ayer an d war ped ou t
approximately 1/4—inch.

On Shot No. 2 (BM-0O5), there was some additional spall ing of the
outer ply but no visible damage to the structura l ply or additional
cracking of the inner ply.

Both shots were with a 4-pound bird .

No deta i led exam inat ion or fa i lu re  anal ys is was performed on th is
test enclosure at the Douglas facilities.

Ma ter ial Ident i fica ti on an d D imensional Ver ifi ca tion

The material identif icat ion an d dimensional ver i fica tion was very
close to the requirements specified tn P/N-L3000 151-001 Drawing. See
Fi gure A. 1 for deta i led compar i sons.
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S TABLE A .2 .

5 - FAILURE ANALYSIS
S 

OF
WINDSHIELD SPECIMENS

(B-l ~WU-lO7) S

TEST ENCLOSURE P/N 1300151-001
PART NUMBER SWU-107

S TEST NUMBER BM-006, BM-0O7 , B~.-OO3 and BM-009
SHOT LOCATION Cen ter
V (Fps) 930—970
TEST TEMPERATURE Ambient
WINDOW TEMPERATURE Ambi ent
90. BOLT HOLES 

S

TYPE OF ENCLOSURES Laminated Polycarbonate/Silicone Windshield
TEST RESULTS No Bird Penetration

S Discussion

On Shot No. 3 (BM- 006), using windshield panel No. 107 , the outer
acrylic layer spalled and cracked , but there was no visible damage to
the polycarbonate structural ply or cracking of the inner ply. On
Shots 4, 5 and 6 (panel No. 107) there was little additional damage to
the windshield; the outer ply did not appear to be damaged . On shot
No. 6 (6—pound chicken ) the inner ply cracked but did spall (Figure A .2, A.3).

Every other bolt coninon to the windshield was removed for shot
No. 5. On shot No. 5, the ends of the top aft retainer (L3000157-003)
and the forward end of the lower aft retainer (13000159-003), which
were not secured wi th bol ts, were bent outwards as a result of the
hydraulic forces of the bird . As an aid In preventing thi s from
happening on the following shots , bolts were moved from adjacent holes
to the ends, leaving two successive holes without bolts . This bol t
configuration was successful in securing the ends of the retainer during
the impact of shot No. 6 (Figure A.4). 

-

Structural damage occurred on shot No. 6; cracks appeared in the
l eft eyebrow l ongeron and in the left sill structure. Also , a few
bolts failed , but there was no penetration of the interior of the
module by the bird.

No detailed examination or failure analysis was performed on this
enclosure at the Douglas facilities.
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TABLE A.2 (Continued)

Material Identification and Dimensional Verification -

The material identification and dimensional verification was very
close to the requirements specified in P/N 13000151-001 Drawing. See
Figure A.5 for detailed comparisons.
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1. All da.sg. is fr~~ Test $&06 . accept as INdicat ed : 7 indi cate , di~~ge fro. BNOO7
S 8 indicates da.aga fr~~ SNOQS 

S2. All cracks are hi the outer acrylic ply. Goug., in the Outbd C-I-P intsrlayer -S 
CS noted .

3. No da.ag. to cor, ply or to spel l sMil d
4. •!r,dicat., ac rylic pieces tore, out (on BN008)
5. 0 ind icates d.flacto ter location
6. A indicatas target point
7. • Indicates tool dimaga (pee 614006) .

Dele tion
Lines (Typ)—

S II S

aI a 
~~ J1L~~ 

‘ 

2-Inch Crack in S

s Outer Ply *

Inch spall *

Pilot ’s View
(Look ing Fwd an d Out)

Figure A.2. B-l windshield test specimen (SWU1O7) test BMOO6 to BMOO8.
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c o o s  ,.- L3000l57-O03
o No Bolt ( S

• Bolt in / so  S

I Position of / . o • ~

Retainer / o 0 a 0 e
Shift Stri e •‘ 1.. ’ 

0so .

.~~~~~~~~~~~ 

o
to ~~~~~~~~~~~~~~ o .

/ . Damage Due to 0
/ , Test BMOO8

-

Every other bolt removed prior to BMOO8. 13000159-003
Retainer damage f rom Test BMOOB
Is shown. Damage was repaired prior to
BMOO9, and bolt pattern altered: S

