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SECTION I
INTRODUCTION

This report reflects the work accomplished as part of the “Windshi eld
Technology Demonstrator Program” under Contract F336l5-75-C-3105 in the

\ context of the continuing Air Force generic windshield development programs.
This portion of the program was directed toward the study of canopies for
single and tandem seating fighter type aircraft with specific applicati on
to the F-16 aircraft. State-of-the-art applications of new windshield
materials have been derived from both military and coninercial aircraft ,
with major attention directed to the topics of bird impact tolerance ,
aerodynamic heating effects, structura l design integration , and design
for canopy maintainability and reliability .

Whether you , the reader , ag ree or d isagree with the technical details

contained herein , the authors and the Air Force Flight Dynamics Laboratory

(FEW) are in ful l agreement that the various disci plines and essential

technical design concepts represented in this , and in the associated

reports noted in Section IV , should all be utilized in arriving at an

optimally designed windshield during the Detail Design Phase of an aircraft.

It should be emphasized that the external lofted shape for the vehicle
used as the demonstrator for this effort was frozen prior to the initiation

of this study effort. This means that, as has so often been done in the
past, regardless of what design configuration is selected for qualifica tion
testing f rom a structural standpoint, it is left to the transparency
manufacturer to gradually evolve his fabrication techniques so as to

provide minimally acceptable optical auality for the production aircraft .

An Investigative study was accomplished for the determination of require-

ments that are applicable to an aircraft windshield/canopy system. General

Dynamics specifications and reports, the F-16 SPO suppl ied data and reports,

the Air Force Systems Coninand (AFSC) Design Handbooks, Military Specifications ,

Federal Aviation Agency (FAA) Regulations, and co,mnercla’I aircraft industry
reports and standard design practices were reviewed to meet this objective.1



Section II presents the requirements that are directly applicabl e to the
les1~n , development and operations of an F-lb canopy system .

Within Section ill , an assessment was made of the In i ti a l F-16 canopy
system relative to the requ irements which were established in Section II.
Th~ same major technical areas which are listed in Section II are addressed
in the F-lb design assessment.

An opt imum canopy desi gn for appli cation to future production F-16
,~ l r c r a t t  was one o-~ the bas ic objectives of this prociram. To t h i s  en d ,

a series of tests were required for val idation of the exist ing and pro-
posed candidate designs. Section IV sunrarizes a series of reports having
app l i cab i l i t y  to the Init ia l  researc h phase of the program and a series of
tests t ’ iat were re rdj c t ed . These renorts are:

• AFF DL-TR- 7t— Th , Effec ts of Laboratory Simul .~ted ‘recip itation

Static and Swept Stroke Li ghtnin g on Ai rcr a ft ~ind s )ii e 1d Subsvc te~’c .

• AFFDI-TR-76-l 14 , The Determination of Peflection and Stress

Distr ibution for ~i Laminated Transparent Beam .

• ~FF2~ -~ R-~ E - 15~ . Damping Static/ Dynamic , and I-Tac t Ch ,aracteric~ ic~
of Lam inated Beams Typical of Windsh ie ld Construction .

• AFFDL-TR- 77-92 , Evaluation of Windshield Materials Subjected to

Simulated Supersonic Flight Environments.

• AFFDI-TR-77-96, Testing for Mechanical Properties of Mono lithic and

laminated Polycarbonate Materials.

• AFFDL-TR-77-97, Standard i zed Windshield Fabrication Specific ation

The results of thermal studies that were conducted during this program

are presented in Section V. These thermal studies inc l uded consideration
of transient temperatures, temperatures when bird strike miqht be experienced .
cano py edge temperatures, thermal factors related to defogging system

performance, and the effects of therm al expansion on a canopy design
.2



During t lil s pro g ram effort , It was determined that mechanical properties
for transparency materials, used by designers of windshields /canopies , are
not available with the high degree of accur acy that is available for metals.
For this effort , both monolithic and laminated canopy designs were Investi-
gated . Section VI describes the materials studies and testing that was
required to establish both low and high strain rate testing conditions at
wide temperature extreme s for appl icabl e transparency materials. The
mat erials testing was required to establish material values that can be

applied to the design of bird impact resistant canopies to afford the pilot

max imum protection over the l i fe span of the canopy .

A series of bird impact tests were conducted on the F-16A canopy at
Arno ld Engineering Development Center (AEDC ) In Tennessee . Sect ion V I I

presents the test objectives , test description , and results of these series
of tests, which were conducted on canopies manufacture d from 0.50 inch
an d 0.62 Inch thick coated monolithic pol ycarbonate mater ials.  This section
presents the app lication of these bird impact test results to predict the
transpare ncy penetration velocity and deflection due to the Impact of a
four-pound bird .

The results of a series of edge joint tests are presented in Section
V I I I . ~ va riety of laminated specimens were subjected to cycl ic  load tests
and thermal shock tests to veri fy the structura l integrity of the a t t a ch -
rnent area for a laminate d transparency In sing le shear. Simulated flight

conditions were based on a 2000-hour desi gn life at typical high performance
aircraft operating .dl’iperatures and pressures.

Secti on IX describes the results of a series of sa lt abr ader tests that

were performed on aircraft windshield/canopy transparent materials. Each
test specimen was impacted ~dth a controlled blast of salt particles at
selected temperatures to simulate an aircraft windshield encounter with
minute ice particles In clouds or with dust. These tests were conducted
to provide data to be used as a qualitative comparison for an assortment
of representative transparent windshield specimens.

3 
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In the past the airframe Industry has found it necessary to spend
mi lflons of dollars to build crew compartments which represent the actual
aircraft desi gn , for the sole purpose of bird Impact verifica tion testing
of wind shields and windows . This was necessary because detailed anal y t i c a l
methods were not avai lable. Within the scope of this program an analytical
method to define the canopy structural response was formulated . T hi s Bird
Impact Mat h Model was utilized to anal yze several test cond itions for the

F-16 canopy. This work is described in Section X.

Section XI presents a number of design concepts that are defined as

poten tial candidates for the F-16 aircraft canopy to meet various bird

imp ac t tes t levels of 350 t hrough 562 kno ts , and a design that is applic-

able to the Air Force Manufacturin g Technology Program . The ba sic con-

figuration presented is a laminated design comprised of an acry l ic outer

p 1’.’ and a ~ol ycarbonate structural pl y counled b~ a silicone inter l aver .

The concepts presented include laminated versions of the current F-1t

hi gh visibility design , an openable canooy with an in t e gral br~ frame ,

a fixed windshield , a modified version of the current design that ut ilized

an enlar ged transparency , and a modified transparenc y that orovides a

fla t forward vision area.

~1
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SECTION II
ESTABLISHMENT OF TECHNICAL REQUIREMENTS

This section is directed toward the establishment of the technical
requ irements neces sary for the design and development of canopy systems
applicable to both single and tandem seating, high speed, high performance,
fighter type aircraft.

The sources from whi ch these requirements were derived inclu de:

1 . General Dynamics/A i r Force requ irements for the F-16 aircraft .

2. Interpretation of Air Force expected operational useage and
performance envelope for the F-16 aircraft .

3. The Air Force Systems Comand (AF SC) Design Pandhooks.

4. Generic study programs derived from Air Force, military and
coninercial aircraft programs.

The purpose for establishing these requirements was to define a
baseline for the design of alternate F-16 canopies , and associated subsystems ,
from which design , development , and testing could evolve into production
configurations that would provide low life-cycle costs, principally as c
the result of high reliability and minimal maintainability problems . The
requirements must be applicable to both monolithic and l aminated trans-
parencles.

To simplif y the presentation of this data , the systems requirements
have been segregated into major technical areas for individual review.
However, it is fully recognized that these several areas are not inde-
pendent; consequently, their interrelations are accounted for by design
integration and optimization of their many technical parameters. Fre-

quently, in the design 0f a complex system such as a canopy system, not

all requirements can be implemented because of costs , lack of ava i lable
materials, or lack of importance relative to another required feature.

S  
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The major technical requirements addressed are as follows :

VISION/OPTICAL

Vision

Qptica l

ENVIRONMENTAL DESIGN

T herma l

Rain Removal

Defog System

ELECT RICAL/ELECTR OMAGNETIC DESIGN

Triboelectrjc (P-Static)

Lightning

Radar Reflection Control (RCS)