3’ bolt added
bolt omitted

AFT
~~~~

1
c~~~~

. 
. 0 . 0 

5

After Test BM008
3/4

S 

VIEW FROM OUTSIDE LOOKING IN

Figure A.3. B-i windshield retainer modification Test 8(1008.
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4

Cracks Originated 0 \
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I

I
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Figure A.4. B-i windshield test specimen (SWU1O7), inner ply surface,
- post-test Br-b Og. 
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TABLE A. 3.

FAILURE ANALYSIS
OF

WINDSHIELD SPECIMENS
(SW1J—0Ol )

TEST ENCLOSURE Z5942640-50l

S PART NUMBER SWU-OUl

TEST NUMBER BM-QlO BM-017

SHOT LOCATION A C

IMPACT VELOCITY (fps) 941 737

TEST TEMPERATURE Cold Hot

WINDOW TEMPERATURE

NO. BOLl HOLES Two (2)

TYPE OF ENCLOSURE Mul ti-layer Polycarbonate/Silicone Laminate

TEST RESULTS Bird Penetration No Bird Penetration

r Test BM-OlO

Visual Examination

The 4-pound bird penetrated and punctured through the extreme upper
corner of the test enclosure, as shown in Figure A.6. All the pol .y—
carbonate plies were either cracked or ruptured. Severe delamination
occurred in all laminated plies in the bird impacted area, and some
fringes of delaminati on extended to the bottom “0” corner. Noticeable
and Isolated delamination occurred at the A and 0 metal edge attachment
retainer.

Severe delamination occurred in all plies , depicting the poor adhes-
ion of the silicone interla.yer to the transparent plasti c plies of
material . Large pieces 0f the most inner polycarbonate ply was complete-
ly removed, extending di rectly below the bird impacted area. A series
of primary cracks, in the form 0f concentric arcs emanating from the
center of the bird impacted area , was found in all plies of polycarbonate .

A series of secondary cracks and fissures tangent to the primary arc
cracks was found primarily to be tensile (brittle) type of cracks,
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TABLE A .3. (Continued )

* 

occasionally with chevron fissures emanating from the cracks. Typical
shear and ter.sIle/shear concentric cracks that appeared around the
impacted area are shown in Figure A.6. The fracture topography
of tensile, tensile /shear ductile , and bri ttle failure is shown in
Figure A.6.

The origin of secondary cracks and fissures usually occurred at a
point tangent to the concentric cracks or fissure; usually initiated

S 
- by an internal “flaw” or inclusion found In the polycarbonate material .

Material Identification and Dimensional Verificati on

The materi al Identifi cation and dimensional veri fication were very
close to the requirements specified in P/N Z5942640-501 Dwg. See
rigure A .7 for detailed comparisons.

Discuss ion

The rational for the fail ure mechanism for the BM-IO bird penet-
ration is that severe interlayer (silicone) delamination occurred in all
plies of interlayers , and delamination increased In area to the internal

S portion of the laminate. The individual tr ansparent plastic plies rup-
tured or fractured in shear and combinatio.t of shear/tensile failure .
The ma.j~,rity of primary cracks failed in shear, since less load is
requi red to produce this type of failure.

The primary cracks and fissures consisting of a series of concentric
arcs emanating from the impacted area and are formed by a cylindri cal

S package impacting a ductile low modulus composite polycarbonate laminate.

• Test BM-0l7

Visual Examination

The bird impacted the “C” corner , however , bird penetration was not
evidenced. All polycarbonate plies exhibited some cracks and fractures

S 
and interlayer delamination . There was much less primary and secondary
cracks and fractures as compared to the upper BM-OlO shot. Edge
attachment holes appear to be in good condition . The shear cracks and
fracture topograph appears to b~ ductile in nature - as shown in Figure

S J\ .6 . The secondary tensile and tensile/shear crack and fracture topo-
graph appeared to be smooth , which usually indicates bri ttle failure .
Most of crack and fracture did not reach the peri phery of the test
enclosure . The acrylic face plies exhibited primary shear failure mode
and cohesive failure of the interlayer ply, due to high veloci ty mach-

S anical erosion as a result of bird Impact.
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TABLE A. 3 . (Con ti nue d )

Material Identi fication and Dimensional Verification

The material identification and dimensional veri fication was very
close to the requIrements specified in P/N Z594254O-501 Dwg. See
Figure A.7 for deta i led compar i son .
Discussion

The lower impact speed produced less delamination and , therefore ,
Initiated less primary and secondary polycarbonate cracks and fissures ,
and no bird penetration was evidenced . The attachment holes looked
very good relative to internal smoothness , alignment , an d craz ings.
All strai n gauge were in tact and bonded.

Al thou gh all the polycarbonate p l ies were cracked , the test en-
closure was capable of wi thstanding the bird impact due to the limi ted
delamination of the Interl ayer between the various plies of poly-
car bona te.
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Figure A.6. Simulated aircraft windshield test Specimen 75~42640-5O1(SWU0Ol ) test ~Iumbers Bt-1O1O, B~1O17.
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TABLE A.4.

FAILURE ANALYSIS
OF

WINDSHIELD SPECIMENS
S (Swu-002)

* 

TEST ENCLOSURE Z5942640-501
— 

PART NUMBER SWU-002

TEST NUMBER BM-0l1 BM— 0l6

SHOT LOCATION A C

IMPACT VELOCITY (fps) 960 369

TEST TEMPERATURE Ambient Antient

WINDOW TEI-IPERATURE Ambient Amb ient

~O. BOLT HOLES Two (2) Two (2)

TYPE OF ENCLOSURE Mul ti-layer Polycarbonate/Silicon Laminate

TEST RESULTS Bird Penetration No Penetration

BM-011

Visual Examination

The 4-pound bird penetrated and punctured through the upper “A”
corner of the test enclosure as shown in Flaure A.8. A ll polycarbonate
plies were cracked or ruptured. Severe delamination occurred in all
the laminated plies . Large amounts of interlayer delamination were
present in #6 and #8 interlayer plies , which extended into the lower
portion of the test panel , again indicating poor adhesion of the sili-
cone based interlayer to the P.C. plies . A large series of primary
concentric arched cracks and fissures emanated from all the bird im-
pacted plies of P.C. A series of secondary cracks, primarily in #9
P.C. ply , emanated from the primary arched cracks and fissures. The
entire aluminum trim retainer was removed. All attachment holes looked
good , and internal hole quality looked exceptionally clean and smooth.

S Material Identification and Dimensional Verification

Test enclosure P/N Z5942640-50l - SWU—002 material identification
and dimensional verification were very close to the drawing require-
ments, except that the interlayer thickness varied slightly See
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TABLE A. 4. (Con ti nued )

Figure A.9 for detailed material and dimensional comparison .

Discussion

The rationale of the failure mode for the BM-Ol 1 bird penetration
S is exactly the same failure mechanism as reported in BM-OlO shot. 

S

Ininedlate and severe del amination occurred upon Initial impact , resul t-
ing in a series of concentric shear and tensile/shear cracking of

S Individual Polycarbonate plies.

BM-016

Visual Exam i na ti on

BM-0l6 shot was identical to Bli-Oll , except the V ( fps) was 369 as
compared to 960, and there was no bird penetration . There was only

S superficial , small cracks in the thin outer acrylic ply covering a
very small panel area. The aluminum trim retainer was peeled back ,
covering about 10 attachment holes . There was one secondary crack in
the outer acrylic ply, starting and terminating near the attachment
holes . All the strain gauges appeared to be Intact. All attachment
holes l ooked to be In good condition . (Figure A.C)

Na ter i al I dent i f ica tion an d D imens ional Veri f ica tion

Test enclosure P/N Z5942640-501 - SWU-002 material identification
and dimensional verification were very close to the draw in g requi re-
men ts, except that the in terlayer thickness var ied sli ghtly . See
Figure A .9 for detailed material and dimensional comparison .

Discussion
S The low speed and ambient temperature bird test shot into the ‘C” S

corner bounced the bird successfully and produced only superficial
S damage.

The composite transparent test enclosure resisted the bird impact
shot because the interla yer did not delam ina te , and acted as an Intact

S 

composite structure .
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Figure A.8. Simulated aircraft windshield test Specimen Z5~4624O-5Ol(SWUOO2) , test Plumbers BMO1 1 , BMO16.
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TAPLE A .5.

FAILURE ANALYSIS
S 

OF
S 

WINDSHIELD SPECII€NS
- (PPGS-f~O 1)

TEST ENCLOSURE Z5942639-50l

PART NUMBER PPG-OOl

TEST NUMBER 811-012 811-013

SHOT LOCATION A A

IMPACT VELOCITY (fps) 943 948

TEST TEMPERATURE Ambient Ambient

WINDOW TEMPERATURE Cold Ambient

PlO. BOLT HOLES One Row
S TYPE OF ENCLOSURE Laminated Glass

TEST RESULTS No Bird Penetration

Visual Examination

The initial bird impact shot, BM—0l2, ruptured only the initia l ply
S of 1/2—inch thick fully tempered glass ply. The outer chemical ly S

S strengthened ply didn ’t rupture . The origin of both glass failures S

emanated from the center of the impacted area. The small size of the
glass particles indi cates a high temperature and a good center tension
val ue for both glass plies . It was difficult and time consuming to

S conduct a more quanti tative analysis of the inherent stress that was
either thermally or chemically (ion exchange) induced in each ply of
glass.

S The second bird impact shot BM-0l3 at ambient temperature in the
S same corner successfully bagged the bird and did not allow any penet-

ration.

All plies of glass were ruptured during the second shot at the same
corner. The interl ayer held the broken pieces of glass fairly well.

The attachment holes looked very good. Strain gauge and thermo-
couples appeared to be in good condition also. (Figure A.1O)

177

- 555*5~ 55 5 - S — _•55555__55___~
____

~~~~~~~~~~~~~ •_5_5 555_~~_55 __•_~__•__~55• _ .& _ s  k55* -S~~ _*& S 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S~~S.~• •S*55*_

___ S5~~5_*555~555~~5_55*_ ~ 5SS~5 SS



TABLE A .5 .  (Con tinued )

Material Identification and Dimensional Verification
S The material identification and dimensional verification was very

close to the requirements as specified in P/N Z5942639-50l DrawIng. See
Figure A.ll for detailed comparison.

Discussion

The laminated glass test enclosure displayed its capability of S

S successfully bagging two high veloci ty bird shots in the same corner -

wi thout bird penetration. The PPG-112 new interlayer exhibited good
impact properties by Its ability in bagging the bird and toughness by

S preventing bird penetration.

‘
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TABLE A. f.

FAILURE ANALYSIS S

OF
WINDSHIELD SPECIMENS

• (PPG-002)

TEST ENCLOSURE 5942639-501 Dwg. Change B

PART NUMBER PPG 002

TEST NUMBER 811-014 BM-0l5

SHOT LOCATION C E

F IMPACT VELOCITY (fps) 939 515

TEST TEMPERATURE Ambient

WINDOW TEMP E RATURE 90°F

NO. BOLT HOLES One One

TYPE OF ENCLOSURE Laminated Glass

TEST RESULTS No Bird Penetration

Visual Examinati on

The initial bird shot in corner “C” ruptured both the 1/2-inch thick
plies of thermally tempered glass without rupturing both external chemi-

S cally strengthened glass plies . The second shot “E” centrally located
between “A” and “B” corners did not again rupture the exte rnal chemically
strengthened plies. Both bird shots sucessfully bagged the bird without
penetration. Fiaure A.12 depicts the bird impact area , and dark shading
indicates extremely heavy dicing, producing a translucent appearance.