Electromagnetic Pulse (ç~!~
STRUCTURAL DESIGN

Structural

Internal and External Loading

Hai l Impact

BIRD IMPACT

Bird Impact

Bird Impact Probability

MAINTENANCE PROVISIONS

Maintaina bility

____________________  --“ -
~~~~~~~~—
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VISION/OPTICAL

The requirements for vision and optical quality of a crew compartment
transparency are discussed in this section .

Vision

Vision and/or visibility requirements associated with the development
of a fighter type crew compartment enclosure must take into account the
requirements specified by AFSC Design Handbooks and MIL-STD-850B wi th
limiting constraints Imposed by aerodynamic shaping requirements.

Space allocations for equipment such as instruments and escape seats
must be given prime consideration in developing the location of the pilot!
copilot design eyepoints specified in the specifications noted in MIL-STD-
350B , as well as , the positioning of the two man crew in tandem arrange-
ment. The forward pil ot must have a minimum straight ahead down vision
of 11 degrees and the aft pilot must have a minimum of 5 degrees straight
ahead down vision unobstructed by the pilot’ s seat or headrest.

During the development of the lofted shape of the transparency , head
clearance must be provided as directed by AFSC Design Handbook DH 2-2 DN
2A1 , Page 5, which specifies that the inner surface of a canopy , to provide
head clearance , must not be less than 10 inches from the design eyepoint.

The locations and sizes of posts , fairings , and latching mechanisms

relative to the vision obstructions are specified in MIL-STD-850B .

Optical

General Dynamics defined optical requirements for the F-16A/B aircraft

forward canopy in their F—16A/B Air Vehicle Prime Item Development Specifi-
cations identified as 1 6PS002 and 16PS005 for monolithic transparencies .

The Genera l Dynamics specifications addressed the primary optical require-

ments defined as lum inous transmittance , haze , angular deviation , scratches
and inclusions for monolithic materials.

7
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In the paragraphs that follow Douglas has expanded GD’s requirements
to include l aminated transparencies plus additional performance require-
ments for subjects such as:

• Double Images

• Reflected Images

• Binocular Vision

• Resolution

I
Each of the above performance requirements are discussed within the

following paragraphs as a basis for recommended requirements.

Lumi nous Transmission Di scussion

The F-16A/~ Prime Item Development Specification , identified as
General Dynamics Speci fication 16PS002, specifies that the luminous
transmission shall be a minimum of 82 percent when measured normal to the
transparency , or 71 percent when measured straight ahead In the installed
position .

To establish a comon baseline for design comparison purposes , the

index of refraction and absorption coefficients of the aDplicable
materia ls were used to calculate for a monol i thic and a l aminated canopy

the following:

MONOLITHIC LAMINATE
0.500 INCH 0.125-INCH ACRYLIC

0.080-INCH SILICONE
POLYCARBONATE (P/C) 0.750-INCH P/C

NORMAL INSTALLED NORMAL INSTALLED

TRANSMISSION - 82.22 72.22 80.49 70.45

REFLECTANCE - 9.59 18.62 8.73 17.45

ABSORPTION - 8.19 9.16 10.78 
12.108



Considering the three pl y cross section used for the above calculation s
with no coatings on any surface , a recommended luminous transmission of
70 percent , as measured strai ght ahead in the installed posi tion , is
achievable along the centerline onl y . The percent transmission cal-
culated for the Installed position was based on an assumed surface
installed angle of approximately 30 degrees and no surface curvature .
Depending on the method of fabrication and the repeata bility pf the
canopy shape , the percent transmission will change as a function of
the surface installed angle. Thus an increase in the surface installed
angle will decrease the angle of incidence , l owering the surface
reflectance and increasing the percent transmission . A decrease in the
surface installed angle will cause the opposite to occur. The double

curvature geometry of the F-l6A/B transparency will also change the
angle of incidence of a qiven liqht ray bein q considered anal ytically.
In addition , the effect of haze , or s c i t t . - r ~n t~~~.’ transmi ssion of

light will be to further decrease the final p~’rcent transmission at the
installed angle.

Luminous Transmission Requirements

The following light transmission recuirements are recommended for the

F-l6A/B ~indshie 1d Technology Demonstrator Program:

Norma l to Surface. Ei ghty (80) percent minimum over the critical area
defined as the gunsight area of + 6 degrees in azimuth and 3 degrees up
to 15 degrees down in elevation with respect to the pilot ’s nominal eye
position . A minimum of 75 percent shall be maintain ed over the remainder

of the canopy .

Installed Ang le. Sixty— five (65) percent minimum measured straight

ahead from the pilot ’s nominal eye position . This requirement must assume

that there will be a need to have at least one protective coating applied

to the canopy regardless of the material selected .

9
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Haze Discussion

The F-16A/B Air Vehicle Specifications specify that the haze shall
not exceed three percent.

Haze Is a function of surface quality (surface polish , scratches ,
cleanliness , etc.), purity of material , view ing angle, thickness , and
number of p iles in the laminate. These factors have the potential for
scattering the light beyond acceptable limits; such scattering
Is described as “haze ” .

Haze is determined when a transparent sample is normal to a col limated

light beam , us ing ASTM D1003-52 , Federa l Test Method Standard No. 4fl6-~ )~~
or using the A .Q.D. method described in Reference 2 of the test method .
These methods will not be described herein.

Haze , or scattered li gh t , increases with the angle of incidence and
reduces the target/background contrast ratio and hence the target detec-
t Ion range ; therefore, haze mus t b~ kept to ~ m i n  j J !mUJfl . I nmphi S~ S Ofl

tht~ normal ~nql~ requirement is ~‘csenti al because of the tire~t~’r di ffi cul t v

in ‘ieasur~nq haze at high angl~”~ of inci dence.

A survey of various test reports on haze has exhibited a spread
from approx imate ly 1.2 percent for monolithic panels up to approximately
5 percent or more for various combinations of laminated materials and

thicknesses. A small number of three ply test specimens have shown a

spread of 3.1 to 4.9 percent haze.

Haze Requirements

Norma) to Surface. The haze shall be 4 percent maximum measured norma l

to the surface; the design goal is 3 percent maximum. This is measured

over a defined critical area. This value will be a primary quality

control requirement.

10
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Insta lled Angle. No reconinendation is made for haze at the installed
angle. The Normal-to-Surface value will contro l the values at other
Installed angles and is more readily measurable.

An gular I)evlation [)lscusslon

An gular dcvi ation s normally caused by unpara l id surfaces of trans-
pareri t na ter 1 a] ( ) . TI e dcvi i t ion inc rea st’s wi th the I ridex of refract ion
w i th man ufactured deviation tr~n surface p arallel i sni , and w ith angle of
inc dence . Curved laminates .reatt’ a nt’ometri cal angular dt’vi at ion that
I a funct I om o f  the rad In’. of curvatur e , the t hi ckne’’.s of 1 armi oa t o’.
ari d th- nu i it ~r t p1 e’. . The geoine tri. a] an qii I ar levi at ion will  increa se
o it hi iher angle ’. of incidence. it ‘ hon 1 d ol so e n o t e d  that the qeo—

‘etr i cal annu l .rc dev i at . Ion wi  I i  var~ ~i t h hig h deflec t on’. of t he win(l —

‘.hield wh ic h ar ca u- .e t  t~ p ress ur iza t ion loads

The F - 1 6 A /H 41r Veh ic le  Speci f icat io ns require that the angular
deviation shal l not exceed three m il li radians (or 10.1 minutes of arc )
from a predetermined standard as measured from the design eye position.

i t is I ii r! t o e  f a t e d  th a t the a i rcraf t l i re con t m l  cv ’. t em wi l l compen —

s i te for the ‘.1 indard error pat t e’mn . The error pat tern ‘.ha 11 con ’. i’.t Of d

minimum of 5fl data points recorded for each transparenc y with the tranc-

parency In the installed position .

As previously stated , surface non -parallelism or curvature creates
angul ar deviation . ~ince the F-l6A /B canopy has a double curvature
shape , all li gh t ray traces to , and forward of , the pilot ’’. desici n eve
posi tion will have an azimuth and elevation geometrical deviation error
com ponent.

Light ray tr aces t ‘trough a canopy hay I rig a douh Ic urva t U ri s a

three di niens I ona 1 probi eni ut for simplicity the qeomet rv niuc t he reduced

to two dime nsion m I di n ;ram m’ . Iliu re 1 i t ltist r jt~s the vert ica I . or
(elevation ) arid long it ~dinal (lefl,nI~’t ry of th e anopy , pilot ’ ’. di ‘.play

combinin g olate and the nomin al eye position . This figure shows the

11 
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refraction of three light rays origin ating from the left , outside the
canopy , at true sight angles of 3 degrees up, (I degrees (horizontal) and
I degrees down . The true si gh t  rays have intentionall y been shown
followin g the law of refraction as the ray goes from left to right. In
addition , a reti cle ray trace from the pilot ’ s disp lay to the nominal
eye position is shown , assumin g its generation to be true with respect
to the external light ray at 6 degrees down . The optical offset produced
at the nominal eye position illustrates and exaggerates the sources of
dcviation thit can result from a channe of the shape , thickness , insta lla - 

F

tion angle or material index of refraction . The actua l path of a ray
froni a finite object at some finite distance wil l not follow the ray
traces exactly as shown in the upper diagram of Fioure 1 .

The lower diagram of Figure 1 Il lustrates the actual path of a ray
trace from an object 6 degrees down , and at some finite distance from
the nominal e’ ‘ posit ion . It is noted that the actual path deviates
from the true 6 degrees ray on both sides of the canopy . Theoretically
this deviation will approach , hut not equal zero, as the object distance
approaches infinity , for any ray trace that is not perpendicular to the
canopy surface. The insert ion of the combinin g plate into the path of
the ray shown m il l change the value of this deviation . This deviation
is of li tt le i mportance as long as all objects are at infin i t y, when  there
is min imal curvatur e of surfaces . wedqiness , or reduction in thickne ss
of material ; a head-up-dis play is not required to compensate for
the deviation .

Figure 2 illustrates the geometry of two rays originating from a

target essentially at infinity with respect to the paral lactic angle

required for binocular vision . In addition , two reticle rays front the

pilot ’ s diso lay are shown Intercepting the left and right eyes. The
left hand refracted target ray is shown enlarged for clarity .

The first opti- i l  deviation shown is a result of the non-parallelism
between the entrance and exit normals. The second optical deviation Is

13
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a total for the canopy and combining plate . Although the combining
plate has parallel surfaces within approxim ately four minutes of arc ,
the ray emanating from the canopy surface will not be perpendicular to
the combining plate surface ; therefore , the final ray will show an
increase in deviation error. Figure 2 illustrates the deviations in the
same manner as Figure 1. In like manner , the actual deviations of rays
in the horizontal plane will occur as shown in Figu re 1. Bino cular ray
traces not parallel to the centerline shown in Figure 2 will produce
greater deviation due to material curvature .

Figure 3 Illustrates the effect of reducing the cross sectional
thickness during the forming process. The graph and section shown are
based on an installed surface ang le of 30 degrees and the inside surface
being the non -parallel surface . The thickness of the laminate reduces
toward the top of the section . To qive a rihysica l definition of t~ e e f f e c t

of thinnin g , the angle ~ of C~.i2 dearee represents a decrease of approxi-
mateiy 0.06 inch in 30 inches startin g at appro ximatel y the 15-degree
down vision annie and ending at approximatel y the 3-degree up sight line .
The 0.003 radian maximum and the 0.001 radian P~MS represent the annul ar
deviation limits for the F-16 A/B.

In sumary , Figures 1 , 2 and 3 mere presented as .i definition of a

problem that exists when curved transparencies , the gun-sight dis p la y ,

the related avionics of the fire control system , and the pi lot form an
integrated system of the air vehicle. The establishmen t of a set of
design and fabrication requirements must Include the method of testing
before a set of requirements can he quoted with some confidence of
success in their being met. A method for part of the test ing orocedure

is the photographic method outlined in the flistortion Section of this

report and Reference 1. This method would provide a photographic

recording of the actual grid refracted through the canopy for incremental

angular steps between + 6 deorees in azimuth and 3 degrees up to 15 degrees

down for each of the eyes and the nominal eye position . The basic geometry

of the canopy , camera lens, and photographic print are defined in Figure 4.

15
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Figure 3. Thickness Reduction Effects - Inner Surface Deviation .
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The data obtained from the photographic prin ts would represent the
true relationshi p of the pilo t ’s sight lines to the true angles external
to the canopy. The photograph would represent a vertica 7 grid plane
of data that could be used to establish a simil a r grid plane into the
head -up-display computer program.

Angular Deviation Requirements

The deviation requirement for a maxim um of 0.003 radian must te
maintained since this is the maximum recomended for binocular vision
deviations. The 0.001 radian RMS val ue may or may not he attainable.

Distortion Di scussion

The amount of ootica l distortion in a curved lamina te d w i ndsh i e ld  is
3 ‘urcti on of the v a r ia nce of irJe~ ~f r r~m c~~on , annie o in c i~ enc~ , c on-

cen tricity of surfaces~ and variations in t h ickn ess.  Local d istor t ion  w f l l
cause a strai~ ht line to apoear wavy or ~i ll distort the shane ~f ~h~ects.

Curved windshields which are in stalled at sm all angles with res~ect to the

horizontal wil l have an inherent distort ion. 10 such cases,  a s t r a i~ h t

line .iill idea lly appear as a smooth curve , gene rated as a d irect fincti ~ n

of ~.in~shIeli curvature , t~e nu rher of ‘lies. the index cf refraction of

each p1,, and the vi ct im ’ anglo of incidence.

Optical distortion is strong ly influenced by the manufacturin g
processes and qual ity control procedures during fabrication of each
laminate , and during subsequent assembly into a laminated windshield.
A survey of the various test reports on distort ion his revealed a spread
of the arid-line slope from approximately 1:3 to approximately 1:10.
These values depend upon the curvature , the number of laminates , and the
use of either all plastics or glass with plastic interl ayers.

There is an additional distortion characteristic , called lensin q ,
that requires consideration as a requirement. LensIng is the magnifica-
tion of visual images as the result of local variation In thickness
between two or more surfaces of a transparen t panel .

18



Lensing , unless very severe , may not be readil y discernable during
normal fly ing cond itions, since the eyes are focused on inf inity and the
para llact ic ang le is less than one minu te of arc . At approxima tel y

360 feet, the paral lact ic ang le is approximately two min utes of arc , and
at approximately 72 feet the parallactic angle is ten minutes of arc .

This increase in the paralla ctic angle is the convergence of the two eyes
on an image and under norma l cond it ions this does not produce any ill
effects.

Lens inq mdv oroduce eve fatigue , however , if the eyes are forced to
diver ge and converqe with respect to each other when viewin g through a
t r ans ;~~rent panel . Under normal condi tions , the par allactic angles

stated ahove are twice the a~ount each eye moves. -\ s noted in ~efe re nce ‘,
ten m inut es ot arc is considered to be the maximum tolerance for diver-
gence , convergence , and suhverqer~ce of the eyes in adjustin g for binocul ar
deviati ons. If it is assume d that one eye remains station ary and focused
at infinity , five minutes of arc would result in the convergence ~f th e

eyes on an apparent image at approxi m atel y 144 feet; ten minutes o f arc
would result in the convergence of the eyes on an apparent image at

a~oroximate lv ‘2 feet .  T h i s  di scussio n gives relative ~aiues to t~e

effects that deviation and distort ion of a transparent ~one l would h ave

on an ob server ’ s eyes.

Distor t ion ~equirements

Th e recomended maximu m values for gri d -l ine slope to li ’~i t on tical

l is to r t io n due to annular dev ia t ion  are as f o l l o w s :

~Iaximur ’ grid- l ine slope shal l  be 1:15 , when the ~irid is photo-
graphed through t h e  windshie ld  in the ins ta l led  po s i t ion .

19



Scratch and Inclusion Requirements

The selection of the reconinended scratch and inclusion limits shown
in Table 1 was based on current criteria utilized by the aerospace
industry . Further expansion of these limits should be based on tests.

These requirements imply testing by visual means only; therefore,
some defects may not be detected easily by the human eye . It is recom-
mended that edge-li ghting 3nd polarized lighting be used as aids to the
visual inspection technique ,in order to detect internal stresses and
potential hl rainbow u defects.

Double Image Di s- ussion

Double or multiple images will occur normally at night , as the result
of reflections from each surface of a transparenc y . This w i ll occur in

flat panels onl y when the wedge angle is large enouah to reflect the
images back to the observer ’s eye. For curved mutli -laminated windshields,
this effect can occur at hig h ang les of incidence ; for example , from
runway lights seen in the lower portion of the windshield. The earl y

detection of this problem , during the desi gn stages, is very difficult.
If found during later stages of design , however , channes in geometry

may no longer be feasible. The use of one thick ply within a laminated

windsh ield w i ll tend to reduce the number of secondary imanes , because
of the longer reflected ray path-length and the absorption characteristics
of the material .

Double Image Requirements

No further recomendations for requirements in this imag ing area are

considered at this time .

Reflected Image Discussion

Reflected images generally occur as a result of the internal li nht

being reflected into the observer ’s eye. This can be a very serious

disturbance to pilot vi sion durin g night flying. 
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Reflected Image Requirements

The use of anti—re flection coatings could reduce the amount of reflec-
tion ; however , their use in the environment which is imposed on an aircraft
windshield is not considered to be feasible at this time , due to the
limited durability of the avail able coatings .

Realistically, the control of imace reflection should be imposed on 
—

all internal li ghting, internal surface coloring, and even on the wearing
apparel of the fli ght crew. L

Binocu l ar V i sion Discussion

Normal eyes are capable of both convergence and divergence in the
horizontal plane and supervergence in the vertical plane , in order to
adjust for small amounts of binocular deviation . The most ~tfftcult
adjustment is in the ver~ical plane. This deviation may also be referred
to as a difference between (1) the true paral lactic angle subtended at
the object by the base distance between the eyes, and (2) the actual
angle of the rays passing through a transparent panel . The eye has its
least tolerance for adjustments in the vertical plane , and a limit of
10 minutes of arc has been defined as the maximum allowable.

Curved windshields will produce a geometrical deviation of the

parallactic angle in both the horizontal and vertical directions. The

amoun t of curvature, the installed angle , the distortion and the angular
deviation of the windshield will all affect the parallactic angle . The

continual adjustment by the eyes for para llactic angle errors will lead

to eye fatigue and to possible errors of depth perception .

Parallactic angle error limitations should be stated as a design
requirement with respect to a defined critical windshield area ; thus
representing a further evalua tion of the effects of di stortion and
related characteristics which affect the observer ’s eyes and visibilit y.

Quantification of the allowable parallactic error will depend upon the
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most critical usage of each windshield ; such as for landing , refueling,
gun-sighting and/or HUD (Head-tip Display) requirement.

Two methods should be considered for determining the parallactic
error: (1) Anal ytically determi ne the geometrical effects by the use of
a computer program for images originating at infinity , for runways at
different ranges, and for the refueling receptacle; or (2) Conduct a test
using a binocular camera to photograph a standard grid-board to determine
the distortion or the procedure discussed previously under “Distortion ” .

Reso lut ion Dis cu ssion

Reso lut ion is defined as the ability to distinguish clearly between
two objects that subtend very small angles to the eye. The actual resolu—
t ion requirements will depend upon the viewing purpose of a transparency .
For example, a pilot ’s windshield versus an observer ’s window represent
very different visual task applications. The resolving capability of the
human eye , when v iewing through a transparency , affects its target-detection
capab ilities for both high and low target-to-background brightness contrast
ratios.

A method for testing the resolution of a transparency , described in
Reference 2, would involve the use of a collimator and a telescope . The
principle of this method is based on the generally accepted practical limi t
of resolution for the eye; to wit , one minute of arc under well defined
and acceptable conditions of illumination . The test is performed with the
l aminate placed in its installed position . The telescope is placed at
the observer ’s eye position and received a projected image of a “doubl e-
cross” from the collimator. The lines of the cross are spaced to subtend
an angle of two minutes of arc, and are one minute of arc wide ; therefore,
the space between the lines will be one minute of arc. Any deterioration
of the cross, or fading, represents a loss in image resolution . This
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principle Is very s imi lar to a procedure whi ch Is used for opti call y
checking camera lenses. An additional feature adopted for camera-lens
testing is the use of high , medium and low-contrast targets. The procedure
described above for windshield testing could be modified to effectively
use both high and low-contrast targets. The density ratio of the lines to
their background would be established to represent target/background ratios
which may be encountered during fli ght. One additional modification recom-
mended for this procedure is the addition of a photographic recording capa-
bility . This would provide a permanent test record , and would also eliminate
judgment-type decisions.

ENV IRONMENTAL DESIGN

The major technical area of environmental design covered In this sec-
tion includes the topics of therma l design requirements , rain removal ,
de-fog protection and materials compat ibil ity . There l~ no anti -Icin g
requirements on the F-l6; therefore, that System was not considered .

Thermal

Therma l Technical Discussion

The canopy must survive all thermal conditions to which the aircraft
is exposed and must suffer no deleterious consequent effects. This includes
both the cold atmosphere on the ground and those at high -altitude , l ow-
speed cruise. It must also wi thstand both the hot atmosphere conditions

during hi gh-speed , low-altitude maneuvers , and those encountered during

supersonic dash operations.

Due to the low thermal conductivity in combination with the high therma l

mass of the canopy , high thermal stresses are set up by the large temperature

differentials within the canopy . It Is important , therefore, to know the

transient states of the aircraft fairly accurately, such as descent and

c limb .

During supersonic dash , some canopy mater ials may exceed their tem-

perature capabilit ies. At elevated temperatures , these materials
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may bubble , chanqe in elasticit y, or otherwise chanae their optica l
qualities. There is no thermal nuclear requirement on the F-16; there-
fore , it will not be included in the analysis.

Thermal Requirements

There are two requirements which affect canopy design from a therma l

standpoint. One requirement is that the inboard surface of the canopy
shall not exceed 160°F. This requirement is given in MIL-STD-38453A.
The other requirement Is that the materials used in the construction of
the canopy be able to withstand the temperature environment experienced
by the F-l6. The temperature environment of the F-l6 is defined as -80°F
external surface temperature for the cold condition . The hot condition
consists of a soak at 160°F followed by a ten (10) minute exposure to
273°F over most of the canopy and 290°F over the forward oortion . This
requirement is noted in Reference 3. The above noted conditions are
based on the performance requirements for the aircraft . Hot and cold
atmosphere are those defined by the worldwide extremes in MIL-STD-210B .

Bird Impact Thermal Discussions

It is expected that over 90 percent of all bird encounters with air-
craft will occur below 8000 feet AGL (above around 1~v~1). (REF 13)

Temperatures were deri ved from analysis for the following conditions:

1. Per Reference 3, the minimum external surface temperature for

the F-16 Is -80°F. This was assumed to occur during high alti-

tude subsonic cruise. To compute the minimu m temperature for

use during bird impact tests, it was assumed that the F-l6 made

~ 100—second descent to 8000 feet in a 
MIL-STD--210B cold

atmosphere Just prior to bird impact. This resulted in an

average canopy temperature of -35°F for the hal f-inch monolithic

polycarbonate canopy.
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2. LIkewise , Reference 3 defInes the maximum temperature as a ten
(10) minute exposure to 290°F on the forward part of the canopy.
The maximum birdstr ike temperature would occur followin g a
100-second descent to 8000 feet in a MIL-STD-2lOB hot atmosphere.
This resulted in an average canopy temperature of 195°F for the
half -inch monolithic polycarbonate canopy .

Bird Impact Thermal Requirements

Utilizing the criteria established in MIL-STD-210B and an interpreta-
tion of the F-16 operational performance requirements below 8000 feet ,
noted in Reference 3, the temperature requirements for a series of poten-
tial F-16 canopies are noted In Table 2.

Rain Removal

Rain Removal Technical Discussions

Based on the fact that adequate vis i bility for maneuver ing the
aircraft must be maintained during heavy rain , a rain removal system must
be provided .

There are two alternatives. One is a ground appli ed rain repellent

which is usually applied prior to each fl iqb t . The other is a system

installed onboard and is applied after the canopy is wet. The latter
system requires some means to spread It over the canooy surface. This

could be accomplished by a wiper or a jet blast. A wiper system can
not be used on the F-l6 because of the compound curvature of the canooy .

The onboard system is probably not a viable system for the F-16
because of space limitation s and no jet bl ast supply source in the area

of the forward canopy.

The ground applied rain repellent fluid will need to be compatible

with the outer surface material used on the canopy. This will then
dictate the type of fluid used. The ground applied fluid Is acceptable

26
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TABLE 2. EXPECTED TEMPERAT URES AT BIRDSTRIKE

CANOPY AVER .AGE B IR D S T R I K E  TEMPS (°fl_
MATERIAL MAX IMUM MINIMUM

1/ 2—In. Monolithic
Polyca rbonate 195 -35

5/8—In . Mon olith ic
Polycarbonate 190 —30 4

3/4-In .  Monolithic
Polycarbonate 185 -30

7/8-In. Monol i t h i c
Pol ycarbonate 185 -30

1 /2-Tn . Po l v c ar honate l o~ -10
0.08-In. Acrylic
CIP Interlayer 

-_____ __________ _______________

5/’~-In . Polycarbonate 185 -30
0.08-tn. Acrylic
CIP Interlayer

3/4-In . Polycarbonate 1~O -25
0. ”I~ -In. Acryl ic
CIP Inter la yer 

_____ _______________

7/8—In. Polycarbonate 180 -2 5
0.08-In. Acry lic
C I P  Interlayer
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for the  F-l6 due to the relativ ely easy accessibility to the forward
canopy from the around.

R a i n  R emova l Requi rement s

The following requirements were identified in Reference 3.

1. The F-16 canopy shall withstand the worldwide ground precipitation
extremes described in  MIL-STD-210B .

2. The F— l6 canopy shall withstand the operational inf light rainfall
rate of 0.59 inch per hour , specified in MIL-E-38453A .

Defoa System

Defog System Technicil [)iscussion

To maintain adequate vi sibility for the pilot during all phases of
f l ight , a defog system for the internal surface of the cano py r~ust be
provided. The lefog system shal l maintain the canopy fop -free dur ing
exposure to the transient and steady state atmospheres defined in
;~1IL-T-5342A .

There are two systems normally utilized to r~eet the defog require-
ments. These are an electr ical system and a hot air defoo system . Th e

electrical system uses a type of heater which is an inteqral part of

the canopy .

The other system is a hot air system which takes a warm air supply

and . directs the air across the internal surface of the canopy . This
system has some disadvantages in that the system is usuall y nois y and

the air causes discomfort to the pilot. If the pilot is in a flight
suit with helmet and visor , neither of the two disadvant aoes would be
important.
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Defoq System Requirements

The following are the requ i rements for  the defog system for the F— 16:

1. The defog system shall meet the intent of MIL-T-5842A over the

forward portion of the canopy .

2. The fogging environment to be considered shall be as defined

by MIL-T-5842A.

3. A means shall be provided to defog the inner surface of the

forward porti on of the canopy.

Materi als

ma teri als Com p atibilit y Renuirements

The materials selected for developmen t into an F- lt~ canopy trans-
parency 1 after havin q undergone the various fabrication and forminq
processes, shall be caDable of oerformance in accordance with the environ-
ments exoected in operation but shall also withstand any comb ination of
environments as follows :

1 . The transparency shall withstand storage tenmeratures within —

the range of -65°F and 200°F.

2. The transparency shall withstand the effects of relative humiditie s
up to 100 percent at temperatures up to 150°F wIthout crackin g,
cloudin g, increase In ha ze , los s of light transmittance abrasion

resistance , or adhesion .

3. The transpa rency shall be capable of withstanding exposure to
fungus growth as encountered in tropical climates . All fungus
nutrient materi als other than those used in hermetical ly sealed
assemblies shall be treated in such a manner as to prevent funciuc
growth.
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4 . The t r a ns pa re ncy shall he abrasion resistant or so processed
a~ to ~ithstand salt spray when the trans Parency is in tht ’ ~i S

- in st al led ’ cond it i o n .

~~ . The CXpOSPd ‘~ur tacec shall be capable of ~ith st andin i exposure
to ‘,olut ions con~noiilv used in the cpe rational and ma intenance
environments ~- - i th out deq radat ion . ~~e follow ing lis t ~~ t so lut io ns
sh il I be u sei and sh~ l 1 not  ~e consi de red as a r e s t r i c t iv e  1 i~ t -

a.  M iLl soan and wat e r

t .  Airpl a n e wash c leaner  flu id (M1 L— i )—8 ~14)

~~. Phosphoric a ci i cleaner (i\-3) (dIL-C- 54l0l

- I e l i  ne 1 ~‘ ) () ~~rav and ri n~e (MR —C —~S41

e - i u i  remover t 1 u i J ( ~~~~~~~~~~ )
f. Rain repeflLint ~1uid (Repcon . f~ N t~~ d -l 3’~052Q7)

p. M a t ~ia

h . Jet fue l (JP-4)-

I. Isopropy) a lcohol
j. De-ice fl u id lethvl ene qlvcol type).

6. The surfaces sha ll w ithstand - sustained abrasion from norma l
cleanin g as well as rain impingement up to 420 knots at sea level .
The •L~ 

- k r’i o t requ i rrment is from the fi i qht req inie s~1ected for the

~u ropean environn w’nt .

ELECTRICAL/ELECTROMAGNETIC DESIGN

An airc raft can be expected to encounter one or more of severa l hostile
electromagnetic (EM) environments. The EM environments of possible con-
cern are ; (1) triboe lectric (p-static) charging , (2) lightning phenomena ,

(3) external high power radar or similar radiation , and (4) electromagnetic
pulse (EMP) radiation .

While it is possible for all of these EM environments to he present,

the relative imporLnce of each to the tactical operation of the aircraft

is determined by factors which are not the direct objective of this canopy

design investigation .
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Other non-electromagnetic environments and constraints also influence
the optimum approach one should take to accomodate the EM environments.
Examples are the icing environment and the visua l transmission requirements.

Jesian provisions to  accomodate each o f the EM environments are not

total l y independent and an opt imum des i gn w i l l  require a coordinated
app roac h . The followin o pa ragraphs discuss each of the EM environmenta l
i nfluences on a canopy design . The initial assump tion is that all four of

the EM environments will be present to influence the desi gn. Howeve r,

design simpl ifications will be discussed when the man-made radar and EMP

env i ronmen t s are no t o f tac ti cal concern .

Triboele ctric (P-Static)

Triboelectric (P-S tat ic )  Phenomena Technical  J iscu ss ion

Tr iboelectr ic charging of the a i rcra f t  occurs primaril y fro m t he
i mpact and subsequent rubbin g action of ice crystals, snow , raindroos , and

dust part ic les. When the Impact is on a non -conductin g surface , suc n as

an aircraft can opy or windshield , the charge is not free to migrate , as

wou ld be the case for imoact on a metal surface , and w i l l  bui ld in in te ns i t
until the charge potential exceeds the insulat ing qualit ies o1 the canonv

surface or the air adjacent to it. The result can be a transitory elect-

r ical discharge which generates e lec tro maQnet ic radia t ion and v i s i b l e ,
sometimes spectacular , sparking.

If the canopy design emp loys electr ica lly conductive coatings or

wires  beneath the  outer surface , lar ge electrical transients can he

induced into these conductors . If these conductors are e lec t r i ca l l y
connected to some el ectrica l device, such as a canopy an t i - i c ing  or
defogqing heater control , severe damage might result to the control as a
direct result of the electri cal transient. If the conductive surfac~’ i~ ,- -

passive and is not electricall y connected to anythin g , as might be the case
for solar or radar reflective coatings , the voltage in the conductive
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coating resultin g from the surface discharge transient can arc to nearby
aircraft metal structures , usually through the plane of the transparency.

Triboe l ectri c action can deposit a charge on a canopy regardless of
whether or not there is a conduct ive coatin~j or conductors buried under
the outer surface. However , the consequences of the discharge can be
far less severe if there are no conductors under the outer surface. When

conductors are present , the canopy material becomes the dielectric of a
capacitor formed by the conduct or on one side and the bound surface charge
on tne other side . Ener~~ is stored in this capacit or and the dielectric
is stressed b~ the v o l taie di ff eren tial between the outer and inner surfaces
of the material . Th~re~ore , the p oss ibility of electrical puncture of the

cano py ma ter ial as the “e~u 1 t of tr ihoelec tr ic char ging is muc h higher
when el ectric a l conduct ors a~e present under t h e outer surface than when

no conductors are present . ~i ’,crete wires also present a higher dielectr ic

stress than does a uni~ oi~it conduct i~,t ’ coatin g because ~f tne hig her local
electrical gradient in the ‘.ic i ni t ~ ot a w ire .

Triboel ectric cha rging is a n a t u r a l  onenomenon which will occur on ari~
a irplane; therefore , in adequa te des ign must account for the charging

process. The idea l approacn is to e1i ~iinate the hound charges by providin g

con duc ti ve sur faces ove r a ll of tat ’ airc raft extern al surfaces inc ludi n a

the canoev. For the canopy , this can be et fec t iv el v accomp lished by

providing a transparent el e ctr i call~ conductive surface coatin g for the

outer surface of the canopy, and by adequatel y c o n n e c t i n g  this coating to

the metal s ki n ~f the airc raft. U n f o r t u n a t e l y , permanent , t r an s~a ’i’nt
conductive coatin gs are difficult to achieve. Th~ eresent state -ot-tne-

art onl y provides these coatin ci s for ~i lass  mater ial , and the degree ~f

permanence is not well established . ~4o permanen t or semi-perm anent ant i-

static coatings are known to be av ail able for satisfactor y app lication

to aircraft windsh ield s and canop ies which have  ela stic outer surfaces .

Some pre -fliqht wipe-on compounds have been developed which appea r to

control static char ging, hut they generall y last f~ r onl y one fli gh t or

l ess .
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For non -e lec t r ica l  reasons , the :~resent canopy s tud ies  are or~en t ed

toward p lastic outer sur ’~ aces , and t nt ’ cand i date not t’ria Is ha~ e good

d iel e ctric eroperties . This means t ’ itt the sur face and bulk res ist~~ it ~

~f the mate r ia l  cannot he counted on to sd f -d ischar ge at a r a te  higher

than the nos s i b l e  t r iboelect r i c L iargi n g “a te . T h e r e f o r e , sor e othe r

d schar ge ‘~~t nod nu s  t be app lied , or t ~c effects of l a r g e  sur face c i a  r;e~
and di ‘5 c ia rges roust be acccwiliiodat ed in the total airc raft des i qn

Ove r tie years v arious ~ethod s other tna n anti -static sur~ac t ’ coat~ ngs

have been i nv es t i ga ted  ~~h i i c n m i gnt erevent det r i i”enta 1 c’i~ r~ t’ b u i i5lup oh

the sur~acC of tie canop~ These includ ed neutra l i _ i i ng t ic charge w i t h  a

1 oc all ~ genera t eel c oj ’l r ”  c ia r~~e , 1 lu i d s pr ’ i s , etc . None i ~‘e~a ‘s

electr ~cal 1 too p ra ct ic able ex ce p t the ~ol iO~ ifl~1 descr~ bed ct ‘iod.
‘ ‘is ~e t i c d  e”e1o~ s a se’’ ’es o iarro~ t’ie ct ,’ical c o ndu c t o r s  e l a c o d on
“C ca ’ oo s j ” ~ ~ cc a ~ 0 crc u’~ 0 dO o t - ‘ :‘e a ~~~ “a c so ace . ‘c

ccn ,luc tor~ ,ire ~“i’i ied i i  I coon ~~i d ’ ”  as n~ erS to reduce t ‘c t o t a l

canoc~ ~“ont5i 1 sur~a cc to a ‘iu ”be” 0 ~ a 1 1cc a”ea~ . This t e c~~’ i que

“oduce s t ‘c e~~oct I ye char~ ‘ig l ”03 l’O :\~te’i ‘a I to ~r1 i ch t ic cha r~e can
:‘~ I d be’ ~o re i t di sc na “ge’s to a ~e t a 1 cc nduc t c i ’ T h 1 ‘~ 100 roac h  ~‘O 1 he

• oct ‘. e c cot rica 1 ~‘ t I ‘as ~o e  si gi’ i cant di sa 0~ in t a Oc ’S

i n  a .‘ ‘aoti ible i n s t a l l a t i o n . ~o’ exa np le: tie sur~
’ace c o n d u c t ’ s - n a

be a ui di st “act ion ~“j ch s a 1 ha’, ‘~ presen t ; ‘e st  r ‘ ~s and t -‘ ci

e cc r i c i i  connect ion ht ’ 3 1  !‘ “a ‘ c ’ “a ,‘i’ ,’~ e’i t in  add t i oni~ 1 no i ’ ~ t on -

ance :‘rc:- l on ; and tne des ign an~ ~pp i i c it i o n are a ~i’vi 11 hut ‘‘ea 1 add i tiona I

c o s t .  The :iresence of external coriJuc to r~ on tne oanoe~ sun’ ace  w i l l  a l so

in fluence the attacb ”ent of lig h tning, bot h t o” tic d ir e ct and swept strc’~ e’

cases . T he 1 ightninp inip act no~ net ht’ n ,i r” 1 , hut its ~nt1 uence would

requ ire thorou gh investi gation and test.

A more detai led discussio n of static cii rg t’ control is con tained in

Section V of Reference 4.
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T r i  hoele ctr ic (P— Static) Requi renni ent s

No m i l i t a r y  s pec i f i ca t i ons  have been found that aopl v spec i fic a l l y

to aircra~ t windshiel d s or canopies ; however , M IL—E—605 1D Elect rom agnetic

~~0 r p j  t i t i l l  t~ ‘\t’LlUl ro”it’ntS — S~ s tern ” , Paragro en 3 . .  10.:, Conductive
joatings , states the followin g :

“Conductive coati ng ’ shall be aep l ied to all non — met a llic

m n a t e r ’ ’a  1s on the e\terior sun’ ’act ’s of airborne ve hicles

t h a t  a rc ’ exposed t~ airfl ow . ‘after app licati o n , coa tin g

res’stance shall ‘measure not less tnan 10 megohms and net

more than 50 -nt’qch’is per uni t a n’ e’,i a t  a n v gi c pci nt ’

T’~ihoe1e ct r ic (P-St atic) Lo nt rL ’i des~ gn -~ ~eco ’nI ’nenuati onS

A des i gn “OCg’T ’0 !~0,l ~ ‘fl oi’ the con t “ol o ~ p— st .i tic 0 is c 1 ,irie s c 
~~~~~~~~ 0