S 
This test panel exhibited extraordinary phenomena , by taking two

fairly hi gh velocity bird shots without rupturing both external chemi-
cally strengthened glass plies .

There was no measurable deformation in the test enclosure. Part of
the aluminum retainer was removed during bird impact.

Material Identification and Dimensional Verification

The material identification and dimensiona l verification was not
made on this test enclosure. It was agreed that this panel be shipped
to PPG for addi tional examination and analysis.
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TABLE A .€ .  (Continued )

Discussion

This bird Impacted test enclosure exhibited the excellent impact
resistance of thin chemically strengthening glass. The superior physi-
cal and mechanical properties of ion exchanged glass was quite evident
in both bird shot.

The thermally tempered 1/2-inch glass plies exhibited fine and
uniform dicing characteristics, indicating good compression tempering
process wi th a fairly high center tension. The toughness of the PPG’s
112 interlayer was qui te evident in bagging the bird and maintaining

S 

the glass particles without penetrating the external chemi cally streng—
S thened glass plies .
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TA CLE A .7.
FAILURE ANALYSIS

OF
WINDSHIELD SPECIMENS

(PPG-~O3)

TEST ENCLOSURE 5942639-501 C~rig. Change “B”

PART NUMBER PPG-003

TEST NUMBER BM-O19

SHOT LOCATION C

IMPACT VELOCITY (fps) 971

TEST TEMPERATURE Ambient

WINDOW TEMPERATURE Elevated

NO. BOLT HOLES One (1)

TYPE OF ENCLOSURE Laminated Glass Enclosure

TEST RESULTS No Bird Penetrationp.

Visual Examination

The bird shot impacted the “C” corner of the test enclosure at
elevated temperatures and ruptured all glass panels. A good portion of
the aluminum retainer was removed during bird impact. The outer panel
bowed out approximately one inch , while the inner laminated pane1s bowed
out approximately three inches. The entire panel was translucent ,
obviously wi th no residual vision . The chemical ly strengthened and
thermally tempered glass panels exhibited a uniform and smal l glass
particle size, indicati ng the panels had a high compression stress ex-
terior surface in the tempered glass , and good center tens ion and ion
exchange In the exterior of the chemically strengthened glass. (Ficure A. 13)

Material Identification and Dimensional Verification

The material identi fication and dimensional verification was very
close to the requirements speci fied In P/N 5942639—50 1 Dwg., Change “B” .
See Figure A.14 for detailed comparison .
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TABLE A .7. (Cont inued )

Discussion

The laminated glass test enclosure was successful In bagging thebird. The bird impact and elevated window temperature caused the Inter-layer to deflect significantly and resul ted In permanent deformation Inthe impacted area. This test seemed to demonstrate the bird baggingcapability of PPG’s 112 interlayer at elevated ten~,erature . The attach-ment holes appeared to be in good condition.
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TABLE A .3.

FAILURE ANALYSIS
OF

WINDSHIELD SPECIMENS
(S~-flO1 )

TEST ENCLOSURE Z5942640-501 Z5942640-50I

PART NUMBER SK-0Ol SK-O0l

TEST NUMBER BM-O20 BM-0l8

SHOT LOCATION A C
IMPACT VELOCITY (fps) 958 847

TEST TEMPERATURE Ambient Ambient

WINDOW TEMPERATURE Ambient Elevated

NO. BOLT HOLES One (1) One (1)

TYPE OF ENCLOSURE Mul ti—layer po1ycarbona~e/s i 11cone
Interlayer

TEST RESULTS No Bird Penetration

BM-02O

V isual Examination

The 4-pound bird that was shot at the “A” corner at ambient tempera-
ture did not penetrate the test enclosure . All the polycarbonate plies
exhibited primary and secondary cracks and fissures . Very little de-
lamination was noted, however , a large amount of interlayer Internal
“tear ” or tear fissures was quite evident just outside this bird im-
pacted area. The presence of these interlayer fissures are quite coninon
to elastomeric polymer under high strain condition that may occur during
bird impact. (Figure A .l5)

The exterior layer of the interlayer failed cohesively. There was
absolutely no delami nation of any interlayer at the bird Impacted area.
Some cracks terminated at the edge attachment holes ; however, no cracks
or fissures propagated to the panel periphery. All of the attachment
holes appeared to be in excellent condition . Most of the strain gauge
and thermocoup les appeared to be unbonded.
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TABLE A.8. (Continued )

Material Identification and Dimensional Verification

The material identification and dimensional verification was cx-
tremely close to the requi rements specified In P/N Z5942640-501 Drawing,
except a 1/8-Inch thick x 1-1/4 inch wide reinforced nylon/epoxy
laminate was bonded with RTU-630 Silicone sealant to the aluminum edge
attachment and the first (Interior) ply of polycarbonate material . The
drawing calls out that thc silicone interlayer should extend out to the
periphery of the panel . Attachment holes appeared to be drilled at a
slight angle. (Figure A .l6)

Discussion
This test panel depicts the importance of interlayer adhesion to

the mul ti-plies of polycarbonate material for achieving maximum bird
impact resistance.

The oustanding observation is the lack of unbonding or delamination
of interlayer, especially in the bird Impacted area. This shot was
conducted at elevated temperatures, which provided a large amount of
deflection under high veloci ty impact.

All layers of polycarbonate exhibited primary shear and tensile/
shear concentric cracks and fissures emanating from the bird strike
area. A series of secondary slow tensile and tensile/shear cracks
emanated from all the plies of polycarbonate.

The attachment holes, relative to hole finish , ovaifty , alignment
and crazing, looked very good.

Bll-018

Visual Examination

The high velocity, elevated temperature bird shot successfully
bounced the bird package , producing minimum cracks . All four plies of
polycarbonate had at least one crack or fissure. There is hardly any
notice of primary shear or tensile shear concentric cracks or fissure
emanating from the bird strike area. The majority of the cracks were
secondary, smooth ductile, fast propagating tensile fracture .

Again , the outstanding observation was the total absence of inter—
layer delamination or unbonding , especially in the plies In the bird
impacted area. An extremely small area of incipient “tears” or “fissure”
was present in the interlayer. Perhaps the elevated temperatures
affected the modular of elastici ty of elastonieric interlayer , as
compared to the previous ambient temperature shot. Figure A.l5 depicts
the absence of cracks and fractures, and removal of aluminum retainer.

189

...

husk . ,  . - .. ~~~‘ - - . —.—-- —
~~~~~~



— 

~~~~~

TACLE A.3. (Continued )

Material Identification and Dimensional Verification

The dimensional requirements were extremely close to the requi re-
ments specified in P/N Z594264O-500 , except that a 1/8-inch thick X
1-1 /4 inch reinforced wide nylon/epoxy lami nate was bonded with RTU-630
silicone sealant to aluminum edge attachment , and the first (exterior)
ply of polycarbonate. The drawing specifies the silicone Interl ayer to
extend out to the periphery of the panel with no reinforcement. The
attachment holes all appeared to be on a slight angle, resulting In a
little more edge attachment material than the panels prepared by
Swedlow. (Fioure A.l6)
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• TABLE A .9.

FAILURE ANALYSIS
OF

WINDSHIELD SPECDENS
(SWU—00 3 )

TEST ENCLOSURE Z5942640-501

PART NUMBER SWU-003

TEST NUMBER 814-021 814-022

SHOT LOCATION A C

IMPACT VELOCITY (fps) 960 847

TEST TEMPERATURE Mtient Ambient

WINDOW TEMPERATURE Cold Ambient

NO. BOLT HOLES One (1) Row One (1) Row

TYPE OF ENCLOSURE Multi-layer polycarbonate/silicon laminate

TEST RESULTS OF 814-021 Bird Penetration

Visual Examination

The 4-pound bird penetrated and punctured a hole through the upper
“A” corner of the test enclosure as shown in Figure A. l l .  Severe
interlayer delamination occurred in all plies and extended concentric
from the impacted area. The unbonded and bonded interlayer both
exhibited a series of minute internal tears or fissure, indicating high
strain rate exposure . The aluminum trim retainer was almost completely
removed. Several inches of the aluminum frame was missing. These areas
are depicted in Flaure A .17. A larqe piece of (#9) polycarbonate
ply was also missing. All polycarbonate plies were cracked and ruptured.

Edge attaclinent hol es appeared to be in good condition.

Material Identification and Dimensional Verification

The material identification and dimensional requirements were very
close to material and dimension specified in P/N Z594264O-5Ol Drawing.
For detailed comparison, see Figure A.13.
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TABLE A .9. (Continued )

Discussion

The failure mode was ‘~itical to the previous SWU fabricated 36
inch x 36 Inch test enclosure. Again , severe delamination upon initial
impact , followed by concentric shear and tensile shear cracking and
rupturing of individual plies of polycarbonate was evidenced. The
impact resistance of the delaminate composite test panel was reduced
basically to 4 plies of polycarbonate, with 4 plies of unbonded sill-
cone interlayer. The polycarbonate seemed to have large amounts of
contamination dispersed throughout the sheets .

Test Result of BM—022 - Bird Penetration

Visual Examination

The 4-pound bird penetrated and punctured through the lower “C”
corner, leaving a fairly large residual opening as shown in Figure ,

and Figure A.17. Even though the shot was conducted at ambient tempera-
ture as compared to the low temperature shot, the same type of fal ‘ure
and mode of failure occurred as in the previous BM-02l shot. Primary
and secondary cracks were slightly less because of ambient temperature
and slower impact speed.

Material Identification and Dimensional Veri fication

The material identification and dimensional veri fication was very
close to the materials and dimensions specified in ~‘g. 

P/N Z5942640-
501. See Figure A.18 for detailed comparisons.

Discussion

The failure mode and ruptured surface was the same as In previous
BM—O2l shots. New findings were not observed , other than the residual
opening left afte r the shot, which was the largest observed.
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(SWUOO 3), Test Numbers DM021 , 3M022.
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TABLE

FAILURE ANALYSIS
OF

WINDSHI ELD SPECIMENS
(PPG-004)

TEST ENCLOSURE Z5942639-503

PART NUMBER PPG 004

TEST NUMBER BM-023 BM—O28
SHOT LOCATION C B
IMPACT VELOCITY (fps) 953 940

TEST TEMPERATURE Ambient

WINDOW TEMPERATURE 161°F Outer/ -23°F outer/35°F Inner
131°F Inner

NO. BOLT HOLES One

TYPE OF ENCLOSURE Laminated Plastic Composite Test Enclosure

TEST RESULTS No Bird Penetration Bird Penetration

Visual Examination

The upper “C” corner was bird impacted at elevated temperature and
only cracked the outer chemically strengthened glass ply . All other
plies of transparency were Intact. The BM-028 bird shot Impacted the
“B” corner at a low temperature, and bird penetration was made. The #3,
#5 and #7 plies of polycarbonate failed in shear and a combination of
tensile/shear cracks. There was slight permanent deformation in the
upper “B” corner. The chemically strengthened glass particle dicing
characteristics indicated good surface ion exchange and center surface
tension value . (Figure A .l9)

Material Identification and Dimensional Verifi cation

The material identi fication and dimensiona l verification agreed
closely to the requirement specified in P/N 5942639-503. See Figures
A.20, A.21 for detailed comparison.

Discussion

The laminated plastic composite test enclosure exhibited good bird
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TAPLE A.lO. (Continued )

bouncing characteristics on the initial BM-O23 test-shot at elevated
temperature. The second shot BM-028 at low temperature resulted in bird
penetration and cracked all the polycarbonate plies In the upper “B”
corner. These cracks were primari ly shear and a combination of shear
and tensile failures. The cracks propagated to the imediate edges of
the panel . Speci fied damage was done. Panel #3 and #5 fractured in
approximately the same area. The edge attachment holes all appeared
to be in good condition.
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(PPGOO4 ) , test Numbers BM023, DM028.
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• 
TABLE P . 1 1 .

FAILURE ANALYSIS
OF

WINDSHIELD SPECIMENS
(SK-002)

TEST ENCLOSURE 5942640-507

PART NUMBER 5K 002

TEST NUMBER BM-O26 BM-O27

SHOT LOCATION C B

IMPACT VELOCITY (fps) 939 920

TEST TEMPERATURE Ambient Ambient

WINDOW TEMPERATURE 213°F Outer/ -40°F Outer/+35°F Inner
143°F Inner Ply Ply

NO-. BOLT HOLES One One

TYPE OF ENCLOSURE Laminated polycarbonate plastic composite

TEST RESULTS No Bi rd Penetration

Visual Examination

A 4-pound bird shot at the “C” corner of an elevated temperature
test enclosure successfully bounced the bird and damaged only the outer
thin acrylic ply. A few cracks in the outer acrylic ply and inter-
l aminar shear fai l ure of the silicone based -I nterlayer was observed in
and around the impacted area.

Another bird strike was conducted at the “B” corner of test enclosure
at low temperature and successfull y bounced the bi rd , producing only
sl ight damage of the outer acrylic ply and some interl aminar shear fail-
ure of the silicone interlayer. The outstanding observation made was
the lack of delamination of the interlayer bonded to the polycarbonate
plies at both elevated and low temperature bird impacted shots. The
edge attachment holes all appeared to be in good condition. The test
panel had a large amount of residual vision remaining after two bird
strikes. (Figure A.22)
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TABLE A .ll. (Continued)

— Material Identification and Dimensional Veri fication

The material identification and dimensional verification was not
exactly In accordance with the requirements specified In P/N Z5942640-

507. A 1/8-Inch thick x 1-1/4 inch wide reinforced nylon/epoxy
laminate was bonded to the aluminum edge attachment with RTU-630 sili-
cone sealant. The attachment holes appeared to be drilled at a slight
angle. See Figures A.23 , A .24 for additional detailed comparisons.

• Discussion

This test indicated the importance of interlayer adhesion to trans-
parency plies for achieving maximum bird impact resistance. The Out-
standing observation made was the lack of interlayer delamination and
no rupturing or cracking of the structural transparent plasti c plies
during a hot and cold bird stri ke . The panel had a significant amount
of residual vision remaining after both bird strikes .
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Figure A.23 Material verification specimens,simulated aircraft
windshield test Soecimen Z5942640—507 (SKOO2).
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TABLE A. 12.

FAILURE ANALYSIS
OF

WINDSHIELD SPECIMENS
(PPG- 005)

TEST ENCLOSURE 5942639-505

PART NUMBER PPG 005

TEST NUMBER BM—029

SHOT LOCATION B
IMPACT VELOCITY (fps) 931

TEST TEMPERATURE Ambient

WINDOW TEMPERATURE Outer Ply - 28°F, inner ply + 35°F

NO. BOLT HOLES

• TYPE OF ENCLOSURE Laminated Glass Enclosure

TEST RESULTS No Bird Penetration

Visual Examination

The bird impacted the lower “B” corner of the test enclosure at
low temperature. There was no bird penetration; only the outer glass
ply ruptured into finely divided fragments . No other damage was obser-
ved . The outer chemically strengthened ply exhibited a small and uni-
form glass particle size, indicating good ion exchanged surface , as well
as central surface tension value . (Figure A.2 5)

Material Identifi cation and Dimensional Verification

The material identi fication and dimensional veri fication was very
close to the requirements specified In P/N Z5942629-505 . See Figures
A. 26, A.27 for detailed comparison .