- ,  ec -‘ ij do ‘ ~h’ ’e’’dc’’ t t i e I’ ‘ ‘ ,.c ’ - c  c - o ’ ‘ ‘ ‘‘P on’~ ‘ ‘‘c’’’’o’’ , a r c

i cc ra ~ des i gni cons tr,I in t s , For ‘eg sons ~~“ i c ’ Ii be J cc as ~ rd 10 on’ ,
‘ ue nc inm P e’1y~~~~~’0 n~~l1 ’ 0 n t c  are ~gh t ” j ni and ra da r  ~~~~~~ t a c o .

~adi r  “e~ iect ,i ’~ce r”ada r c r L ~~s sect~ on (~ C5~ ‘n~t ”ol] ~i1 I ~Io~ e a

cO’’i uLt i’ve c oa t in g under tie ~u td ’ ’  ca iep~ su n ’~ lc@ . ‘m’ s ‘noreases tic ’

I it  o~ s ~“~acc di sch5n rg fi l and ‘1 ‘~~ ~s the cc’cu ‘e,l t n i c~i’e~ s

~~f t i e outer ~urf ,ice ‘a t~ ni a l to cr~~ent ,‘c1~ tur~ i~~’ to stat i c ciectr ’c

cnarg ‘ng .

The ore~’ io ns earag ra phs have d iscussed the stat ic c n a r g i n g  cn’ocess

and po ten t ia l  discharge methods . Surfac e ‘i*aunted conductors ap eci r to

be the most p r a c t i c a b l e  method of contro l l ing the cnarge bui ldup. However ,
this techni que does not appear consisten t with the des i gn object iv es of a

low cost , low maintenance a i rcraf t  and is not reconiiiended for t he present .
Fortunately ,  the conductors can be added at a late!’ time i~ ~ab’ ranted by

f l ight experience.
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Since e lec t r i ca l  test ing is not a part of this design stud y, ex per i ence
from other relate d programs must provide the desi gn guidance. The static

electric and swept stroke li ghtning tests of References 4 and 5 and the
canopy lightning tests on the F-15 airc raft canopy desi gn of Reference 6

lead to a jual ified conclus i on that an outer laye r of 0.080 thick acry lic
would probable prevent dielectric pun cture in the presence of static

electric char gin g . In any even t , hi gh voltage testing of a prototype part

is recorrinended .

A periphera l external surface bus is i’econrnmended to provide control
f or ’ the groundin g of surface discharges , even thoug h an anti-static surface

coating is not pr acticable. This techniq ue is discussed in further detail

in Sectio n V of -<eference 4. The pe n -iph era l bus and associated metal static

drain strap nust be in stalled ~i th tic exp ectatio n that at some tun e tnev
will be called unon to- p r ovile a low impedance lightning p ath to the
t i xe d  portion o~ the airc rai t fu~elaqr , Tmii s will be discussed in ‘more

detail unde r tie sections on lightnin g .

A ircrdft antennas , pa rticularl y low frequency n’eceivinq antenn as
s ’cu Id nct he 1 ~cated in close pr ox im ity to t i e frontal area ot the

cano py, shen this is possible . This recomnm’mennd at jon is made to reduce tie

to ipl  m g  of [xl I to the antenna from radiati on fn’ ’in canopy surface disch arges .
It is recognized that factors other than suscep t ib i l i t y  to p-static ma~
have ni gher prior i ty on antenna l ocations. Therefore , the possibility of
p-static cou nli ng sh ld be considered when dete rmining antenna locations.

Static Electricit y Safety Consider ations

When the Outer surface of a ~indshield or canopy cannot he coated wit h
an effective anti -static coating , the surface can be exoected to accumulate
an electrostati c charqe. This charge could become an electric shock mm a :ard
when either the in side or outside surface of the transparenc~ is touched .
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When no grounded electricall y conductive coatings are emp l oyed within

the transparency to provide an electrostatic shield , contact with the

i ns id e sur face  of an external ly charged surface w i l l  ca use an iinuiiediote
redistrubiton of the external charge. The resul t is an induced charge in

tha t part of the body that conies to or touches the inner surface. A

potentiall y severe s hoc k can resul t .

Close proximity to or touching the outer surface of a charged trans-

parency can provide a discharge path and result in  an electric shock . The

shoc k may not be fatal  in itsel f , but it can cause surprise or uncontrolled

muscular react ions which may cause one to fal l , w i t h  possible serious
consequences .

The 1 m’n ith of time a charge can be reta m e d  depend ’; on the initial

cnarqe , tne t i me between rece iv ing  the ch~ rqe , and the i nsul at i nil 
- -

iuo l i t ies  of the outer surface of the transpa rency . Laboratory tests
( Ref e rences 4 and 5) have demonstr a t ed tire a b i l i t y  of ac ry l i c  t r a nspar —

j ‘nov IikIteri3l t o  reta in a subst a nt ia l  e lec t ros ta t i c  charge for n1VP !’ 18

hours a f te r ’ t h e  n ’em noval of the ch a rging source.  In con t rast , h- iqner l~ cs
s o d a — l l ine i l ass  coulu ret,i in  a cha rge for only seconds to a very few
ni nutes

From these exper iments i~~ n o v  be comnc l uded t lilt an acrylic surfaced

windshie ld  or canooy could eas i ly  reta ~ danqercus cha rge even af ter
the time lag between the inf l i ght encounter ~ith ice crysta ls  and the
landing and pan ’kinq procedure . This conclus i on is espec ia lly val id when
the intervening weather and runway condition s are dry . Currentl y ,  r
soda-li me glass windshield presents a minimum shoc k haza rd . Ground
opera ti ons proce dures s houl d provide for disch arqinq the transparency

or for ver y care fu l  handl i n g of a cano py.
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L1 ghtnin~~

Lightning Strike Technical Jiscussion

The electromechanic al configuration of the canopy area of the F- b
is such tha t it is possible for this area to be a candidate for a sane I
direct li ghtning strike . This same situation has appl i ed to other aircraft

an d extensive testing has been conducted on some aircraft . The F-b

desi gn team has studied this pr i or work , an d mos t s pec i f i c a l l y the I -15

studies . The F-l5 final report (Reference 6) concludes that li ghtning

strikes to the canopy would preferentially flash over the outer canopy
surface to the aircraft structure or to the conductive metal sp l ice plate5

of the canopy . Further , ligh tning punch -through of the canopy is an

unlikel y occu r rence , arid the addi t ion of a l ig htning pro tec t ion  dev i i~e is
unnecessa ry.

The F - l’3 tests were conducted on polvcar bonate mater ial . A mock-up

canopy emp loy ing 1/ 8- inch th ick po lyc a rbo riate mater ia l  and an ac tua l  F- l :~
canopy we re both tested . No punch-throu gh was encountered for ’ the unpr,’i-

tected ca nopies as we ] 1 as for the canop ies equi pped w ith var i ous inter-

na 1 and ex te rna l  ii ghtni rig d ive rter c rotect ion meth ods . \ s no —ou t or

surface e lec t r i ca l l y conducti ye coat i  rig for rada r’ C roSs  sect  ion c a n t  i’d

was riot inc luded in the F- 15 t es t s .

The F— i 5 test program also investi qa ted interna l e l e ctr i cal di ‘-.chn rge

strearnerinq from the pi lo t’ s seat and helmet. The in tens i t y  at ’ t he
streamerin q was compared with the s park i ntens ity from a known low ennei’ iy

source. The conc luded impl icat io n was that the interna l st reame ring was
lower in total energy than the arc from a s ta t ic  spark comm~n 1v r’!ico uni t t’rt’d

on a dry day when w al k lnQ on a nylon carpet.

The above discussion relates to the direc t attachment of the m i t  n a l
f lash to the canopy area . The canopy may a lso be exposed to the act ion
of swept stroke lightning (Reference 4 ) .  Since the act ion of swept st roke
li ghtning is expected to be less severe than a direct s t r i ke , the F— 1 5
tes ts should represen t a ~~rse case than swept s t rok e lightninij
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When an e l e c t r i c a l l y conduct ive coat ing,  suc h as used to contro l the

radar ref lect ion from the canopy area - referred to as rada r c ros s sect ion

( R CS)  contro l — is used t o  cover the whole canopy area , the i nter ac ti on

of the canopy w i t h  the ii qhtning w i l l  be nodi f led from that of a clea r
canonv , The F-b 5 tests lead one to expec t  that a ful I conductive coat i rig

would not stress the insul a t i on of the canopy more than occurred when t ie
iii ternal d i v ec t o r  s t r ips were emp loyed during the tes ts .  The conduct i ye

coat in g ~qould be exo ec t ed to produce a less concentrated f ie ld  cond i t i o n
and , therefore , a lower dielectric stress on the canopy mater ia l .  Howeve r ,
t h i s  I ~, ~n i i  fr ’ r ’ n ’ ’ l  cor ic lus ion , not a conci usi on based on the actua l tes t .
Other too to n ’s , discussed later , niii ght poss i bb v cause other’ sen ous probi ems .