Discussion

The laminated glass test enclosure was successful in bouncing the
- • • bird at low temperature and relatively high speed. PPG’s 112 inter-
• layer exhibited sufficient resiliency at low temperature when subjected

207

~

-

~

— ••—-

~ 

~1~
_

~
___ 

• • . •-~~~ - - - . -• -~~~~ 

_ .~• _ •• _•1_ .. a • .• •._~-5_ . _ 



r -

TABLE A .12. (Con ti nued )

to a high veloci ty bird impact shot. The edge attachment holes all
appeared to be in good condition.
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TABLE 8. STRAIN MAP INDEX

TEST
TEST NO. SPECIMEN STRAIN ~-aA GE NO. F I(URE PAGE

BMOO4 B-i SWU- 1OC A l l  ~Ll 2 15
B-i BMOO5 B-i SWtJ-108 All 8 2  216
Windshield BMOO6 B-i SWU-107 All 3.3 217
Strain BMOO7 B—i SWU- 107 All 3.4 213
Map 8M008 B-i SWU -107 A l l  3 .5 219

_______________ 
8t1009 8-1 SWIJ-l07 All ~‘f 229
BMOl 2 ~ PG— OO1 11, 19 3 .7 7~T
BMO12 PPG-O0l 12, 20 3.3 22?
BMO1 2 PPG-O01 13,  15 , 17 B.g 223
BMO1 2 PPG-OOl 14 , 16 , 18 ~ .ic 22 1
RMO1 2 PPG—OO1 21 n f l  22~
8M01 2 PPG-O01 On Support Struc. 13.12 226

Simulated BMO1 3 PPG-O01 11 , 19 3.13 227
Aircraft 8M013 PPG-OOi 12 , 20 8.1! 223
Windshield B9013 PPG—OOl 13 , 15 , 17 R .15 221
Strain 8M013 PPG-OOi 14, 16 , 18 3.16 231

Map BMO13 PPG-OOl 21 ~j 7  231
89013 PPG-OD1 On Support Struc. 3 .13 232
BMO1 4 PPG—002 1 , 9 3 .13 233
89014 PPG-002 2, 10 fl.2C 234

- • 8M014 PPG-002 3 , 5 , 7 8 .21 235
89014 PPG-002 4 , 6 , 8 3.22 236
BMO14 PPG -002 22 3 .23 237
B9014 PPG—002 On Support Struc . 3 .2t 238
8M01 9 PPG-003 1, 9 3 .25 239
89019 PPG-003 2 , 10 8 .26 240
B9019 PPG—003 3 , 5 , 7 3 .27 24 1
8901 9 PPG-003 4 , 6 ,  8 B .2 ~ 

242
89019 PPG—003 22 3 . 2~ 

243

_______________ 

BMOl9 PPG-003 On Support Struc . l3 .33 _ 244
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STRAIN MAP

SPECIMEN NO. SWU- 108 DESCRIPTION B— i Windshiel d

TEST NO. ~3t-i0O4 SUPPORT STRUCTURE B-i “odule

IMPACT YELOCITY 
— 

957 FPS IMPACT ~oi~rr Center

BIRD WEI~ IT 4.00 lbs . TEMPERATURE - OUTER PLY 76°F

DATE 2-28-76 TEMPERATURE — INNER PLY 
— ~IA

STRAIN GAGE MOUNTED ON Inside SURFACE OF Inner PLY

I- - .

.

- - - - - - - - - - .- - - . - - • - - - - . •

I 9 8
/ Jo I
I 010

~~~N. 010
C’J VI

~1r 1000 1 
Ujc~i 1000

3600 4500

Shot

— l 8,000 2,00.j 1 1600 2500
~ io ,ooo~~ 15 ,200 5000 1 F 6200 6—

14 1 I
700 1 

• 

900 4
~ ‘ 600O 1 

4 

3500

INERTIA STRAIN Strain Gage No.

STRAIN UNITS 1dN./IN.

Figure B.1. 8-i Windshield Strain Map - Test BMOO4.
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— STRAIN MAP

SPECIMEN NO. — ç~ j 
~~~ 

DESCRIPT ION B-i Windshield

TEST NO. 
— — 

SUPPORT STRUCTURE ~~-1 Module

IMPACT VELOCITY 952 FPS IMPACT POINT_ Center

BIRD WEIGHT 4.07 lbs TEMPERATURE - OUTER PLY 40°F

DATE 3-09-76 — 
TEMPERATURE — INNER PLY 55°F

STRAIN GAGE MOUNTED ON Inside SURFACE OF Inner PLY

• ,.~~~~~~~~~~~~~~~~~~~~
_ _ _ _ .____ -.. . —

~~
———---— ‘ I

/ 9 8
/ C ‘I 010 0
I 0

~ 
500 1 

‘ 600
2500 “( 3900

— 1 3  
Lost 

~~~~12 ~
00

~~~T~~
_ - — 

1
1 Lost 

~ 

~Lost 6-.

CODE : 

Los t 
~

INERTIA STRAIN 
- Strain Gage No.

STRAIN UNITS vIN./IM.

• Figure 8.2. B-l Wind shield Strain Map - Test 13M005.
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STRAIN MAP

SPECIMEN NO. — SWU 107 DESCRIPTION q-l Windshield

TEST NO. Bl006 SUPPORT STRUCTURE 8-1 Nodule

IMPACT VELOC ITY 967 FPS IMPACT POI NT Center 
-

BIRD WEIGHT 4.02 lbs TEMPERATURE — OUTER PLY 58°F

DATE 3-12-76 TEMPERATURE - INNER PLY 71°F

STRAIN GAGE MOUNTED ON Ins id e SURFACE OF Inner PLY

‘

______ _..~~~~~.___ .._ —.
~~-—-—-—---—‘ I

/ 9 8

/ I 010 \/ oic~

I ~~~l 5O0 -

~ 
~~~~~~ l5O0 

~ \6000 4250

_______ 
500 3000 

________ 3000— 13 l0,0GO~~~
2 Lo~

1*.
~ 9500 ~~ 5500

1000 ~l200

J2000 5500
C CullO

N.

t5 3
IMPACT STRAIN
INERTIA STRA IN - 

Strain Gage No.
(Typ)

STRAIN UNITS • ~IN./IN.

Figure 8.3. B-i Windshield Strain Map - Test BMOO6.

217

a,

_



- — 

-

~~ ~

—-• • -~~~~-••---~~~~• - a--— •~---•—- --- •

STRAIN MAP
- - 

SPECIMEN NO. SWU 107 DESCRIPTION 3-1 tjind shield

TEST NO. 139 007 SUPPORT STRUCTURE B-i Module

IMPACT VELOCITY 936 FPS IMPACT POINT Center

BIRD WEIGHT 4.00 lbs TEMPERATURE - OUTER PLY 54°F

DATE 3-18-76 TEMPERATURE — INNER PLY 56°F

STRAIN GAGE MOUNTED ON Inside SURFACE OF Inner PLY

4 — ---—-——--. -
~.I . 9 8

/ 010/ 010

/ 7fl0 _~ ~~~Los t
3500

a 
— 8000 2500 2000 225013 8000 f2 ~~~~~~~~~~ f ~soo~ ~~~~

~OO —1 1000.
~~f 400o ‘ ~~~~0OO

C
40.a-

INERTIA 

15 3 

StraIn Gage No.

STRAIN UNITS • uIN./IN.

Figure 8. 4. B-i Windshield Strain Map — Test BMOO7.
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STRAIN MAP

SPECIMEN NO. SWU 107 DESCRIPTION 8-i Windshield

TEST NO. 
— 

811008 — 
SUPPORT STRUCTURE B-i Module

IMPACT VELOCITY 930 FPS — IMPACT POINT Center

BIRD WEIGHT 4 .02 lbs TEMPERATURE — OUTER PLY 68°F

DATE 3—20— 76 — TEMPERATURE — INNER PLY 66°F

STRAIN GAGE MOUNTED ON Inside — 
SURFACE OF Inne! . PLY

_____ - - ~~~~~—~~~----—— — -——----—-----~.

9 8

a_i 010olo

~~~ l500 
~ 

7
4000 3000

_______ 
1500 2500 5000 2000

13 9500 -~~2 l7
0Q91c 

-s-i 155
0d1~~ ~~

450O 6—

500 i ~15OO 4

1 4000 ‘ 4500
olo
010 0
ClaM

CODE~

~~ERTIA STRAIN 

15 

strain Gage No.

STRAIN UNITS • ~IN . I tN .

Fiaure 8.5. B-i Windshield Strain Map - Test BMOO8.
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STRA IN MAP

SPECIMEN NO. — SWU 1OL DESCRIPTION B-i Windshield

TEST NO. 89009 SUPPORT STRUCTURE B- i Module

IMPACT VELOCITY 952 Fl’S IMPACT POINT Center

BIRD WEIGHT 6 . 1 5  l bs TEMPERATURE — OUTER PLY 69°F

DATE 3-23-76 TEMPERATURE — INNER PLY 74° F

STRAIN GAGE MOUNTED ON Inside SURFACE OF Inner PLY

~~~~~~~~~~~~~~ost c
12

L;sti~~~~~~~
tI
:5I6

\

N _ _
~~~ 1 os t 4

CODE : 15 3.~ —”
IMPACT STRAIN
INERTIA STRAIN Strain Gage No.

(Typ)
STRA IN UNITS • MIN. / IN.

Fiaure 3.6. B—i Windshi eld Strain NaD - Test BMOO9 .
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- STRAIN MAP

SPECIMEN NO. PPG 001 DESCRIPTION Laminated Glass (25942639-501 )

TEST NO. BMO12 SUPPORT STRUCTURE GL

IMPACT VELOCITY 943 FPS IMPACT POINT A

BIRD WEIGHT 4.00 lbs TEMPERATURE - OUTER PLY -28°F

DATE 7-16-76 TEMPERATURE — INNER PLY 7°F

STRAIN GAGE MOUNTED ON -g SURFACE OF outer PLY

+ 1
• C

C

2500 
A
+ _ _ _ _ _  

Lost
-3200

Strain Gage No.
(Typ) —I-.

CODE:

• IMPACT STRAIN
H INERTIA STRAIN

- 

STRAIN UNITS • uIN./IN.

FIgure 8.7. Test Windshield Strain Map - Test BMOl2 — Gages 11, 19.
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STRAIN MAP

SPECIMEN NO. — PPG 001 DESCRIPTION Laminated Glass (Z5942639-50l)

TEST NO. BMO12 SUPPORT STRUCTURE _________________________
IMPACT VELOCITY 943 FPS IMPACT POINT A

• BIRD WEIGHT 4.00 lbs TEMPERATURE — OUTER PLY -28°F

DATE 7—16-76 TEMPERATURE - INNER PLY 7°F
STRAIN GAGE MOUNTED ON -g 

— 
SURFACE OF inner PLY

_ _ _  ~ L 
_ _ _3200 500

Stra in Gage No. 

+ L
CODE : -

IMPACT STRAIN
H INERTIA STRAIN

- 
STRAIN UNITS • pIN./IN.

Figure 8.8. Test Windshield Strain Nap - Test BMO12 — Gaqes, 12, 20.
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STRAIN MAP

SPECIMEN NO. — PPG 001 DESCRIPTION Laminated Glass (Z5942639-501 )

TEST NO. BM012 SUPPORT STRUCTURE GL

IMPACT VELOCITY 943 FPS IMPACT POINT A

BIRD WEIGHT 4.00 lbs TEMPERATURE — OUTER PLY 28°F

DATE 7-16-76 TEMPERATURE - INNER PLY 7°F

STRAIN GAGE MOUNTED ON -7 SURFACE OF outer PLY

REAL TIME IMPACT 13.20 MICRO-SEC (x102) FROM + GATE

REAL TINE INERTIA 17.20 MICRO-SEC (x102) FROM + GATE

Lost

+ _ _ _ _  

kf.i5~4 +4000 
____

-5000

C
Strain Gage No. 

-3300
-6000

CODE:

- IMPACT STRAIN
H INERTIA STRAIN

STRAIN UNITS • ~IN./IN.

Flaure 13.9. Test Windshield Strain Map — Test BMO1 2 — Gages, 13 , 15 , 17.
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STRAIN MAP

• SPECIMEN NO. 
— PPG 001 DESCRIPTION Laminated Glass (25942639-501 )

TEST NO. BMOl2 SUPPORT STRUCTURE GL

IMPACT VELOCITY 943 FPS IMPACT POINT A

BIRD WEIGHT 4.00 lbs TEMPERATURE — OUTER PLY -28°F

DATE 7-16-76 TEMPERATURE — INNER PLY 7°F

STRAIN GAGE MOUNTED ON -7 SURFACE OF inner PLY

H 
18 

-
~~~~
__ _ _

Los t

C

+ [ k~~~~~~+1OOO 
_ _ _ _-15000

St;aln Gage No._ 

-
-
~~~~~

-7000
CODE :

IMPACT STRAIN- 
• 

H INERTIA STRAW
- 

STRAIN UNITS • ~IN./IN.

Flqure 8.10. Test ‘4indshield Strain Map — Test BMO12 - Gages, 14, 16 , 18.
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- STRAIN MAP

SPECIMEN NO. PPG 001 DESCRIPTION Laminated Glass (Z5942639-sol )

TEST NO. 8M012 SUPPORT STRUCTURE GL

IMPACT VELOCITY 943 Fl’S IMPACT POINT A

BIRD WEIGHT 4.00 lbs TEMPERATURE — OUTER PLY -28°F

DATE 7-16-76 TEMPERATURE - INNER PLY 7°F

STRAIN GAGE MOUNTED ON Inner SURFACE OF cockpit PLY

+ 1
± I 

_ _ _ _  + I
Strain Gage No.
(Typ) +

CODE:

• IMPACT STRAIN
H INERTIA STRAIN

STRAIN UNITS • ij IN. I IN.
Fjr,ur, 8.11. Test Windshi eld Strain Map - Test BMO12 - Gage 21.
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STRAIN MAP

SPECIMEN ~O. RPG OO1 DESCRIPTION Laminated Glass (Z5942630-501 )

TEST NO. BMO12 SUPPORT STRUCTURE GL

IMPACT VELOCITY 943 FPS IMPACT POINT A

BIRD WEIGHT 4.00 lbs TEMPERATURE — OUTER PLY -28°F

DATE 7-16-76 
— TEMPERATURE — INNER PLY 7°F

STRAIN SAGE MOUNTED ON Support Structure SURFACE OF inside PLY

27 500 28 -3000
-2000 2000

25 Lost 26 
~~

Strain Gage No.
(Typ)

/_
23 :~~~

_ _  _ _

37 1500 24 ~~~ 38 800 
- —

1500 1200 13~~

CODE :

IMPACT STRAIN
INERTIA STRAIN

STRAIN UNITS • u IN./IN. 

-

Figure B.12. Test Windshield Strain Map — Test 8M012 — Gages on Supoort
Structure .
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STRAIN MAP

S~’ECIMEN NO. PPG 001 DESCRIPTION Lamiflated Glass (25942639-501 )
• . TEST NO. BMO1 3 SUPPORT STRUCTURE CL

IMPACT VELOCITY 948 FPS IMPACT POINT A

BIRD WEIGHT 4.06 lbs TEMPERATURE - OUTER PLY 80°F
DATE 7-17-76 TEMPERATURE - INNER PLY _80~F

STRAIN GAGE MOUNTED ON -9 SURFACE OF ter PLY

-f- I_ _

0L

—f jr~~ L~8oo A
1 __________ 

__fL9 Los t
2000

Strain Gage No. 

+ I
CODE:

- IMPACT STRAIN
H INERTIA STRAIN

- 

STRAIN UNITS • iaIN. /IN.

Figure 13.13. Test Windshiel d Strain Map - Test BM013 - Gages, ii , 19.
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— STRAIN MAP

SPECIMEN NO. PPG 001 DESCRIPTION Laminated Glass (Z5942639-50l )

TEST NO. BMO13 
— 

SUPPORT STRUCTURE CL

IMPACT VELOCITY 948 FPS IMPACT POINT A

BIRD WEIGHT 4.06 lbs TEMPERATURE — OUTER PLY 80°F

DATE 7-17-76 TEMPERATURE - INNER PLY 80°F

STRAIN GAGE MOUNTED ON -9 
— SURFACE OF inner PLY

-H_

_ _ _  _ _ _  
+1~~~ ost

Lrain Gage No.
(Typ) 

+
CODE :

IMPACT STRAIN
H INERTIA STRAIN

- 
STRAIN UN ITS • uIN ./IN.