The presen ce of a to ta l  —coverage RCS conduc t i ye coat I rig,  if pro perl \

grou n ded t o  the j i  rfra ir re , should a l te r  the pre—st n i  ke electric fields

u n d e r  t he  conocy . Since el e ctr i c field s are ver~ easily arid e ft e ctiv ol v

shielded , anne miqht expect no internal stre amer inj of  the type noted

during the F-iS t e s t s .  This e l ec t r i c  f ie ld sh ie ld ing  should be maintained

dur ing the actual li g htning flash to the canopy , assuming the RCS coating

remained an active sh ie ld  during this t i ne .

~\n RCS co a t in g is not expected to be an e f f ec t i ve  mag netic sh ie ld  to
the fields of the lightning flash even though the canopy nra v not be

punctured by the l ightning act ion (Reference 4 , A poendi  x 8). The i n t e n m - ~e

magnetic f ie ld of a l ig htning f lash alon g the outer surface of the cano py

to the fuselage can be expected to induce la rge currents in any nearby
metal conductors that rudy form a closed co nductive loop. These currents
can cause local ized sparking arid even molten meta l droppings when r ’ e s i s t r v e
contacts form the closed ioop path . Shock h a z a r d s , not nec es s ar i l ’~ lethal ,
may a lso  be present w i th in  the cockp it due to vol tage drops along conductors
carrying the direct or induced li ghtnin g current. Direct field exc itat ion

of the pilot ’s body appears possible and mi ght result in an electric shock

sensation .
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Specif i c  documentat ion  of these adverse magnetic field phenomena are
not avai lable for aircraft lightning incidences , but  they have been
encountered by Douglas personnel when working with laboratory generated
simulated lightning. The translation of these laboratory experiences to
an aircraft environment appears reasonable.

Other aspects of high current lightning involve the high pressure
shock wave that accompanies the discharge , and the mechanica l effects
that accompany very high current , fast rise time li ghtning current paths .
Wor k on this and rebated programs indicates that these two lightning
effect areas may have been overlooked during past canopy lightn i ng
investigations .

The comp lex mechanical interface between the fuselage and the canopy
of a fighter aircraft may include design features which might i n h i b i t  the

safe passage of hiah current lightn ing. The canopy , or large portions of
the canopy , must be capable of separating from the fuse lage both for
normal ingress and egress , and for emergency egress. Furthermore , the
canopy-fusebacie interface frequently forms a pressure seal to retain
cockpit environmental air pressure during fli ght.

The pressure sea ling and mechanical latch system reduce the low
resistance conducting paths between the canopy metal frame and the fuselage
to but a few finite points. These mechanica l restrictions produce a highl y
indirect electri cal path for the lightning current. These path restric-
tions force the lightning current to seek a more direct path with
attendant large mechanical forces being exerted on the structura l members

of the path . In practice , the discharge may divide between both types of
naths . The result can be a barge shoc k wave from the arc and large mech-
anical forces developed by the multiple-direction magnetic field inter-

actions. Either or both mig ht be highly detrimental to the mechanica l
and pressure integrit y of the canopy-fusel age interface.
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Still another area of potentially serious concern Is the effect

magnetic pulse fields and arc -created shock waves may have on the detonating

systems frequently used for canopy emergency ejection . It Is strongly

recomended that the possible effects of li ghtning on the safety of these

ej ect ion sys tems be thoro ughly investi gated before a specific desi gn is flown .

If initial stroke of swept stroke lightning were to f lash across an

aircraft canopy without puncturing the canopy the localized current density

in a buried RCS coating would be expected to reach potentially high

destructive levels. Significantly higher currents could be expected in a

direct strike . Because of the resistance of an RCS coating, localized heating

and possible destruction of the RCS coating may occur . Additional i nfor mat ion

on t h i s  subject  may be found in References 4 and 5.

From the above d i scuss i on , it is evident tha t it would be highl y

des i rable to totally divert any lightning strikes from the canopy area .
This does not appear feasible for the aircra ft as now configured . The
magnetic field exposure of canopy equipped airc raft appears to be an
occupationa l risk tha t must be accepted , although some reduction of the
results of exposure appears reasonable. Fortunatel y, the probability of

a lightnin g attachment to an aircraft canopy is relatively bow - but

possible. Snecific cock p it designs should stress low exposure of the

cr ew and systems to the effects of magnetic induction f ie lds.

Li ghtning Requirements

The most specific requirement for lightning protection is found in
Specification MIL-B-5087B , Amendment 2, 31 August 1970, “Bonding, Electrical ,
and Li ghtninq Protection for Aerospace Systems ” .

“Paragraphs 3.3.4 - Li ghtning protection shall be provided for all
possible points of liqhtnino entry into aircra ft and shall be proven
by test . The entry points include but are not limi ted to the following:

h . Canopies

40



I-

Mo speci f ic canopy lightning tests have been made or are planned H

for the F-l6 by Genera l Dynamics . Instead , extensive testing by ~1cDonnell
Douglas on the F-l5 has been used by Genera l Dynamics for app lication to
the F-l6 because of the similarit y of the electromechanica l confi gurations
of the two aircraft in the canopy area .

Lightning Design Reconiiiendatlons Li
When the tactical use of an aircraft permits , it is recommended that

no metallic conductors be placed within , and on or near the inside of a
canopy . This precaution and the use of a good dielectric material of
adequate thickness should help to reduce the prob ability of light ning b
attachment to the canopy, and the possi bility of related induced current

and voltage effects.

When circumstances dictate the use of conductors , suc h as an RCS
coating on or within the canopy , special precautions are required to
reduce the probabi lity of lightnin g related problems . First , the design
and development schedule for the aircraft should provide for thorough
investigation and testing to determine the presence , extent , and cure of
possible li ghtning rebated hazards ,

The •~resence of a conductive coating will increase the probability
that a li ghtning flash to a canopy will hug the surface of the canopy as
it seeks a coi~ductive path to the fuselage skin. This close coupling of
the flash path to the canopy surface may increase the possibility of the
flash path entering the complex electromechanical interface between the
canopy and the fuselage rather than arcing directly to the fuselage skin.
The more confined and conforming the flash path , the greater the damage
caused by the shock wave and magnetic interaction accompanying the flash
than if the flash were free to travel directly to the fuselage.
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It is very difficult to precisel y predict the patn that l iQht ni ng

night take i f  it were free to choose a path over a canopy to the fuselag e .
Ho~,ever , use ~f diverter s t r ips  mig ht be a poss ib i l i t y  to enhance the
probab i l i t y that li qhtni n q to a canopy area would fo l low a predetermined
path to the fusela ge . This path could then be g i ven sp ecia l des i gn atten-

tion to reduce the probabilit y of serious damage. The diverter strip has

the effect ~f attractin g the localized attachment of li qhtnin q on a dielec-

tric area and then conducting the lig htning current in an ionized plasma

above the  dielectr ic to a predetermined safe area on the fuselage. The
diverter stri p method has been successfully used on radomes . Its ase on

cano pies has also been investigated (Reference 6 ) ,  but not on electric a ll y

coa ted canopies . The presence of the electric al co atin g ni ght  al t er the
are-strike electric fields and effect the action ~f the diverter st r i c .

Further inves t i g a t ion  and tests would be reqni red . If d ivorter str i~’s

are not feas ib le , the ent i re canopy - fuse 1 a go j o i n t a r t a  nius t be ~1o~ i gnnoo

to permit the direct , safe pass ooc of very hi gh l i o ht n in g d is ch~u’ge

currents . Every effort must be made to provide a direct path froi n t ot

canopy surface areas. If the canopy-fusela ge joint is utilized , the

probability of structural damage is greatl y increased .

Radar Reflection Control (RCS)

RCS Con tro l Technical IJiscu ssion

The technical intent of RCS control is to substantially reduce t~ie r’adar

signal reflected from the airc raft and to reduce or eliminate i d e n t i fyin g

characteristics of the remaining reflection . The area of an aircraft covered

by the canopy presents many surfaces which can produce strong radar reflec-

tion s. The ideal , but presently impracticab le , solution would be to absorb

all of the radar energy which reaches the canopy area . An alternate . il nan ’e

practicable solution Is to coat the canopy with a highl y conductive but

transparent coating which will reflect the rada r si gnal rather than allow

its two way transmission into and out of the cockpit area , as is the

general case for clear canopies . Experiments (Reference 4) have shown

that adequate refbection at many radar frequencies can be achieved if the

windshield Is covered with a conduc tive coating having a surface resistiv ity
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of as much as 30 ohms per squa re . A lower res i s t i v i t y  i s  des i r a b l e , but a
pract icable balance between low resistance and hi gh light transmission

pla ces the coating res is t i v i t y  at around 10 to 15 ohms per square .

The RCS coating should be void-free and cont inuous down to the edges

of the canno p~ , whenever other cons tra i nts are no t o f overr idi ng i mportance .
Because of tue fra gile nature of nm st hi ghl y conductive transparent coatin gs
tue y are not plated on the outer surface of the canopy . They are us uall y
loca ted an an intern al surface of a multi-layer canopy so that both the

outer and i n n e r  surfaces are protected from scratches and abrasion .

The ~CS coatin g w i l l  be an effective radar reflect or even i f it is

not grounded a the a i rcn’a t no t ab fusel age because t a wa \ol ~flt i th a t i e

rada r sig n al i s  usua l h very snu b 1 comnared to tne 1 inear d inn en s i ’n~ a~
t u e -~CS coat in g . Houover , t ne ci actri ca l m t  1 i ; c nce at n coo lao tn c
cha rg ing and I ig u t ni i no dictate a safer inst a 1 lati on if tie ~CS c o a t i ng
is ful h grounded to tu n e a nrc rjft structure . An unorounded ~CS coatin g

coul d reach a ca t oui ti al of many thousands ~f v o l t s ;  e l e c t r i c a l  a rc i ng  t o

nearb~ s t r u c t u r e  w o u l d  occ u r .

~rounid i rig of  t ho ~CS coat int l snoul 1 be accomp 1 1 sned i \  aro l ~ ‘ng a

pen nhe r ’al bus to t ie coat nn ’g sun’ ta 0. T1ie bus shoul ii t han cc multi —

no in t grounded to structure by ni~ ani s of low i mped ance conniec t ions to the

ai n’c ra ~t structure . Si nice these orounds inu~ be required to carr~ hundr eds

or perhaps thousands of amperes for a few microseconds durin g a l ightning
encounter (Refecence 1), the path from RCS bus to structure must have low

impedance , otherwise hi gh voltages w i l l  he developed across the length af

the connection and s~arkinq or pilot shock may occur .

A s d iscuss e d unden the previous sect i ens on tr i heel cc tr ic  cnarg i n i

and I i qh t n i nq • i a cres on c e  of a conduct i ye RCS coat i mi under t ho out an’

surface of the ca non ’.- can provid e a benef ic ia l  elec t ro static shiel d ~or
the pil o t and cockp it equipment. The R CS coatin g also aresent s some

problt ’i ns in that it increases the areb ab il i t y  at large tri he e lectr ic

di scua rge~. and 1 l q htn i in tl attachment to the caniep ’ . surface.
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The el ec trical stress on the canopy outer surface mater ial  is a lso
increased , thus increasing the  possibility of canopy electrical puncture .

Induced current in the RCS coating due to lightning is expected to increase
the incidence of damage to the RCS coating.

The mechanical adhesion of the RCS coating to the canopy materials
may be signific antly less than the adhesion between the basic canopy
materials (Reference 7). Since these coatings and their applications are
considered hig hl y proprietary by some of the manufacturers , the possible
effect of adhesion on the overall canopy design must be considered .

n~ada r R e f l e c t i o n  Control  (RCS) Requirements

No general requirements have been found which relate to the control

of the radar cross section (RCS) of aircraft windows , windshields and
canopies . The contribution of the canopy to the total i~CS of the aircraft

must be determined for each airc ra ft config uration . ~A decision as to

whether or not the canopy must have RCS con trol measures ap plied is not

one that can be made on a weapons system basis and involves man y inn nport an it

factors in addition to the absolute cont ribution of the canopy and cockp it

to the total ~CS of the airc raft . However , for  tine purnose of t~i i s cano p’.

s tud y it is assumed that RCS control cou ld be a design require ninent.

RCS Contro l Design Reco nTnendat ions

The a d d i t i o n  of an RCS coating to a canopy can si gnif i cantl y complicate

the desi gn and qua l i f ica t ion of tile final aircraft ins tallatio n . T herefo re ,
it is recommended that RCS coatings not be emp l oyed where their need is not

full y just ified .

When an RCS coating is required . the design must provide for the

possible increase in electrical stress on the material l y ino between the
outer surface and the SCS coating. The coatin g should be constructed w’th
a periphera l el ectrical bus capable of conductin g si gnif icant current for a

few microseconds (References 4 and 5). Bus cross sections used in conven-
tional electrically heated coating should be adequate. The bus should be
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mu l tipoint grounded to the aircraft fuselage by ~ow impedance straps .

These stra ps should be two or more i nches w id e , but need not be more
than a few thousand ths of an i nc h t hi c k . The high frequency pulse current

i s conducted only on the outer surface of the strap , t h e r e f o r e , thicker
meta l does not contribute to a better conductor.

The construction of a canopy provides a metal frame to which the

transparency is joined. The frame in turn joins to the fuselage in an

i nterface that i s usuall y not conducive to providing the required low

impedance oath to the fuselage structure . The canopy tiedown points
probably represen t the best sta rting point for the location of the RCS
grounding straps , as the rema i nder of th e i nterface i s us uall y a non-
metall ic seal. Because of the electromechanical complexity of most of
the groun din g concepts studied so far , it is strongly recommended tha t

the final design candidate be tested . The test ino snould be c~ i~1 i n eJ 
- -

with tests on the canopy surface flash patn groundin g to he provided fon’

triboelectric discharges and lightning flashes .

Elec tromagnetic Pulse (EMP) Requirements

EMP requirements , li ke RCS requ i rements , are established on the ba si s

of the tactical use of the weapon system . Prior studies , Reference 1 ,

nave shown that the prima ry interaction of a windshield (on- canopy ) wit h

the EMP env ironment is with respect to the signal received by canon’.

electr ica l coatings and conducted to connected or coup led electronic
systems . Conductive transparen t coatings do not afford si gnificant

electromagnetic shielding for many applications.

STRUCTURAL DESIGN

The major techn ica l area of structura l design includes the topics
of basic structura l design , internal and external loadin g, and hail

impact. Bi rd i mpact requirements will be covered sepa ra tel y.
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The s t r u c t  ura l desi gn requ i remen t s  linu s t ho - ‘net h~ a pp l , I rig a 1
ap pi ica hle des i in loads to the appropri ate area annd ’ an - aci nt ~f tna ,nu ’~
c naft structure .

I he b a s i c  st ruc ture  sha l l  he de s i grnt ’d to -no in ta in n i ts st ‘ u~~t , r a

iflt eg ri t when subjected to the requi red 1 cad e~ tec~ s . ~- ue ~e 1 ‘u ci ~oa a

iuinpased ex terna l  ae rod , u n a nn n i c  1 ~ad ings , int e r-na b c re ss  j r i :a t ion ,
inerti a 1 oadi nig , in addi t i cnn to hail impa ct , tein parat ure— n uduced I ca~n ’’g,

s t r u c t u r a l  ca rr~- —th rou gh leads , as ap pi ic able , and 1o~ d in ~~ in c  iJental to

tue eme n’qenc , opera t non c~ the cano p~ -

Struc tura l

Structural Techn ic al Ro~ u i n-en’nen t s

St ‘u c  t un -a 1 des n gn req n e’o nt c ~ re de n’ • ad n ‘a t  n o ’  ‘‘a .0 ’~
Sen -vice Li fe and des i gn dsagt -’ based cnn the usage de ‘ ‘i or ,~ “d ‘ u~ -~ 

-

1 les pro’ .- i dod b~ the Ann Farce Li iii twa i ght Figh t ~~~‘ ~‘!a~ oc t d’

Th ese and at he r a pp l noah be Stru ctura l des ‘ iii n- t’qu 1 ‘ ‘O” t ’’l s a ‘-a :‘ro~ a’’ ad

i n  ~enera l d~ nai - in cs ~epon’t 1 t~f’Sdd’L~ , ~~o f e r~’nce 5 ) , ‘Str uc t un-a l .1t’~
, I ni

Criter ia , 1:’ ‘t a ,- c t n 10 6. This recan t a n- a ~~e n r t  S t h e  -. ‘-~.ct  , u- a 1 co~ -

cm ten - ia f~ r t rue F —lb  F n g nn ten - . t is oopl i ca h i e for t u e  st  n~ ot ~in’a I

and ana l v s i  s af the anerat i aria 1 a i rcra t . Sut’ u act  on’ u t c’ i a f ob I ~‘w - ~ a n-u

and content ef ‘UL— A—5 ~o3 se ries ni l  n t o n .  sae~~i~ cat na nu- ~ , -~e’ . 1 5 1 0 1 1  A ,

Sub iect docu nuien it is a pp l i c ab le  to both t~ia 
F _ i  nA and — l c~ a n ‘- cra ~ t -

Reference S a 1 so estab l ishes , pursuant to Ann Farc e T’C~~ Li i ‘-e’~a’u t ~,
the projected usage cat egan- I es I denti ii ed a~ t ’-a inn ing ana cor’it’gt and

further subdi v ided h~ mi s s ion t~ ne , and  ml ~c i ~n p n-~ fi 1 e I nfcr -nn a t ion

The projected a i rcraft usage resu l ts  in the fo l 1~ w i nit) des i gn -~an, ic e  11 fc

I n f o r m a t i o n :

Tota l F li ght Hours =

Tota l Number of Fl i g h t s

Total Number of Landings
Tota l Service Years =
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Doug l a s  s e l ect ed , for the cano py servi ce l i fe , 2000 hours , which

represents 25 percen t of the ai rc raft l i fe . The A i r  Force , however , has

s t i pulated that the caniep ~ nus t w iths tand two l i fet imes of pressure and
temperature cyclic conditions which w o uld be an equiva lent of 4000 hours.

lntern ai ’Externa l Loading

Pressur i :at ion Requirements

Ta oroper lv ascerta in the ul t imate pressure requi n-ed for canc’pv

si: in g , the correct app l ied pressures and tolera nces must be s ummed up.

in th~ in fcn n’mat I on fun -n is ied there seems to be a va n- i ance i n n the

u l t n uut e press ure in t er n a l plus external  ‘
~ In na’ t , t h ~ s seems t o  ster n

f rom a ca ss ib le  m isa pp i I cat io n n ~f the raqul ed l i t e r -na 1 cressure ‘ - a u u l a t c r -
a 1 ye to I e rance und er- l i - i l t c ‘‘ud i t i onn s -

~enora 1 d.na m ics ~e1’c’rt 1 cP~~ 5d ~~~~~~~~ 0”  s t a tes  t ha t the -- ~a x 1  ‘l U l l

internal pressaro ~ar the cana p’ .  closed coni d ‘t 1 On i s  12 . 4b as i - Th is is

the desi g n la n d ’  ng on the can opy

~efe rence S a 1 so def i nes t’e n it er’ia 1 :‘ n’ass un’a L’Ofld I t ion s as ~o1 1 a~~

‘~a xi “u u” tnt ernal ~‘res s un’a = 5.00 as  i

To 1 eran cc on ~eg 1a tar ~u 1 ye OJO ps i  
-

Net Internal i~ress ure 5.1 3 psi
L i mi t  Max im u n u int ernal Pi- essure 1 - x t .  10

6.80 psi
dl tima te Max imun ni Internal Pres s un ’e -

~ 1 ~50 x 6.50

= 10 .2  p si

it would app ea ”  t hat the 1 oad i  rig used inn the ~e’ier a 1 dvnaii n i cs na the—

ni~it i ca l  st ress ana lysis model c o n s i dered the OP ~~= 10 .2 psi) case ca l ’ .  -
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In running this program , Genera l Dynamics coupled the canopy model
to the forward fuse lage model . This provides the appropriate f lexible
support for the canopy . Genera l Dynamics states that the model output
includes hook and hinge loads in addi t ion to stress distribution through-
out the canopy structure .

There are , however , conditions wh ich generate a larger total
ef fect ive canopy interna l pressure than the 2P case. General Dynamics
report 16PP.178 (Reference 10), indicates a tota l limi t internal plus external
pressure including referenced port error (+1.0 psi)  of 8.8 psi l imit. It
could not be determined whether the pressure regulator valve tolerance or
magnitude was meant to be included. No value was so stated .

Appl y ing the appropriate limit -to-ultimate factor of 1 .5 results in

~ULTI~ATE = 1.5 x 8.8 psi

= 13.2 psi ultimate

It would aopear tha t  this is the ultimate effective internal pressure

at the canopy centerline at FS1S7.5. It could not be determined from the

data furnis hed , whether th i s , or a h ig her pressure , was used in the pressure
qualification of the F-16 canopies.

Based on the da ta available, the number of pressure cycles for one
transparency lifetime was defined as 1814 cycles (2000 hours) distribut ed

as follows :

1 . Subsonic cruise - standard atmosphere , 916 pressure cycles .

2. Subsonic cruise - hot atmosphere , 1 02 p ressure cycles .

3. Supersonic cri ise - Mach 1.6 - standard atmosp here , 498 p ressure
cycles .

4. Supersonic cruise - Mach 1.6 - hot atmosphere , 5 5 pressure cycles

5. Supersonic cruise - Mach 2.0 - standard atniiosphere , 219 pressure
cycles .

6. Supersonic cruise - Mach 2.0 - hot atmosphere - O~ pressure c~c les .
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The canopy shal l  be capable of withstandin g two l i fet imes of test i ng
at these operational pressures and temperatures . One l i f e t ime s hal l
consist  of the 1814 cyc les . The internal pressure shal l  be 5. 1 psi . The
temperatures shal l  va ry between 290 °F and -80°F.

The canopy shall sustain a proof pressure of 6.8 os ig  interna l air

• pressure at room temperature for 15 minutes .

The canopy shall susta in an operational ultimate pressure of 13.2

psi g at 200°F .

H a i l  Impac t

Ha il Imoact Protection Technical Discussion

The Doug las  recommen ded des i gn has an outer pl y of ‘ as-c ast ’ acrylic

wh i ch has a tens i le  e lon qa tion a t fa i l u r e  of a pp rox i ma tel y four percent.
The degree of the ck3ired duc tility rannes from the brittleness of g lass
through the intermediate ductility of as-cast acrylic to the preferred hig h

ductil i ty of s~retched acrylic. Figure 5 shows the stress -strain relation-

shi p of olass, as-cast acrylic , stretched acrylic , an d an aluminum alloy .

The use of stretched acryli c for the outer p l y is limited because of its

ten dency to revert to its unstretched dimensions when subjected to elevated

temperatures ,

Hails tone Size Criteria. MIL-STD-2lOB , dated 15 Decem ber 1973 , i ncludes
cr iteria for the hail size to be considered . To des i gn the outer panel

for a one percent risk would require the panel to withstand the impact of

a 2.1 cm. diameter (0.81 inch ) ha ilstone at an altitude of 4 to 6 ki l ometers

(13 ,100 to 19 ,700 feet), or a 1 .1 cm . diameter (0.42 inch) hailstone at

sea level . It is i mportant to recognize that these data are recorded for a

worldwide air environment . Ground environmental conditions differ , however .
These conditions are based on surface weather observations over land areas.
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In order to sat i sfy the ado pted design requiremen t for a one percent ri sk ,
encounters wi th a 2 cm . diameter (0.8 inch) hailstone must be cons ideat ’d .
In order to des ign for a 0.10 percent extreme case , a 5 cm. (2.0 In he’~)
hailstone would be cons idered ; however , this is not adopted as a design
requirement . A sun~n~iry of MIL -STD-2lOB requirements is shown in Table 3.

Risk of Hail Encounter. In Reference 10 , an ex pression wa~ derived
for the risk of hail encounter on the assump tion t ha t  no avo id in g  ac t i on
was taken , tha t the diameter of a hail cel l  or shower was 1 naut ical  m i l e ,
and that the dura t i on of a hail shower at a s ingle boca t ia n i  was 0.1 hou r’ .

~~ The expression derived was that the number , N0, of encoun te r s  pe r fbi qht .

hour with ha i l wh i ch is x inches or greater in di ameter w i ll be:

= 7 . 26 ( l O 5 )NvP
~ -

where :

N = Nunnbe r of thunders to runs per yea r on t lie ground a t  the

geographical area considered

V = A i r c r a f t  speed in  knots at the a l t i t ude  cons idep-ed

~ P = Pn-obabi ii ty of occurrence of hail of diameter x inch ”~ or

qreater dun rig the s torm at the alt i tude and geograp hica l
a rea considered . is assumed to he constant up to mid
tropo paus & ’ , and to decrease by one order of nagni tude eve r-v
10 ,000 feet above that level.

Then :
P0 lO~~

The sugges ted va lues fon- N , ml d—tr o popa use hei qht H , a n d  P 1 (the
probab iii ty a t  occurrence of ha i I of 1 inch di anneter o r’ grea tn’r ) a rt’
tabulated be low :
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Region N. H . P1
UK 15 20,000 ft.
Europe 25 20,000 ft. 1.25 x 10~
Denver 80 25,000 ft.
Singapore 100 30,000 ft. 2.~ x l0~~

Subsonic Aircraft Hail Encounter Rate (Example) - Consider an aircraf t
cruising in Europe at 30,000 feet at 500 knots.

V - 500
N —  25

P
1 

— 1.25 x 10~~
— Risk per hour  of encount e r i n g  1 i nch  h a i l  = 1 .1 x 10~~

In Reference 12 , the problem s and frequency of inf light encounters
with hail are reviewed and the results are presented for hail impact
tests conducted on a variety of test panels and aircraft windshields.
The materials tested were as-cast and stretched acrylic , polycarhonate ,
and glass of various tempers. Tests were made with 3/4 inch , 1 inch
and 2 inch diameter hailstones , Impacting at speeds up to 2 ,000 f ps.
Although these tests were of limit ed extent, the indication is that ,
as far as penetration or structura l failure are concerned , windshields of

subson ic aircraft which are bird—proof wi l l  also be hail-proof . For super-
son ic a i r c r a f t , this correlation wil l  probably also apply; however , the
specific comparison will depend on the rel ationship between bird-s peed
and hail-encounter speed . These speeds will likely fall within similar

ranges , p articularly when related to the much-greater airc raft speed .

Failure of a ply due to a hailstone Impact Is a complex process. A

dynami c load rauses stress waves to propagate through the material “plate ” ,

as well as producing an overall structural response. When the impact

-
~~ loading is sufficiently high , the propagation of stress waves throuqh the
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structura l thickness can cause failure by “sp all inci ’ . This phenomenon

occurs in the same order of time , T , t ha t  it takes a stress wave to
r -opaqate through the thi ckness ; tIi l s ti me period is appr- oxi ma tel y:

I H (a/E)~~
2

wher— e

H = thicknes s , inches

a ma ter-ia l densi ty,  lb 0c 0
/ i n . 4

E = elastic modulus

Th i s  typ e of fa I l ure occurs w ith in microseconds of the m i  t ia l
innpact and is sometimes referred to as ‘ear ly time response ’ -

Hail I~~~~ t Proteçt io  Technical R~q~i rements

No design and /or test requirement .s for hailstone i mpact resistance

are made for the F- .16 canopy . Considering the risk of bird encounter,
which is discussed in the foll owing paragrap hs , and the stringent bird

impact requirements imposed on the canopy , it is felt that hail impact
protection is adequate.

4

BIR D iMPA CT

One of the greatest hazards to an aircraft and crew is created by

the airc raft encounterin g a bird during the flig ht regime . H i s t o r i c a l l y,

up to 30 percent of the bird strikes occur in the area of the crew compart-

ment. When these strikes occur on the crew compartment enclosures , it has

been shown that the wfndshields are destroyed leaving ho les that  cause h i gh

acoustica l noise levels , the clear vision areis may be destroyed , occasion-

all y crew mennibers are incapacitated or killed , and aircraft have been

destroyed because of bird strikes .
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Bird_ Impact Requirements

The requ I rements that follow a t-c developed around requ i rements

specif ied by the Ai r  F or- ce by the contract Statemen t of Won - k and know-
ledge gained fr -o u r prior programs .

The trdnspa rency, when mated to an appropriate canop y struct ure an d

fuse] age sup po r’t structure , shal l  he capable of wi ths tandi n j  , without
penetration or causin g p i lo t  in n . a paci ta t ion , t h e  i m p a c t  , at any qi yen

1 ocation , of a four (4 )  pound hi rd at a mini nn u m n n ve l oc i  tv  of ~‘1acIi 0.53
( 350 knots) below 8000 feet (A~L) unde r tandard cold , ambient, and  ho t

temperatures .

Consider ing the operat ion a l requi rement ’~ of the F — l 6  a i r -c r-aft the
temperature extrem es expe cted are an avera qe cold temperat ure of -35 °F
and an average hot temperature of 195°F .

As a requirement of the contract a determination shall he nnnade to
establish changes to the transparenc y des i gn to meet various bird i nnipact

speeds of 400, 430, 450, 500 and 562 knot fi ight m-eqinnes . The required

geome t ry changes have been identif ied and are noted i n  Section X l .

Pird j~pact Prohahi 1 1 ty _~e~~~ ninat ion

If the F —16 mu ss ion is as sumed to be the same as the F —4 , the data
presented i n  A FflJ L-T R-73 - l03 (Reference 13) can be used to est imat e th e
probabil i ty of a bird s t r i k e  on the F- l6  canop y . This document reports
F —4 bird s t r i kes  ( l 96 5—1 ~’I72) as 9.3 s t r ikes per nnni l 1 ion fli g h t hou r-s on

the windshie ld/canopy . If the fr-ontal area of the F— b can opy (4 . ’ ’  in -
-

is proportioned to the frontal area ~f the F-4 windshi e l d ca n iopv (97~ in .’),

the F— I 6  could he expec t ed to receive 4.0 s t r - ikes per mil l  ion fli g ht h~ ut’s

on the canopy . S i . ~ ~ the l i f e  of the F—b 6 is 8 ,000 hours , the predict ed
bird str ike rate on the canop y per l i fe  t in~ is  ~~~~~
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En essence , this Is specifying that out of a fleet of approximately
31 airplanes , at least one airplane will be involved with a bird strike
on the canopy .

MAINTENANCE PROVISION S

Good maintenance practices for any aircraft system must be developed

during the initial des ign phase and must be an on-going effort . A canopy

system des ign must consider the maintenance problems associated wi th  the
transpa rency, latchi ng mechanisms , opening electromechani cal subsystems , 

- -
and hand ling provisions . The canopy and all the associated mnuechanica l
subsystems must be desi gned for interchangeability and rep la ceabi litv

requirements .

Iaint a inabi li ty

laint ainab -il ity Technica l Discussion

Genera l Dynamics has ident i f ied genera l mai ntenance requirements in
thei r documen t , 1 6PR022 (Reference 14) dated 1 Apr i l  1975 and the~ a~ pear

to be ade q ua te .

Mainta inabi l i ty  Techn ical  Requirements

Certain key a rea s must be c l ear - lv  del ineated and ~rocedures deve lc ped
fo r the maintenance of an airc raft canopy , such as the F -1 6 canopy .
Specific areas that require the development of detailed information ~nd

instructions are identified as:
Servicing - Mechanism and Electrical Components

Cleanin g - Transparency
Repa i rabil i ty of the Canopy
Ins pec t ion - S tructure and Mec han i sms
Handli ri ci - Transparency and Canopy

Installat i on - Transparency
Insta lla tion - Canopy

R igging - Canopy Mec han i sm
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Check-Out - Electrical
Sea ling - P r e s s u r i z a t i o n
Sea ling - Weather
Sealin g - Pro tec t i ve

The Statement-of-Work for the Douglas effort establishes the
fo llowing maintainability requirements:

“The time goal for a comp lete wind shield panel remove and
replace on an operational aircraft is three hours for a two-man
team using standard tools ” .

“Only dry seals shall be used for the transparency !
su pport structure mating surfaces ” .
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SECTION III
ASSESSMENT OF GENERAL DYNAMICS ’ F-16

TRANSPARENCY/SUPPORT STRUCTURE AND MECHAN ISMS

There are many contributing factors that infl uence the design engineer
during the design of crew compartment enclosures . Often the shape , weight
requirements , and aircraft performance force the designer to use state-

of-the-art materials that have not been fully developed . The design of
structural members is influenced by an initial projected number of air-
craft to be built. When a limit ed number is required , the design selection
is based on minimizing costs. This does not always lead to the best possible
design ; frequently, improved designs are difficult to implement once the
aircraft is in production .

..tiliz ing the requirements established in Section Ill and the preoises

noted above as background information , the Douglas assessment and criti que

of the F-16 canopy , mechanisms , and supporting structure designs were
based on the lates t innovative concepts and bird impact technologies .

In order to simplify the presentation of the Douglas assessments ,

the systems requirements have been segregated into major technical areas
for individual review. The major technical areas assessed by this section

are as follows :

GENERAL ASSESSME 4T

VISION/OPTiCAL

Vision

Opt ical

ENVIRONMENTA L DESIGN

Thermal

Rain Removal and Defog System
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ELECTRICAL/ELECTROMAGNETIC DESIGN

STRUCTURAL DESIGN

Pressure Loadi ng

Canopy Latching System

Hail Impact

BIRD IMPACT DESIGN

MA INTEN ANCE PROVIS IONS

Main t a i n ab i l i t y

Interchangeability and Replaceabi lity

GENERAL ASSESSMENT

Ideally the most perfect crew compartment enc losure would be one that

was spherical ~ri shape so that the pilot would be afforded adequate protec-

tion from the environments ; and yet, when he turns his head his vis ibility

would always be normal to the surfaces. Materia ls have not existed that

could be adequately formed to meet these requirements and at the same time
have a relia ble service life and acceptable aerodynami c drag.

Since polycarbonate has become available as a transparency material.

General Dynamics has utilized this material in their des ign of a one-piece

canopy in an attempt to obtain an ideal desi cu n . A erodynamic and aircra ft

performance constraints undouFtedly were decidinru factors in the outcome

of the final shane .

Pol ycar honate is highl y susceptible to attack by chem ica ls and other

environmenta l elements. As ~ consequence , the material must he either

coatea or other mate r ia ls must be laminated to the ex ter i or su rfaces to
provide necessary protection . 

- - - -- - --~---~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ A



Previously, Douglas tested , under laboratory conditions, several
coatings , and have found these coatings to be unsatisfactory . Generall y,
these coat ings check or crack under temperature/ pressurization conditions ,
and , In flight , were affected by other elements that ultimately turned
the transparency transluscent. The F-l6 windshield has a Texstar coating
applied to the surfaces to provide protection . This coating has previously
been applied to the Douglas DC-lO Wing u p  Lens Cover. To date , on a
few covers that have been monitored , it appears that the coating must be
either refurbished or replaced after about 4000 hours of service.
This requirement was established because the coating becomes eroded or
ablated due to aerodynamic effects. This cover is subjected to hig h and
low temperature extremes that might approximate the F-l6 conditions , but
the un it Is non-pressurized . Probably , the service life of the F-16

coated windshie lds can only be determined by monitoring canopies during
the f li ght te st and in-service program, Whether or not the coated mono-
li t h i c  t ran s parency is more co st-effective than a laminated transparency
has not been determined .

To date, Sierracin has formed both 3/8 inch and 1/2 inch thick mono-
lithic canopies for application to the F-16 aircraft. Texstar has formed
both 1/2 inch , 5/8 inch , and 3/4 inch monolithic canopies for application
to the F-l6 aircraft and bird test programs .

The transparency installation to the canopy frame is made with wet
sealant. This approach is messy , time con sum ing to accompli sh , and
requires ideal temperatures above 70°F for 72 hours . A dumb-bell type
seal was desi gned by Douglas for “dry—seal ” installation that wi l l  greatl y
reduce the installation time for the transparency . The seal between the
structural fairing and the transparency was replaced with a ‘dry-seal ’

(see Section XI ) .  The dumb-bell seal concept has been successfull y u sed

by Doug las on the C-l33 , DC-B , OC-9 , DC-10 , and YC- l5 aircraft windshields .
Boe ing , on some of their comercfal aircraft , and Rockwell International ,
on their B-l aircraft , have a lso used the dry-seal concept for windshield
installations .
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VISION/OPTICAL

Vision

Genera l Dynamics (GD) has established vision diagrams for fighter
aircraft based on the F-l6 structural arrangement and its aerodynamic
requirements . These vision diagrams , shown in Figures 6, 7 and 8 ,
as supplied to Doug l a s , conform to the requirements of MIL- STD -850B
for fi ghter aircraft except that the F- l6 down vis ion at 20 degrees azimuth
is 15 degrees instead of 20 degrees. The F-l6A conforms to MIL-STD-85 0B
as shown in Figure 7 and as described below :

1. At zero through 135 degrees azimuth , 90 degrees up v is ion is
provided . At zero to 2 0 degrees azimuth , 15 degrees down
vision is provided , increasin cu gradually to 28 der~rees

down vision at 30 degrees azimuth .

2. The vertical angles of clear vision in the area between
30 degrees and 90 degrees azim uth increases qradu a f ly
from 28 degrees down to 40 degrees down at 90 decrees
a z i mu th.