Figure B.14. Test Windshield Strain Map - Test BMOl 3 - Gaces 12, 20.
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STRAIN MAP

SPECIMEN NO. _PPG 001 DESCRIPTION Laminated Glass (Z5942639-50l )
TEST NO. 8M013 SUPPORT STRUCTURE CL

- IMPACT VELOCITY 948 FPS IMPACT POINT A

BIRD WEIGHT 4.06 lbs TEMPERATURE - OUTER PLY 80°F

DATE 7-17-76 TEMPERATURE - INNER PLY 80°F

STRAIN GAGE MOUNTED ON -7 SURFACE OF Outer PLY

REAL TIME IMPACT 10.20 MICRO—SEC (x 102) FROM + GATE
REAL TIME INERTIA 15.20 MICRO-SEC (x 102) FROM + GATE

÷ l Lost

C

+ _ _ _ _  ~.jL~~~sooo H- 
_ _ _ _

Lost

Strain Gage No.
(Typ) .._fJ 05000 

—Lost
CODE :

IMPACT STRAIN
H INERTIA STRAIN

- 
STRAIN UNITS • ~IP1./IN.

Figure 8.15. Test Windshiel d Strain Map — Test 8M013 - Gages 13, 15, 17.
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STRAIN MAP

SPECIMEN NO. PPG 001 DESCRIPTION Laminated Glass (Z5942639-50l )

TEST NO. BMO1 3 SUPPORT STRUCTURE GL

IMPACT VELOCITY 948 FPS IMPACT POINT A

BIRD WEIGHT 4.06 lbs TEMPERATURE - OUTER PLY 80°F

DATE 7-17-76 TEMPERATURE — INNER PLY 80°F

STRAIN GAGE MOUNTED ON -7 SURFACE OF inner PLY

V

18 -

Lost

± _ _ _ _ _  

A+6~~~1ooo H- 
_ _ _ _ _

Lost

Strain Gage ~~~~~~~~~~~~~
Lost

CODE:

• IMPACT STRAIN
H INERTIA STRAIN

- 

STRAIN UNITS • ~IN./IN.

Figure 0.1€. Test Windshield Strain Map Test 8M013 - Gages 14, 16, 18.
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STRAIN MAP

SPECIMEN NO. — PPG 001 DESCRIPTION Laminated Glass (Z5942639—50l )

TEST NO. 8M013 SUPPORT STRUCTURE CL
IMPACT VELOCITY 948 FPS IMPACT POINT A
BIRD WEIGHT 4.06 lbs TEMPERATURE — OUTER PLY 80°F
DATE 7-17-76 TEMPERATURE — INNER PLY 80°F

STRAIN GAGE MOUNTED ON inner SURFACE OF cockpit PLY

+ 1
- 

• 

/ 

± I ~~~lj6 + L
Strain Gage Via .
(Typ) 

+
CODE:

- 
- 

• IMPACT STRAIN
a 

H INERTIA STRAIN
- 

STRAIN UNITS — idN./IN.
Figure B.17. Test Windshield Strain Map - Test BMO13 - Gage 21.
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STRAIN MAP

SPECIMEN NO. _PPG 001 DESCRIPTION Laminated Glass (Z5942639-501 )

TEST NO. BMO13 SUPPORT STRUCTURE CL

IMPACT VELOCITY 948 FPS IMPACT POI NT A

BIRD WEIGHT 4.06 lbs TEMPERATURE — OUTER PLY 80°F

DATE 7-17-76 TEMPERATURE — INNER PLY 80°F

STRAIN GAGE MOUNTED ON Support Structure SURFACE OF inside PLY

27 _ -1000 28 1200
1300 -2200

25 Loc t 26 3000

__________________________ 
2500

Strain Gage No.
(Typ) N

2/ 1000
-1000

375500 24 3000 382500 
— ____________ — __________ —

i~utn ~~~ ~pp~~

CODE:
IMPACT STRAIN
INERTIA STRAIN

STRAIN UNITS u IN./IN. 
-

Fioure B.18. Test Windshield Strain Map - Test 8M01 3 - Gages on Support
Structure.
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STRAIN NAP

SPECIMEN NO. PPG 003_ DESCRIPTION Laminated G1assJ25942639-50l)

TEST NO. BMO1 9 SUPPORT STRUCTURE GL

IMPACT VELOCITY 974 EPS IMPACT POINT C

BIRD WEIGHT 4.02 lbs TEMPERATURE — OUTER PLY 190°F

DATE 7-26-76 TEMPERATURE - INNER PLY 160°F

STRAIN GAGE MOUNTED ON -9 SURFACE OF outer PLY

_  H .

+
a C

C
+ I Lost

Strain Gage No.
(Typ)

-1-
V

CODE :
IMPACT STRAIN
INERTIA STRJN

- 
- 

- STRAIN UNITS uIN ./IN.

Figure B.19. Test Windsh ield Strain Map - Test Br-b ig - Gages 1 , 9.

- - 
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STRAIN NAP

SPECIMEN NO. PPG 003 DESCRIPTION Laminated Glass (25942639-501 )

TEST NO. 81-1019 SUPPORT STRUCTURE GL

IMPACT VELOCITY 974 FPS IMPACT POIJIT C

• BIRD WEIGHT 4.02 lbs TEMPERATURE — OUTER PLY 190°F

DATE 7-26-76 TEMPERATURE - INNER PLY 160°F

STRAIN GAGE MOUNTED ON -9 SURFACE OF Inner PLY

H

+

-1-~ 
C~f

Strain Gage No.
(Typ)

H-

V
CODE :
IMPACT STRAIN
INERTIA STRA IN

STRAIN UNITS ~IN./IN.

Figure 8.20. Test Windshield Strain Map - Test BMO 19 - Gages 2 , 10.
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STRAIN MAP

SPECIMEN NO. — PPG OO3 DESCRIPTION Laminated Glass (Z5942639—50l)

TEST NO. BMO19 SUPPORT STRUCTURE GL

IMPACT VELOCITY 974 FPS IMPACT POINT C

BIRD WEIGHT 4.02 lbs TEMPERATURE — OUTER PLY 190°F

DATE 7-26-76 TEMPERATURE — INNER PLY 160°F

STRAIN GAGE MOUNTED ON -7 SURFACE OF outer PLY

REAL TIME IMPACT 12.20 u-SEC (xlO 2) FROM + GATE

REAL TIME INERTIA 21.20 u-SEC (x lO 2 ) FROM + GATE

H

Lost

0 4J

+ 
C_ .

~~ :~)g~ -I-.
Strain Gage No. L~(Typ) 

S
~~I3 ~ ~~~~~~~~~

Lost

V
a CODE:

IMPACT STRAIN
INERTiA STRAIN

- STRAIN UNITS - ~IN./IN.
Figure ~.2l . Test Win dshield Strain Map - Test 811019 - Gages 3, 5, 7.
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STRAIN MAP

SPECIMEN NO. PPG 003 DESCRIPTION Laminated Glass (25942639-501 )

TEST NO. DM01 9 SUPPORT STRUCTURE CL

IMPACT VELOCITY 974 FPS IMPACT POINT C

BIRD W EIGHT 4.02 lbs — TEMPERATURE — OUTER PLY 190°F

DATE 7-26—76 TEMPERATURE — INNER PLY 160°F

STRAIN GAGE MOUNTED ON -7 SURFACE OF inner PLY

H
(n

Lost

+ 

L C~~9~~6~~

Strain Gage No.
(Typ) \ ~~~I 6000

—1— Lost

V
CODE:
IMPACT STRAIN
~NERTIA STRAIN

- 
STRAIN UNITS — ~IN./IN.