3. The vertical angle of clear vision will decrease from
40 degrees down at 90 degrees azimuth to 23 degrees down
at 135 degrees azimuth.

The F- l6B configuration con forms to MIL-STD-850B as shown in
FIgures 7 and 8 and as descri bed below :

1. At zero degrees azimuth , down vision is 3 degrees up
instead of 5 degrees down . Up vision of 12 degrees is
provided .

2. At 20 degrees azimuth , 12 degrees down vision Instead of
20 degrees is provided .
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3. At 30 deqrees azimuth , ~() degrees down vi sion instead of
dS detirees , Incredsing to 40 degrees down vis ion at 90
degrees azimuth Is provided .

4 . The ver t ica l  angle of clear v ision w i l l  decrease to ‘3 deqrees
down vision at 135 deqrees a :lmuth.

The extent of the  down vision in the aft fli ght station would he

increased by ill ov in q the design eve postt ion outboard as is allowed

by ~ I - ~1 —~ ‘.~Th ; hover • the o~~ct amount o~ improvement co uld not 14’
c t l  cu l .~ted from the information ~i v a  ii ahi e.

H ead lea rant -e

Th~ •‘~i r Fo rL -~’ Pt’s lqn Handt ook~ d~ l 1 I~~~i t t ’ o ot head c lC ’i?~,tfl~ 0 to the

ns ide ~ the cano py . Tho curt-on t F - it~ Jo’~ 1 4 1 1 1  ~ I ol i o-~ ho 10- I i c  h
ni 11 I titum ra4l i u’~ head ci oirai ice t ’iivo I 014’ ‘~Ot ’4 i ied ~‘. ~J ~( — ‘ ( PN’~ 1

~‘v app ro~ I i~~t to 1~ —
, 1 n. he’s . It uats t t4’ poInt ‘d on , ho~~t ’’~ c’ , t ~~i t’~-o -

d~ flS\UI ic snii requi i-on4’n I - -‘ to moot t ho a r~ r .~ t ‘or rn,’ 0 r.ic - r 1 s t

p H i  iiht a l , iV O di  ctatod th 1 s ‘~lhIpo in tht ’ C ’V ( ’lI t ~ ~‘~i t .1 c h , I i k J i - I ‘,h~i~~t’ a ’ 4 ’U 1 ~1

n o t  c. iu- ~ ’ ~in 1t ’r lvn im Ic prohi em , it I h V HO, ‘ IHOIl ( l( Y ~ I~~

I nvo~; 1 ~~ t ion -

•\ lt~’rnate Pt ’c~~iifl

— \s a port ion of the Winds iii eli1 Technol 0’) v Oeinoii t rat or Pro ~‘- ai ” ,

invest I qa t 1 ye studi es were conducted reqard 1 nq a I ~uni t~ited -c anopv . the

add I t ion o t a Now frame , and a t I s i’d winds h It’ 1 ~I to fl , ,i Hi 0 t 0 O il  0 t

These dec i qn concepts - i ? ~ t ’ ad,lresce’d In sect on \ I -

O pt 1 c a 1

Th~ F — l t ~A/ t~ cockpi t  v i s i h ~l i tv for the p i l o t , of l~ ~l oqrt’e-~ down

over t he’ nose ind 40 deqrt’ec doWn ov e r the side , is c ’ ‘~ ce ll en t . in t he

orworl dir ec t ion , the on lv obstruct ion above’ th e’ 1 ‘~ de ’iirt’e’ dow n i no

I s  the support structure for the qun siqht coinHner plate. Ilsinq a st a t i c

- --~~~~~~ &
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nominal left and right eye position , this structure will tend to obstruct
one eye when viewing approximately 6 degrees to the left or right. In
actual practice the pilot does not maintain a static position for his eyes ,
except possibl y when receiving a reticle display from the gunsight , and
will tend to look around this structure .

Elimination of the gunsig ht combining plate is feasible by projecting
the re t i c l es  on to the canopy surfaces. This method enta i ls  a redes iiin
o~ the displa y unit optics, the computational log ic and possibl y the use

of sp eci a l coatin qc on the canopy surface. This approach is further

cori p li ca te d becaus e of the doubl e curvature shape of the canopy . There- P
‘ore , t hi s a pproa ch  is not reco n~iiended because of the larqe development
- m d  i e s i qn  c o s t s  invo lv ed .

r~~~(.1 ,fp canop y de siqn consi~ ti no of a sim ile , re1a t ive1 ~ Lbl in 21v

:‘rovidec i hi qh lum inous transmission capabilit y . The double curvatur e

5 ’I i O O  , ui~!Or~una tei y , orovides a built —in geometrical ~Ievi ation for a ll

I i~ ht  rays  en te r int i  the cockpit. Visual siqhtin q s thr ouqh the transp arency

are i e n er ’f l ,  not a f f e c t e d  i f  the devi ation is less than app roximatel y

1 -~~ : n i f l n t ,’ — , of a rc (0.203 ml i i i  radians) for binocular vi sion of an object

~s noted in Soct ion II , a change in slope of the inner surface of 0.1

~
:Pi iret ’ with respect to the outer surface produces the above deviation for

t 4 it’ 3-degree up vision angle. Althou gh this deviation was computed ~or

flat surfaces , a comparab le deviation will occur when the entrance and
1’~ it normals are --anparal lel  due to the double curvature .

A ddln q a qunsi qht combining plate produces a requirement for tiqhter

devi at ion toler ances. The F-16A/B requirement for 0.003 mi lliradians

maximum and 0.001 radian RMS , over an aroa defined as +6 degrees in

azimuth , 3 degrees up and 15 degrees down may not be achievable over the

entire area due to shape geometry and when measured for each eye rather

than a nominal Cyclo ps eye.
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ENVIRONMENTAL DESIGN

The enviro nmental design considerations include thermal design of
the canopy , rain removal , and defog system .

Therm al

Reference 3 states that the maximu m temperature for the forwar d
portion of the F-l6 canopy is a soak at 160°F followed by 10 minutes
exposure to 290°F. This condition produces a temperature of almost
190°F on the inboard surface of the canopy at the end of the 10 minutes.
MIL-E-38453A states that Inboard surfaces of aircraft that are accessible
to the occupant must be maintained below 1 60°F. This dictates that the
canopy must be of a thicker material than the present canopy .

• Ra in Removal and Defog System

The rain removal and defog systems designed for the F-lb appear to

be adequate to perform the job Intended.

ELECTRICAL /ELECTROMAGNETIC DESIGN

The present General Dynamics design of the F-l6 canopy does not
include any provisions for electrical anti -icing, p-static control ,

l ightning protection , RCS contro l and EMP contro l The la tter two
areas are not covered because SPO requirements for their inclusion do
not exist.  The General Dynamics decision to not include p-stat ic  control
and lightning protection appears to be consistent with the design objec-

tives of the aircraft , and this decision Is substantiated by test data

and experience on similar types of aircraft .

Although the investigations of this canopy design optim ization
program support the prior F-16 program decision not to apply lightning

protection to the canopy , there are two areas of lingering concern . The

first relates to possible electric shock from corona current iniuediately

preceding and during a li ghtning strike . The second relates to the

effectiveness of the groundin g path to the fuselage when surface current

discharges over the canopy to the fuselage .
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The Mc D o nn e l l  Aircraft Co ., tests (Reference 6) and opinions of other
lightning effects specialists indicate that the corona current is of
insufficient amplitude and duration to cause a real electric shock
hazard . However , the reflex reaction to even a minor electric shock
might have a detrimental effect on a pilot when he is alread y under hi gh
stress due to the problems associated with fly ing in a thundery environ-
ment. The determina tion of whether this concern is a practical problem
is beyond the scope of canopy design . It is raised here so that the
Air Force may conduc t further investigation if it appears to be warranted .
There are electrical design measures which are believed to be capable
of reducing the internal electric fields to significantly reduce the
possibility of electric shock. However , these design measures do not
appear to he necessary , on the basis of present information .

The current path between the canopy surface and the fuselage appears
to be random and perhaps unp lanned. Since the current during a li ghtnin g
strike can reach peak values of 200,000 amperes or more , the acoustic
pressure wave and the electromagnetic field forces can he very high. The
possibility of unacceptable damage from these forces appear s to need
special investi gation , including actual testing of the canopy and Inter-
facing aircraft structure . The electromagnetic interference (EM!)
possibili ties of the high discharge currents should also be investigated
during EM! evaluation of the aircraft .

The present ev~luation and test program for the F-16 (and most air-

craft) does not have a category wherein the lightnin g origin ated

electric shock hazard to the crew is evaluated . Past industr y test
approaches have concentrated on high voltage testing of canopies. l ab-
oratory equipm ent limitat i ons appear to have inhibited the evaluation of
the potentia lly hazardous effects resu ltlnn from the very hi gh magnetic

fields which m ight be present in a cockpit when real liqhtn inn flashes

across a canopy. It is stron~1v recornended that test limitations t o

overcome and that o tensive anal ytical and test evaluation of the shock
po ssibilities he investigated. If actual proHems are confirmed , correc-
tive action should he taken imediately.
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STRIJCT IJ RA L DESIGN

A review of the F-16A Canopy Stress Analysis , General Dynamics ’
Report 16PR263, (Reference 9), would indicate that adequate design and
positive margins-of-safety exist In the canopy support structure and
hardware.

Pressure Loading

Load factors for design of the F-l6 canopy are defined as follows
(Reference 9):

1. Limit: The pressure differential between pressurized portions
of the structure and the ambient atmosphere shall be 1.33 times
the maximum attainable combined with the l oads due to around
pressurization tests.

2. Ultimate : The limit -to-ultimate load factor is defined as 1 .5.

These load factors are considered to be adequate for design of the
F-16 canopy .

The Genera l Dynamics ’ F-l6 Transparencies Critical Item Development

Spec ificat ion , 16ZKOO2A (Reference 15), specifIes the followin g loadin g

c o n d i t i o n s :

1. Ultimate internal pressure:

13.2 psi at 265°F outer surface temperature

and 190°F inner surface temperature . (Hold pressure

for 5 seconds).
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2. Ult Imate external pressure
8.5 psi at 245°F outer surface temperature and
150°F inner surface temperature . (Hold pressure

for 5 seconds).
3. Internal cyclic pressure

200 cycles at 8.0 psi , maximum temperature
200 cycles at 5.7 psi , minimum temperature
600 cycles at 8.0 psi , room temperature .

The General Dynamics F-16A Canopy Stress Analy sis , 16PR263 (Reference
9), specIfies the following loads as noted in Section II of this report .

5.10 psi maximum internal pressure plus tolerance on
regulator valve.
6.80 psi limi t maximum internal pressure
10.2 psi ultimate maximum internal pressure .

Reference 9 also states that the design loading on the transparency
is internal pressure and that the maximum internal pressure for the canopy
closed condition is 12.45 psi ultimate .

The discrepancy between the 13.2 psi noted in the Reference 16 and
the 12.45 psi noted in Reference 9 Is not explained .

As noted in Section II of this report , Douglas calculated 2000 hours

as the service life for an F-l6 canopy and 1814 cycles as one canopy

lifetime . The temperature varied from between 290°F and -80°F. The
loads stated above for the cyclic requirements appear to be conservative.

The margins of safety for the stresses due to pressure loading were
determined by a series of tests (Reference 9). These tests were both
static and fatigue and were conducted at 225°F, ambient , and -20°F

temperatures. The test loads were 383 lb/inch design load and 575 lb/inch
ultimate load. - These l oads exceeded the requ irements establi shed by
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General Dynamics. The edge attachments were identical to those used on
the actual airplane. No failures were experienced accordin g to
Reference 9.

Canopy Latching System

It was not clear from the material s received by Douglas whether any
consideration was gi ven to the deleterious effects of wear in the actua-
tion and latching system. MIL-A-0088668 (USAF) states the following :

“3.2.8 Wear Endurance. Excessive wear of structural
components . . . which would interfere with function of the
part shall not occur .

It appears that the design of the latching and actuation systems will
meet the requirements of MIL-A -008866B. The detail parts in the systems

that are subject to wear are made from PH 13-3 MO stainless steel material .
Only in-service experience will determine the wear endurance of the various

components of the systems.

Hail Impact

It was not clear from the data received by Douglas whether any con-
sideration was made of possible canopy problems due to hail impact.
Military Spec i fication MIL-A-008866B (USAF) states the following:

“3.2.9 Other Durability Considerations. The contractor
shall develop and apply criteria for other durability considera-
tions such as foreign object damage and special environments
such as runway debris , sand,gravel , ra in , hail , and lightn lna
strikes. These considerations can arise due to air p lane

configurations , operations and substandard runways , or special
atmospheric conditions. The criteria for these durability
considerations shall require approva l by the procuring agency.

6.2 Definitions.

12
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6.2. 1 Durabi lity . The ability of the airframe to resist
cracking , . . . corrosion , therma l d eg r a d a t i o n , delLmination ,
wear , and the effects of foreign object damage for a specified
period of t ime. ”

The Douglas recomended design criteria considering hail Impact is
pre sented in Section II of this report.

~IRD IMPACT DESIGN

Previousl y, General Dynamics performed bird impact tests on 0.50-inch
monolithic polycarbonate transparencies (Reference 16). The testing was
conducted at room temperature and the maximum speed tested was 350 knots
with a four-pound bird . The impact point was eye level , centerline . The
transparency deflected approximately 7 inches over the pilot ’ s head.

-4

The bird impact tests conducted as part of this program and described
in Section VII of this report , proved that the current F-16 coated
monolithIc 0.50-inch polycarbonate transparency was not capable of

defeating a four-pound bird at an i mpact velocity of 350 knots. The
maximum obtainable impact velocity was established by tests to be slightly
higher than 165 knots at a temperature of 75°F. The minimum thickness
required to sustain the impact of a four-pound bird at Location A for
350 knots , and limit the deflection of the trans’,arency above the pilot ’s

• head to less than 2 inches , is 0.76 inch , as determined from the test
data presented in Section V II.

MAINTENANCE PROVISIONS

Generally, the concept of maintaining an aircraft canopy such as the
F-l6 canopy must be an all inclusive effort to define all potential main-
tenance i tems . The maintenance item s that should be considered Include :

• Removal and Replacement of Canopy

• Removal and Replacement of Transparency In Structure

_ _  - - - --.5- -
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• Servicing Mechanical and Electrical Components
• Cleaning and Repa i rability of the Transparency
• Preflight Checkout

• Postfliqht Checkout

Considerations for these items must he defined In terms of both
maintainabili ty and interchan geability .

?4aintainabil ity

It appears that General Dynamics has covered the most important
maintenance i tems , but , in severa l different documents . These documents
should be reviewed and combined into one documentation in the interest
of saving time in either a shop or on the flight ramp .

Since the Air Force has become more aware of the costs of maintainin g
airc raft, cost of parts and turn-around time for installations , Douglas
recommends dry-seals to rep lace -the wet sealant appli cations between the
canopy structure and the ~.ransparency , at two places , to reduce the m ain -
tenance man-hour installation time .

The monolithic po l vcarhonate canopy must have a orotect ive coat inc i  or

exnosed surfaces. During pre-fli ght the transparency must he cleaned by

exoerienced crewiien , exerc isin g care , so that the protpctivr’ coatirci is not

damaged . Scra tch damage tolerances must he established for the coati no t~i3 t

will provide nu -idance in ~‘akinq a determination when the transnarencv rei\lc

repairing . It is recommended that General Dynamics and Texstar develop
repair kits that would be available to crevm~en. The repair kits should
inc lude instructions for applying material to cover the scratches ; and
thus provide the protection required for the polycarhonate . Subsequently,
a determination would have to be made reiardinq pilot acceptance of numer-
ous repaired scratches and erosion from a visibility/optical s t JnL ~poi~1t.

ñ procedure should tie developed regarding the degree of erosion and/or
scratch repairs that are acceptable for continued flight versus removing

“- - -- .5~- ~
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the transparency and recycling the unit back to Texstar for scratch
removal , coati ng removal , and coating replacement. Probably the life of
the part would have to also be considered in a cost-effect manner versus
the remaining expected life of the polycarbonate after refurbishment.

Interchangeabi lity and Replaceabil ity

It Is assumed that General Dynamics has demonstrated interchangeability
requirements between the canopy structure and the transparency . The
draw ings for the respective pa rts have been reviewed , and It was found
that each part has oversized holes for the attachments that should assure
interchangeability .

An F-1 6A transparency replacement time study was performed during the

bird impact tests reported in Section VI!.

Two methods of replacement were studied . The first method consisted

of remov ing the transparency/canopy unit from the test fixtures (which

simulated the aircraft) and then removing the transparency from the canopy

frame . It required fot~r men (General Dynam ics personnel ) 6 hours elapsed

time to replace the transparency and install the canopy/transparency on

the test fixture . This time did not include curing time for the wet

sealan t required to install the current F-16A transparency . This system

of replacement involves the mechanisms , latc hes , ac tuating system ,

al i gnment problems , and clearances on the cano py latc hes.

The second method of transparency replacement was to remove the trans-
parency from the canopy frame without removing the canopy frame from the
test fixture . This method required two men and two hours elapsed time .
Leaving the canopy frame on the aircraft eliminates disconnecting the
actuating system and reduces alignment problems .

The time goal for a complete transparency removal and replacement on
an operationa l aircraft is three hours elapsed time for  a two-man team

using standard tools.
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SECTION IV
TEST PLANS AND REPORTS

The Windshield Technology Demonstrator Program is a generic program
aimed at reviewing all aspects of transparency design concepts , systems
requirements , maintenance , reli ab ili ty and cost of ownersh ip with direct

app lication to at least two A ir Force aircraft .

The program was an all-encompassing effort directed toward specific
objectives:

• To develop cri teria and requirements for the design and evaluation
of total aircraft windshield and canopy systems .

• To perform well-defi ned and comprehensive studies , tests and

analyses of windshield and canopy designs , structures , systems

and mate rials.

The end res ul t of the program wa s the docum entat ion of mean ingfu l
data that is beneficial to the advancement of the various technolog ies

associated with the design of aircraft crew compartment transparencies

- 
- 

and supporting structural members . Contained in this report are the
results of studies and analytical evaluations of test data directed toward
canopy design with direct application to the F~l6 canopy .

Supplementing this report are a series of reports that have been formu-

lated . A succinct description of each is presented in subsequent paragraphs.
Each report has been issued by the Air Force as a Technical Report with
“Unlimi ted Distributi on” to industry .