Finure 0.22. Test Windshield Strain Map - Test DM019 - Gages 4 , 6, 8.
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- - STRAIN MAP

SPECIMEN NO. PPG 003 DESCRIPTION Laminated Glass (Z5942639-501 )

TEST NO. 811-19 — SUPPORT STRUCTURE CL

a 
IMPACT VELOCITY 974 FPS IMPACT POINT C

BIRD WEIGHT 
— 

4.02 lbs TEMPERATURE — OUTER PLY 190°F

DATE 7-26-76 TEMPERATURE — INNER PLY 160°F

STRAIN GAGE MOUNTED ON inner 
— SURFACE OF coc kpit PLY

H

I _ _ _ _ _ _ _-~~~ .- --—
I ~-~ -— —

+ 

L _ _ _ _ _  _ _ _ _ _

Strain Gage No.
(Typ)

H-

V
CODE:
IMPACT STRAIN

• INERTIA STRAIN

- STRAIN UNITS — iIN./IN.

Figure 8.23. Test Windshield Strain Map - Test BMO1 9 - Gace 22.
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STRAIN MAP

SPECIMEN NO. — 
PPG 003 DESCRIPTION Laminated Glass (Z5942639-501 )

TEST NO. DM019 SUPPORT STRUCTURE CL

IMPACT VELOCITY 974 FPS IMPACT POI NT C

BIRD WEIGHT 4.02 lbs TEMrERATURE - OUTER PLY 190°F

DATE 7-26-76 TEMPERATURE — INNER PLY 160°F

STRAIN GAGE MOUNTED ON Support Structure SURFACE OF Inside PLY
H

-600 1000
C 29 

~oo 30 -soo

31 1200 32I 

\

1000 1900

Stra in Gage No.
• (Typ)

V__ _

3~~ OO -1000
-3600 1700

-1000 1200 CODE :35 -~~~ 36 1200
IMPACT STRAIN

- • 
INERTIA STRAIN

STRAIN UNITS — PIN./IN.

Fiqure 8.24 . Test Windshield Strain Map - Test BMO1 9 - Gages on Supporf
Structure .
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• 

- STRAIN MAP

SPECIMEN NO. — PPG 002 DESCRIPTION Laminated Glass (Z5942639 -501 )

TEST NO. BVIO14 SUPPORT STRUCTURE CL

IMPACT VELOCITY 939 FPS IMPACT POINT C

BIRD WEIGHT 4.04 lbs TEMPERATURE — OUTER PLY 87°F
DATE 7-20-76 TEMPERATURE - INNER PLY 87°F

STRAIN GAGE MOUNTED ON -9 SURFACE OF Outer PLY

I H

+ 

-
~~

Strain Gage No.
(Typ)

-F

V _ _ _ _ _ _
CODE :
IMPACT STRAIN
INERTIA STRAIN

- STRAIN UNITS — ~IN./IN.
Figure B.25. Test Windshield Strain Map - Test BMO14 - Gages 1, 9.
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STRAIN MAP

SPECIMEN NO. PPG 002 DESCRIPTION Laminated Glass (Z5942639-501 )

TEST NO. BMO1 4 SUPPORT STRUCTURE CL

IMPACT VELOCITY 939 FPS IMPACT POINT C

BIRD WEIGHT 4.04 l bs TEMPERATURE — OUTER PLY 87°F

DATE 7-20-76 TEMPERATURE - INNER PLY 87°F

STRAIN GAGE MOUNTED ON -9 SURFACE OF Inner PLY

H

• 
+

a I CIC
C C Cc~ _ _ _ _ _  

~~~ 

-

~~~~~~~~~

Strain Gage No.
(Typ)

-F

V
CODE :
IMPACT STRAIN
INERTIA STRAIN

- STRAIN UNITS — ~IN./ IN.
Figure ~.26. Test Windshield Strain Map - Test DM014 - Gages 2, 10. • 
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— STRAIN MAP

SPECIMEN ~ — 
PPG 002 DESCRIPTION Laminated Glass (Z594263Q-501 )

TEST NO. DM01 4 
— SUPPORT STRUCTURE GL

IMPACT VELOCITY 939 FPS IMPACT POINT C
• BIRD WEIGHT 4.04 lbs TEMPERATURE - OUTER PLY 87°F

DATE 
- 

7-20-76 TEMPERATURE - INNER PLY 87°F

STRAIN GAGE MOUNTED ON -7 SURFACE OF outer PLY
REAL TIME iMPACT 12.20 u-SEC (x102) FROM + GATE

REAL TIME INERTIA 19.20 u-SEC (x102) FROM + GATE

C
00 HC L’,c~4 c a.1I — s

100
-3200

I C~0I L,I5~~~
+ 

La- I “
~~~~~ -h

Strain Gage No.N 
~~~

. 500
-2700

V _ _ _ _ _ _
CODE:
IMPACT STRAIN
INERTIA STRAIN

- STRAIN UNITS — ~IN./IN.
Figure 8.27. Test

• Win dsh ield Stra in Map — Test DM014 - Gages 3 , 5, 7.
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STRAIN MAP

SPECIMEN NO. PPG 002 DESCRIPTION Laminated Glass (Z5942639-50l )

• TEST NO. DM014 SUPPORT STRUCTURE CL

IMPACT VELOCITY 939 FPS IMPACT POINT C

BIRD WEIGHT 4.04 lbs TEMPERATURE - OUTER PLY 87°F

DATE 7-20-76 TEMPERATURE - INNER PLY 87°F

STRAIN GAGE MOUNTED ON -7 SURFACE OF inner PLY

CC
CC
CO

18 ’ 2000
2000

_ _ _ _  

Ck5~~~ _ _ _ _

• 

+ 

-r~~
g
~ 1-

Strain Gage No

\ 
~~~

1 4 2000-1--- Los t

V
CODE:
IMPACT STRAIN
INERTIA STRAIN

- STRAIN UNITS ~IN./IN.

Figure B.28 . Test Windshie ld Strain Map - Test BP~Ol4 - Gaaes 4 , 6, 3.
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STRAIN NAP

SPECIMEN NO. _ PPG 002 DESCRIPTION Laminated Glass (25942639-501 )

TEST NO. BMO14 —  SUPPORT STRUCTURE -

IMPACT VELOCITY 939 FPS IMPACT POINT C

BIRD WEIGHT 4.04 lbs TEMPERATURE — OUTER PLY 87°F

DATE 7-20-76 TEMPERATURE - INNER PLY 87°F

STRAIN GAGE MOUNTED ON Inner 
— SURFACE OFCockpit PLY

- 

H

- +
-
a 

I
+ 

L Cf?2~~~ -h
Strain Gage No./
(Typ)

-F

CODE:
IMPACT STRAIN
INERTIA STRAIN

- STRAIN UNITS — uIN./IN.

Figure 8.29. Test Windshiel d Strain Map — Test DM014 — Gage 22.
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• STRAIN NAP

SPECIMEN NO. PPF 002 DESCRIPTION Laminated Glass (Z5942639-50l)

TEST NO. BMO14 SUPPORT STRUCTURE CL - 

•

IMPACT VELOCITY ~~ FPS IMPACT POINT C

BIRD WEIGHT 4.04 lbs TEMPERATURE — OUTER PLY 87°F

DATE 7-20-76 TEMPERATURE — INNER PLY 87°F

STRAIN GAGE MOUNTED ON Support Structure SURFACE OF Inside PLY

H

I -700 1000c 29-i~pp

31 200 32 2200

\
~000 -900

Strain Gage No.
(Typ)

33Z~~QQ.... 
~~~ 

-200
-1000 2000

500 36 3000 CODE :
-7500 -2000

IMPACT STRAIN
INERTIA STRAIN

- STRAIN UNITS — 1.IIN./IN.

Finure R .30. Test Windshield Strain Map - Test 0M014 - Gages on Support
Structure.
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