AFFDL-TR-76-75 (MDC J6952) EFFECTS OF LABORATORY SIMULATED PRECIPITATION
STATIC AND SWEPT STROKE LIGHTNING ON AIRCRA FT WINDSHIELD SUBSYSTEMS

This four section report contains the test plans , test results ,

conclusions , a sumary and recomendations of a program that evaluated

- -—. —~~~ —~ v_ ~ - -
~~~~.
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candidate outer n l v  material for aircraft windshields and canonies . These

~ter ials were subjected to laborator y simulated static electric char gin ci

and swept stroke li ghtnin g tests.

The potential for possible aircraft problems increases with increasing
phys ical ou ter surface area of the w i nd s hi el d or cano py. Ver y hig h values
of static charge can accumu lute on the outer insulating surfaces. When
the charge can no longer be conta i ned , e lec t r i ca l  di scharg i ng occurs ,
usuall y in the form of surface flashing . The discharge generates elec-
trical transients whi ch causes electromagnetic interference and possibl e

damage to electrica l components , depending on the system and component
design.

Methods of generating the electrostatic charge for test purposes
and the control and evaluation of the discharges are covered .

Potential damage to aircraft windshields or canopies from swept stroke
lightning was also eva l uated by subjecting test samples to simulated
lightnin g .

Neither the static electric tests nor the lightning tests resulted
in fracture or catastrophic destruction of the outer ply test samples.
Dielectric puncture of the samples was not evident , even though the test
enviro nment was very severe. Minor surface etching due to static dis-
charges was noticed on some of the spec imens while more severe surface
etching of all the glass specimens was caused by the lightning tests.

Recommendations are included which should enable the design of wind-
shield and canopy systems that are more imune to the effects of
precipitat ion static charg i ng and swept stroke lightnin g.
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A study of the effects of electromagnetic puls e (EMP ) in windshield

design was added as a subsequent study effort and the results are included
in an appendix to this report (AFFDL—TR-76-75).

AF flL-TR-76-ll4 (~nC J7173) THE fl[T[~MI~ A T I O N  OF r) EFL ECT IO N AND ST~~SS
DISTRI BUT IOr’ : FOR A LA~ IN~TED T~AN~PA RE~T PE \ :

This report documents the theor~ and procedures for calculatin g th e

elastic deflect ion and stress distr i bution of a flat , lamirated beam

comprised of transparent materials , with fixed ends or simp ly - suo ~orted

en d s , su bjec ed to a norma l point load at th e r ’id r cint of th e Neam . The

development of a computer progran us inn tOe basic theory is ~re~ e n t e~
along w i th  il lus t ra t ive examples and a “user ’ s ‘ a ru al ” .

~ne of t~ -o basic ot~ ective s of the W in j snield Techno lo~ v ~~ cn st roto r

Program was to develo? wind sh ield desi cn tec ono ’ ou~ ~ar  app l icat ~ cr to
high performance military aircraft. Pursuan t to this effort , a nee d

arose for a si -~p li fi e d anal ytical method of ra o i d l , assessin g the struc—

tura l effectiveness of car-did ate l airin ate configurations wn ich consist

of altern at i ng st ruc~~j ra l  plies and in te r la ~er
.T . Str~jctural ol~ es are

comoo se-1 of m a t e r i a l s  such as pol y c ar h o n a t e , c lass  or ~cry lic ; intorl avers

are composed of i’iteri al s ~iat I~~av he l e s s  st~ ~ hv several criers it

main itude.

A realistic method of static analysis for a ~im inited beam car rv i na

a conce ntrated load at the center , representing a bird impact, and ba v in ci

var ious types of end su ppor ts , woul d he a u s e f u l  tool . Such a meth od
should avoid the frequentl y made Bernoulli-Euler assumption that plane

sections remain plane during deformation , because shear deformations

in the soft Interlayers are large and must be considered. The sig-

nif icance of these deformations is shown experimentally in Reference 1
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of the report. Other rough assumptions that would unnecessarily diminish
the effectiveness of the analysis should also be avoided . The method
should acconviodate l aminates composed of nine l ayers or more, with different
r’~aterial properties for each l ayer.

Apparently no method meeting these requirements exists in the litera-
ture, although related work is described . Reference 2 noted in the
report contains an analysis of a three layered beam based on the assump-
tion that the angle of rotation between a cross section of the center
layer and its undeformed position is a constant factor times the slope
along the length of the beam . This assumption is considered unnecessary ,
and its effects on the reliability of the results are hard to assess.
The solution is based on the energy method , which introduces further
approximations. Reference 3 noted in the report presents methods of
analysis of multiple l ayered beams based on the Bernoulli -Euler hypothesis ,
consequently, the approach is not applicable to beams with soft interlayers .
Reference 4 noted in the report offers an analysis of three layered beams
involving simplifying assumptions which were also not considered accept-
able for the present application .

Therefore , a new approach to the problem was developed . The approach
is based on the assumption that each structural ply can be treated as a
beam to which the Bernoulli -Euler hypothesis is applicable , but no such
assumption is applied to the cross section as a whole. Structural plies
can bend and stretch , but shear deformations of these plies are considered
negligible. Interlayers are assumed to carry in-plane , or transverse
shear , but not axial loads or bending moments . Deformations through
the thickness of the beam are considered negli gible , but stresses normal
to the l ayers are assumed to exist. The equations of equilibrium and
compatibility are written . The resulting set of different ial equations
is then expressed as a single matrix differential equation which is
solved exactly.
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The analytica l results have been translated into an efficient Fortran
program . This program applies to nine l ayer laminates , which is an ade-
quate number in most cases. The prog ram can be easily extended to cover
more l ayers if necessary . Fewer l ayers can be acconinodated by intro-
duc ing negligible stiffness properties (E and G) for some of the layers.
The method applies to fixed ended beams , but the program can be modified

to be applicable to other boundary conditions. It can be applied to a
beam with pinned ends by considering a fixed end beam twice as l ong as
the beam under consideration . The data output by the computer program
between the quarter points of the fixed end beam Is applicable to the
pin end case. Extension of the method to other loading conditions
is possible.

The most significant simplifi cation involved in the analysis is the

assumption tha t deformations through the thickness are neqi la iHe. This

assumption greatly simplifies the analysis without slighting the primary

feature of windshield laminate behavior , which is the relative freedom
of structural plies to slide past each other because of the low stiffness
of interlayer materials. The only negative effect of the assumption Is

that stresses normal to the l ayers are not correctly predicted. This is

believed to be a localized effect confined to the center and ends of the
beam where loads are applied . The elimination of this assumption is a

possible subject for additional res~~~ch. An analysis which accounts
for transverse deformations might pro~tr1e data that would be useful in
defining adhesive strength needed to prevent delamination In regions of

high transverse loads .

Results of the analysis have been correlated with finite element
results and test data as described In the report (AFFDL-TR-76-ll4).
The comparisons are good and verify the validity of the basic assumption .
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AFFDL-TR-76-156 (MDC J€944) DAMPING, STATIC/DYNAMIC, A~1D IMPACT CHARAC-
TERISTICS OF LAMI NATED BEAMS TYPICAL OF WINDSHIELD CONSTRUCTION

This eight section report contains the test plans , test resul ts, and
analyses for the damping , static/dynamic , and impact beams , computer math
model anal yses and resul ts, and conclusions formulated for various mono-
lithic and laminated transparent beam specimens.

The objectives of this test program were as follows :

1. To develop effective instrumentation and testing techniques.
2. To eval uate the appl ication of strain gages for the determination

of energy transfer between the specimen lam i nates.
3. To test representative windshield laminated structures in the

form of uniform straight (flat) beam sections.
4. To determine the damping characteristics , static/dynamic resporses ,

and impact responses of the specimen beams under different tern-

perature , edge restraints , and loading conditions.
5. To use the beam parameters calculated from the test data in a

cantilevered-beam computer math modeling program .
6. To compare the results of the test program with the results of

the computer analytical program In order to verify math

models.

The method of data collection was assessed for data reduction that

could provide stress-strain relationships . These relationships would
be used for the determination of energy transfer, dynamic response, and

displacements due to specified loads .

The conclusions deri ved from the th ree major types of testing were :

Damping Beam Testing

1. These tests prov ided an effective means of gathering the re-
qui red damping parameters . These tests also provided a data
base for comparison w ith analytical results .
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2. The Damping-To-Stiffness Ratio , h , provides an effective means
for comparison of transparent windshield materials.

Static/Dynamic Beam Testing

1. The simply-supported laminate beams, with bolts and bushings ,
present a higher equivalent beam stiffness, El , than those
with the fixed-end conditions. The attachments prevent
structural ply slippage at the ends , thus providing a type of
inner-fixity .

2. For the fixed-end beam confi gurations , the single-row attached
beam has approximately an 84-percent fixity and the double -row
attached beam has approximatel y 96-percent beam end fixit y in
respect to a theoretical fix-ended beam.

3. The specimens tested all have an appro x ima te ly line ar relation-

ship with respect to applied loads 1 structural ply str ains 1 and

centerline deflections.
4. it appears that the strains w ith in a parti cular structura l

pl y vary linear ly. Specifically, after deformation of the

beam occurs , plane sections of individual plies remain p lane.

5. Beam specimens with the CIP inter layers allow the structura l

plies to behave more independentl y; wh i le the PPG -l1. interlayer

stiffens the beam , thus causing the specimen to behave relative l y

more like a monolithic beam .

Impact Beam Testing

1. This type of test was effective in providing the highest
practical strain—rate in the beam specimens under laboratory
test conditions. The strain -rate achieved was approximately
10 in./in./sec . This is within an order of magnitude of the
range of maximum strain-rates expected (50 to 200 in./in./sec.)
due to an actual bird strike .
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2. The failures of the strain-gage system appeared to closely
follow the structural ply failures .

3. Post-test observations showed the Induced failures to be of a
brittle-fracture type, typical of fractures found on canopi es
after bird Impact testing.

AFFDL-TR-77-92 (MDC J717l) EVALUATION OF WINDSHIELD MATERIALS SUBJECTED
TO SiMULATED SUPERSONIC FL IGHT ENVIRONMENTS

This report presents the test plan and the results of a series of
wind tunnel tests which were designed to evaluate transparent plastic
and glass materials for candidate aircraft windshields that must with -
stand the effects of aerodynamic heating and differential pressure which
result from supersonic velocities at operating altitudes.

The goals of this test series were to simulate the operational environ-
ment of current Air Force inventory of supersonic aircraft and to determine
the effect of this environment on selected face ply materials , to ascer-

tam its effect on the optics of selected transparent materials , and to
evaluate Its effect on specific edge designs and coatings for a glass

face ply.

The test specimens were flat and approximately 7 x 11 inches. They

consisted of two general groups : monol ithic acrylic and coated poly-
carbonate materials; laminated multi- ply polyc~rbonate composites utilizing

various face plies and edge designs. A total of twenty-two (22) specimens

were tested.

The test specimens were instrumented with thermocouples to provide

a temperature-time history. A Hasselblad camera was mounted outside

the tunnel to take sequence photographs through the specimens during the

wind tunnel testing . Another Hasselbl ad camera was used to take pretest

and post-test photographs so that the permanent optical distortion could

be evaluated.
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A realistic flight environment was chosen and used to calculate the
test environment. Because of tunnel limi tations It became necessary to
revise these test conditions to be compatible with the tunnel capability .

The wind shield materials were subjected to the modified test environ-
ment and an evaluation was achieved by appraising the face ply materials ,
by evaluating the optical distortion of the candidate windshields , both
temporary distortion and permanent distortion , and by measuring the
change in light transmission and haze in the transparent materials after
being subjected to the mod i fied simulated fli ght environment . The assess-
ment of the edge designs for the glass face ply was incomplete and it was
not possible to evaluate the coating on the glass ply.

This test series was completed In three days In the Hypersonic Wind
Tunnel (b) of the Von Karman Gas Dynamics Facility (VKD) located at the
Arnold Engineering Development Center (AEDC), Tennessee.

KG ROUND

It is apparent to the designer of supersonic aircraft windshields
that aeroc$yn am ic  he~ti nq \tronqly Influences ~ v~indshield desi~n . since —

the transp .iran t materials ‘iust he able to withstand a severe heatin~l
environment m u  still provi de acceptable optics for the pilot. Specif-

icall y, it is lnmenselv inportant ~ appraise the relia b ility ~f th e
face-ply materi al at the operational l twjts of the materials , and to
determine what effec t the ilrcraft operational environment has on the
windshie ld optics . To properly evaluate these areas , a test plan wtI s

~h’v1sed to lescribe a test environment comnarable to actua l selected flio ht
conditions.

Comparative performance , reliabilit y and capabilit y information was
desired for currently use d stretched acrylics; for a windshield cross
section comnris~’J of an acrylic outer ply, an Interlayer and a polycar-

bonate Inner ply . for exterior nrotectlve coating on polvcarbonate~ for

85

------ ~~-~~~,.------,



pre cipita tion-static coatinqs on qlass , and for edge member concepts for
glass face pl y designs .

A previous experimental Investigation , conducted by the Arnold
Lnqineer ing )eve!lopment Center provided a valuable source of information
for this test series , but did not include a cabin environ iiient and
resulted in test panel deflec tions that one would not expect to be
re a listic. To provid e rta l is tic temperature and pressure qradlents ,
a simulated cockpit enclosure was incorporated for this test operation .

AFF UL -T R- 77- ~)u •SUC Jb9SOJ lIST I NG FOR MLC~1AN ICAL PROPLRT1ES OF

t’~i~OLITUIC ~\~~
) LAMINATIL) PULYCARI3ONATL 1I.ATLRIALS

This report covers the materials, test p la ns , test resi.lts , statis ti cal
methodology , data reduction , computer proqrams , corre la t ions , and

analyses , for deterniinlnq the mechanical propert i es of monolithic and

l iminated polycarhonate materials.

Current industry tests and publications offer incomp lete and/or
inadequate information concerninq hig h-performance material properties
of many promislnq aircraft transpa rency materials. Such properties
are essential to effect ~i proper balance of structura l efficiency , safety .
and minimum wei Ui t desiqns . and to provide a solid basis for specification
contro l tests and desi gn trade-off studies . Further , i t was necessar y
that a suffhient number of tests be conducted in arriving at the desired

naterlal properties such that the values obtained are minimum guaranteed

allo wable properties for a material as processed by a specific fabricator.

Prior in dustry work in the determination of material properties was

concerned with ma terial s testing at low strain rates and moderate temper-

atures . Properties so obtained are utilizable when the critical design
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conditions are based on pressure and thermal loading only, but are not
accurate for a bird impact loading condition.

To be of maxlimim usage, the required material properties should be
generated in a test program that considers effects on the material due
to:

1. Rate of strain at appropriate testing temperatures
2. Effects of forming
3. Effects of prior thermal history of the material
4. Effects of fusion bonding
5. Effects of In-service heating and aging.

It was determined that eight series of tests were necessary to estab-
lish specific material properties of selected aircraft transparency

materials. These tests determined the effects on the material properties
when subjected to high and low strain rate loading and when exposed to a
critical temperature-time condition. Material strength properties were
determined from manufactured specimens, specimens taken from actual
Instrtsnented beam test samples and previously Impacted windshield test
parts. A series of candidate interlayer materials laminated andfor cast
In various transparent glazing constructions were subjected to various
optical tests. A representative section of the candidate windshield
edge design was subjected to a critical cyclic loading condition at its
maximum equivalent temperature, and also exposed to extreme thermal
shock conditions to determine strength and material degradation.

AFFDL-TR-77-97 (MDC J7172) STANDARDIZED WINDSHIELD FABRICATION SPECIFICATION

This report covers the preparation of a Critical Item Product Fabrica-
tion Specification (CIPFS) for a windshield design . The report format

was developed in accordance with MIL-STD-490 Appendix X.

The CIPFS document provides the performance, design , fabrication and

testing requirements for the preproduction and production phases of
producing a windshield design.
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The performance requirements cover:

• Structural
Bird Impact
Pressure/Temperature Cycl ing

• Anti-static

• Anti -icing

• Optical
Transmlss ion/Haze
Distortion/Deviation
Defects

• Electromagnetic Pulse

• Radar Cross Section Control

• Env i ronmental
Temperature/Humidity/Fungus
Sunshine

Solven ts/Solutions/Abrasions

The design and fabrication requIrem~n~s c

• Reliability

• Maintainabili ty

• Interchangeability

• Env i ronmental

• Standards

• Materials

• System Interface

• Inspection and Acceptance
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The testing requirements are bas icall y in two categories, first,

the preproduction phase that verifies that the design and fabrication
of the windshield panel meets the requlrei:ients of the CIPFS , second ,

the production phase that verifies that the production articles w i ll
continuing to meet the requirements of the CIPFS.

AFFDL -TR-77 -l4l PRECIPITATIOr 4 STATIC ELECTRICITY ANL~ SWEPT STROKE

LIGHT N ING EFFECTS ON AIRCRA FT TRA NSPAR[~CY COAT INGS

Swept stroke lightning and static electric discharges on aircraft
windshields and canopies will induce large electrical transient currents
in to the fragile transparent conductive coatings which are used for

ant i-icing , de-fogging , and radar cross section contro l of these trans-

parencies . A test program nas conducted to study possible detrimental

effects of these transient currents.

Representative airc raft transparencies were subjected to laborat ory

simulated swept stroke lightning magnetic fields and static electric
charging. Damage assessment methods included visual inspection with

norma l and polarized light , electrical resistance measurements of the
conductive coating , and therma l Inspection using a closed circuit in ’ra-
red television technique.

The results indIcated that sweØt~stroke lightning with a hi gh level
re-strike will most probably cause a failure or insti gate a failure in
a heated coating during subsequent heating cycles . The tests also
indicated that static electri c induced transients in a moderately large
transparency should not cause problems in coatings that are properl y
designed and applied . However , these same transients can initiate an
ultimate failure if visible or invisible falws are present in  the
original conductive coating .

89

.-

~

.-—- .- -.  — - -~~~~~~~- -~~~~~~~~~~ -- ---- ~~~~~~~~~~~~~~~~~~~~~ --



-— 

~~

-. 

~~~~~

- -

~~

SECTION V
THERMAL DESIGN STUDIES

This section presents the results of thermal studies that were conducted
to support a laminated canopy design for potential use on the F—1 6 aircraft.
The basic cross section selected for this program was a three pl y laminate
consisting of an acrylic face ply and a polycarbonate structural ply joined
by an Interlayer. Studies were conducted to assist in the definition of
material thicknesses , to determine the adequacy of the existing defog
system, and to provide temperatures for an edge attachment area test
program.

MATERIAL STUDIES ri

Material temperature studies were performed to: define temperature

gradients at the most severe operating conditions, establish temperatures

expected during a potential birdstrike , determine the highest rate of

material temperature change , establish the minimum allowable canopy

thickness for crew comfort as required by MIL-STh-38451~, assist In the

selection of the Interlayer thickness , and provide information for edge

to frame clearance requirements.

Temperature Gradi ents

Temperature grad ients were determined for two canopy conditions:

• Maximum and Minimum temperatures.

• Maximum and minimum temperatures when the aircraft is operating
below 8000 feet (AGL).

These studies were necessary to establ ish the material operating l imits
and the material temperatures for a potential blrdstrike.

The thermal anal yses for temperature distribution and birdstrlke
studies presented in this section are for a l aminated configuration that
consisted of a 0.875-inch core ply of polycarbonate, an external ply of 

— __________ -
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0.125-inch acrylic and 0.080-inch 5-100 sIlicone interlayer , as shown
in Figure 9. The acrylic face ply of 0.125—inch was used becau~e It was
the minimum thickness availabl e in large sheets. The proposed concept
in Section XI specified an 0.080-inch acrylic external pl y which is the
minimum acceptable thickness. The 0.875-inch thickness of polycarbonate
was selected because it is the median thickness of polycarbonate utilfzed
in the design concepts presented In Section XI. The polycarbonate thick-
ness for the concepts presented in Section XI varies fom 0.740 Inch to
0.990 inch.

0.125-Inch As-cast Acrylic

/ ,
~~~~~~~ 

0.03-Inch S-l00 Silicone Interl ayer

/ /
‘ 

_________

/ 
,,

z 

/
/ 0.875- inch Pol ycarbona te

, 
,

/ /
/

Figure 9. Cross Section of Polycarbonate Composite Canopy .

Maximum and Minimum Temperatures

This study was conducted to determine the temperature distribution

within the candidate canopy when maximum or minimum temperature conditions

occur. The maximum canopy temperatures occur subsequent to a 10-minute

supersonic cruise in “U.S. Standard” atmosphere. The “U.S. Standard”

atmosphere Is defined in Table 2A-1 of Reference 17. The maximum temper-

ature distribution is shown in Figure 10. The minimum canopy temperatures
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occur during subsonic cruise with a -80°F ram-air temperature. The
minimum temperature distribution Is also shown in Figure 10.
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Figure 10. Maximum and Minimum Temperature Distribution Through Canopy .

Grad ients for Maximum and Minimum Temperatures Below 8000 Feet

After the theoretical and operational thermal environment was developed

for the F-16, studies were conducted to determine the probable maximum
and minimu m temperatures that the canopy could experience when the air-

craft Is at 8000 feet (AGL) or below. This Is based on the premise that

the probabil ity of a bird strike above 8000 feet (AGL) is negli gible.
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The maximum bird strike temperature that the canopy could experience would
be subsequent to an emergency descent to 8000 feet (AGI) or below from a
10-minute supersonic cruise and reduce speed to Mach 0.52. The cruise
would be in a U.S. Standard atmosphere, and the descent would be to
8000 feet (AGI) into a hot atmosphere, as defined by MIL-STD-2108. The
maximum temperature distribution at the point where the bird strike might
occur is shown in Figure 11 .

11~ I300

/ Mix1~~ 1~~ pers ture

!
b00

o

0.5 1 0  

~.._ M1m: T~~~.ritur.

Thicklis u (Inchs*)

FIgure 11. Maximum and Minimum Temperature Distribution for Birdstrike .

The minimum bird stri ke temperature that the canopy could experience
would be subsequent to an emergency descent to 8000 feet (AGI) from a
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subsonic cruise at -80 F ram-air temperature at altitude , as defined by
MIL-STD-2106 , and a speed of Mach 0.85. At 8000 feet (AGL) the temperature
distribution at the point where the bird strike might occur is also shown
in Figure 11 .

Material Rate of Temperature Change

This study was conducted to determine the highest rate of temperature

change that could be experienced by the canopy materials. The maximum-

rate condition for a temperature change from hot to cold would be a

supersonic crui se In a standard atmosphere, followed by a deceleration
to subsonic cruise, with a ram-air temperature of -80°F. The resulting

temperature profile is shown in Figure 12 for the configuration shown in

Flqure 9.

300

250

200

~~~~ Inboard Surface
- of Canopy

150

(~ t sr Surface
100 .- Po l ycarbo nst e

‘- SO

/
‘ ‘  Let .rna l Surface

/ of Canopy
0

-so

.100
0 100 200 300 400 ~0O

Ti (S.conde)

Figure 12. Canopy Temperature Profile During Deceleration from Supersonic
Speed to Subsonic Speed.
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The maximum rate conditi on for a cold-to-hot temperature change is
a soak” at subsonic cruise , with a -80°F ram-air temperature followed
by an acceleration to supersonic cruise In a standard atmosphere. The
resulting temperature profile is shown in Figure 13.

of Canopy

150

F
:~ 100
a

I
‘ 50 Outer Surface

polycarbonate

0

Inboard Surface
of Canopy

.100 _________________________
0 too zoo 300 400 500

Time (Seconds)

Figure 13. Canopy Temperature Profile During Acceleration from Subsonic
to Supersonic Speed.

Min imum Thi ckness Requirements

It was determined from the analysis that a total thickness of 0.725 inch
minimum was required to keep the inner surface of the transparency below
the 160°F requirement established by MIL-STD-38453A.for crew comfort.
The minimum acceptable laminate would then consist of a 0.565 Inch poly-
carbonate core ply, an 0.080 inch acrylic face ply and an 0.080-inch
silicone interlayer.
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Tabl e 4 presents a comparison of temperatures for four laminated
configurations. These results indicate that the maximum Inner surface
temperature for the hot condition Is only 7°F hotter for the 0.750 Inch
polycarbonate than for the 0.875 inch polycarbonate. These analyses
were performed utilizing the 0.080 inch minimum thickness acrylic face
ply.

TABLE 4. MAXH4JM AND MINII4JM CANOPY TEMPERATURES

__________________ — AV.f,IS
!~ x . Surface Ml,,. Surf ca Sirds t,4k.

T~~~. (‘P) T~~~. (~~~) Ts~~s . ( F )
CinoOy Mat.r Iil rat.rna ~ Internal rxt. ’n.l Tnt .rnal ~~i1uI. Mlni m

/7-In. Pol yca rbonata 755 47 -75 0 190 —30
I .fl5.4 ~~. Acrylic
.050—In. St1$coni

S/S-In. P~iycsrbo0Ite 735 134 -75 5 155 -30
.05_In. AC~yIIC r

‘ .050-In. SllIcoøs

/ 4—I N. Mo1ycir~oneti 755 143 —7 5 10 150 -25
.08-tn. Acrylic
.050-In. Silicone

7/S-tn. Polycsr~omets 215 130 -73 13 150 -25
‘ .05-In. Acry l ic
.080-In. Si licone

Material Thermal Expansion

An investigation was made to ~eterinine the thermal elongation of a
laminated F-16 canopy. The purpose of this anal ysis was twofold:

• To determine the shear strain in the interlayer .

• To determine canopy frame clearance

The differential was based on the 90-inch length of the canopy from
front to back and half of the total expansion was applied at each end.
Two assumptions were made to complete the analysis. They were: (1) The
canopy Is In equilibrium at 7!°F. (2) The coefficient of thermal expan-
sion for as-cast acrylic follows the curve in Figure 14 extrapolated for
high temperatures.
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Figure 14. Effect of Temperature on the Coefficient of Linear Therma l
Expansion of As-Cast Acrylic.

Interlayer Shear Strain

The selection of Interlayer thickness is dependent on the shear strain
In the Interl ayer caused by differential therma l expansion of the acrylic
face ply and the polycarbonate structural ply.

Figures 15 and 16 show the maximum temperature conditIons for laminates
of 0.125-inch as-cast acrylic and 0.625-Inch polycarbonate wi th an inter-
layer of silicone (Sierracin S-b a) of 0.080-Inch and 0.100-inch ,
respectively. The dashed line graphically shows the l imits of th .~ al
extension of an uninhibited Interlayer and was based on h~1f of the canopy
length. The shear strain of the interlayer at the edge, from FIgures 15
and 16, is 1.6 In./In. for 0.080-Inch Interlayer and 1.3f n./ln. for
0.lOG-lnch interlayer. The average allowable cohesion rupture strain for

0.120 inch silicone interlayer at l95 F , low strain rate, is 1.6 ln./in.
(Reference 18).
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Figure 15. Maximum Temperature Effect on 0.080 Silicone Interlayer
(Slerracin S-b a) (Dimensions In Inches).

Figure 16. MaxImum Temperature Effec’~ on 0.100 Sil icone In terlayer
(Sierracin S—lOO) (Dimensions in Inches).

Figures Il and 18 show the same laminates for the maximum cold

conditions. The cohesive rupture strain for 0.120-Inch silicone Inter-

layer at -30°F, low strain rate, is 3.35 ‘I n./fn . from Reference 18. The

interlayer shear strain shown in Figures 17 and IS is wel l below this
lim it.
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0. 175 Ac r 0.731 0.015

::: ~~ ‘L 0.018

FIgure 17. Minimum Temperature Effect on 0.08-Inch Silicone Interlayer
(Sierracin S-bOO) (Dimensions In Inches).

t~ 
~~~~~~~~ ~~~— 0.016

0. 125 Ac ry)iç~ I
0.100 5-100 ‘~~ 

‘.
~~

I ~~~ ~~~0.OI40 .625 Po l ycarbon ats 
~~~~ o.oso -~~~

FIgure 18. Minimum Temperature Effect on 0.10 Silicone Interlayer
(Sierracin S-bOO ) (Dimensions In Inc hes).

A similar laminate with a 0.030-Inch copobymer interb ayer (Slerracin
S-b30) was analyzed . Figures 19 and 20 show the maximum hot and cold
temperature conditions for the S-130 laminate. The relative excursions
are not as great for this as for the silicone laminate , but the slope of

the angle at the edge of the interlayer , 3.5 in.fin., exceeds the shear

strain albowables for S-130 at 195°F temperature. The ~veraqe bond line

rupture shear strain for S-130 interlayer at 195°F, low strain rate, is

3.35 in./ln. from Reference 18.
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Figure 1Q . Maxim um Temperature Effect on 0.030 Copolvmer Interlayer

(Sierracin 5-130) (Dimensions in Inches).
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riQU re .‘O. Minimui~ Temperature Effect on 0.030 Copol ymer lnterlaver
(Slerracin 5-130) (Dimensions in Inches).

Ldqe Frame Clearance

A consideration which m~st always he made is the total expansion and

contraction of the acry lic with respect to the polvcarbonate. Figure l~
shows the total ~ L~rs~~~In to he 0.2~ inch for the 0.0&i~1nch interlayer .
This is expansion of the acryli c with respect to the pol ycarbonate

external surfac~’. Iterefore , the design must allow at least 0.22 Inch
for expansion over the canopy . Thl’ expansion will increase the radius ,
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which leads to bolt bending. If the bolt does not bend , the relative
expansion of the acrylic will be increased by the distance that the bolt
could have bent. ‘T he distance the bolt would have bent Is 0.139 inch;
therefore the total expansion wi l l  be approxImately 0.22 + 0.139/2 0.29-
Inch. Only half of the amount the bolt would have bent is considered In
differential expansion due to the greater expansion and subsequent com-
pression of the outboard surface of the polycarbonate, and tension of
the inboard surface.. Using the same criteria and Figure 17 for minimum
temperature, the contraction will be 0.04 Inch for a total excursion of
0.33 Inch.

DEFOG SYSTEM PERFORMANCE

No change to the current defog system was proposed for the alternate

canopy system design as the current system is adequate to provide defoggIng

whenever it Is required. Upon defog activation , most of the air being
del ivered to the cockpit for air conditioning is diverted to defogging
through the 10 slots on either side of the forward canopy . For the first

three minutes of operation the air is heated to 158°F and then reverts
back to the temperature required by the cockpit. FIgure 21 shows the

Inner surface temperature, with defog activated at the toc of descent,

as a function of time during descent through the fogging atmosphere as
defined in MIL-T-5842A. The canopy Inner surface remains above the

external ambient temperature throughout the descent. Figure 22 shows

the heat up of the inner surface if the defog Is activated on an aircraft

which has been ground soaked at -65°F. Initia l cockpit temperature is

assumed at -20°F.

EDGE ATTACHI€NT AREA TEMPERATURE STUDY

The edge attachment thermal study was conducted to support the edge
joint tests reported in Section VIII . High load concentration and the
adverse effects caused by high and low temperatures are justification
for critical assessment of materials selections during Initial design.

The thermal n~del of the canopy side edge area included the frame and
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placement of the attachments because these components affect the trans-
parency temperature . Three thicknesses of polycarbonate were selected for
the edge joint tests. The thermal study was conducted on the thinnest
section which would be the hottest edge. The laminated section analyzed
consisted of 0.625-Inch pol ycarbonate , 0.080-inch acrylic , and an inter-
l ayer of 0.080-inch silicone.

Maximum and Minim um Temperature Distribution

The maximum and minimum temperature distribution was calcul ited at
the edge of the transparency and frame area. Fi gure 23 shows the temoer-
ature distribution at the time that the maximum possible temperature occurs
at the canopy edqe . These maximum temperatures occur at the end of a ~~~~

-

minute supersonic cru i se in a U.S. Standard atmosphere. Fioure 24 ~h - ws

the temperature distribution for  the minirrum terioeratures whi~~’ .‘il ~ 0Cc jr

at subsonic cruise with a -80°F ram—air tenioerature. A thicker oo l vcar-

bonate ply would result in less severe temneratur°s .

Average Temperature Distribution

In support of the edge attachment test reriort~.l in ~n~~~ior’ VIII: ~‘ie

average polycarbonate temperatures were computed ~c~r severil ~ i iq ht cm-
ditions. The tests were to invest iqate the ed~ie ;~~~imri r~.1i i ~-i 1it ’ .~~

‘

subjected to therma l and load stresses. The follo wina ‘liclh t c.~o~1it im ns
were picked to best represent the F—16 flight reo~~~ is g iven in ~e~p , c c t
then these same conditions were simulated as described in the subseguent

paragraphs.
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FIgure 23. Maximum Temoeratures at Canopy Edge.
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Figure 24. Min imum Temperatures at Canopy Edge.

The simulated flight conditions are as follows :

1 . Subsonic cruise - standard atmosphere , 916 pressure cycles

2. Subsonic cruise - hot atmosphere , 102 pressure cycles

3. Supersonic cruise - Mach 1.6 - standard atmosphere , 498 pressure
cyc 1 e s

4. Supersonic cruise - Mach 1.6 - hot atmosphere , 55 pressure cycles

5. Supersonic cruise - Mach 2.0 - standard atmosphere , 219 pressure
cycles

6. Supersonic cruise - Mach 2.0 - hot atmosphere , 24 pressure cycles

7. Hot atmosphere ground soak (160°F), followed by a takeoff and
climb to a 10-minute Mach 2.2, supersonic cruise In a standard
atmosphere - 5 temperature cycles. See Figure 25.

A . Subsonic cruise in a cold atmosphere, followed by a l O-minute
supersonic cruise of Mach 2.2 in a standard atmosphere - 5 tempera-
ture cycl es. See Figure 26.

During the edge member tests , case Number 1 was simulated by main -
tam ing the specimen at -5°F and pressure cycling Q16 times. Case Numbers 2
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through 5 were simulated by maintaining the specimen at 75°F and pressure
cycl ing a total of 874 tImes. Case Number 6 was simulated by maintaining
the specimen at 160°F and pressure cycling 24 times.

Case Number 7 was simulated by holding a constant pressure and cycling
the chamber temperature from -65 to 190°F, 5 times. Case Number 8 was
simulated by holding a constant pressure and cycling the chamber temper-
ature from 160 to 245°F, 5 tImes.
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SECTION VI
MATERIALS STUDY

In an endeavor to select materials that could be formed to complex
canopy shapes similar to the high performance F-16 aircraft, a series of
investigative studies and tests were conducted. The requirements specified
in Section II and the thermal criteria established in Section V were
utilized to establish the criteria for materials assessments. Within sub-
sequent paragraphs a discussion of these studies and tests are noted , but
the detailed results are contained in AFFDL-TR-77-96 (Reference 18).

The determination of the mechanical properties of the materials used
In the desi gn of high performance aircraft transparencies involves a
knowl edge of the load-carry ing ability of the transparency materials under
low and high strain-ra te l oading conditions at high and low temperature
extremes. The low strain-rate (0.01 in./in./min to 20 in./in./min)
mechanical properties of transparency materials are required to design for
cabin pressure , thermodynamic l oads , aerodynamic loads, and structura l

carry-through loading . The hinh strain—rate (100 in./in./rnin to 12 ,000 in.,
in./min) mechanical properties of the transparency materials are required
to design for bird strike loadina. In the case of low strain-rate loading,
the inherent load-carrying ability of the transoarency must be such that
the limit load can be sustained without excessive deformation or permanent
set, recuiring a knowl edge of the elastic properties of the materials.
The load-carrying ability of the windshield under high strain-rate conditions
requires a knowl edge of the material in the plastic range, where excessive
deformation is a design asset for energy absorption in the case of a bird
impact shock load . To provide these design mechanical properties , the
complete stress-strain histories of candidate materials are required . The

critical stress requirements for a windshield were determined to be pre-

dominately tensile and compressive in the main load carryino plies , and

shear in the interlayer materials.
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An investigation of Industry test data and publications offered Incom-
plete and/or Inadequate Information concerning high-performance material
properties of many promising aircraft transparency materials. Such
properties were considered to be essential to effect a proper balance
of structural efficiency, safety, minimum weight and provide a solid basis
for design trade-off studies and for establishing material/fabrication
specification tests.

Prior industry ir~rk In the determination of materials properties was
concerned with materials testing at low strain-rate and moderate temperatures.
Properties so obtained were found to be average elastic properties without
reference to strength variation . Such material properties were considered
Inaccurate and incomplete for design considerations.

To be of maximum usage, the required material properties should be
generated In a test program that considers effects on oolycarbonate
material due to:

1. Rate of strain at appropriate testing temnerature.
2. Effects of fusion bonding and thinning due to forming.
3. Effects of thermal processing history on the material .
4. Effects of in-service aerodynamic heating and service aging.

Also , a sufficient number of tests should always be conducted so that
the material properties, allowables , and/or stress-strain curves generated
could be presented on a minimum guarantee basis. The tests, as herein
outlined , appropriately consider these items in the generation and presen-
tation of the required properties and the exact details are documented
in AFFDL-TR-77-96 (Reference 18).

To establish realistic design mechanical properties, a series of
material tests were conducted on monolithic and laminated transparent

materials as processed by specific fabricators. Design mechanical prop-

erties were established for these materials by statistical methods as
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described in Reference 18. It Is assumed that these design mechanical
properties will subsequently be used as established reasonable baseline
criteria for the specific materials tested; to be used by design engineers,
material suppl iers, and transparency fabricators. It Is further reconinended
that initial and periodic testing be accomplished in accordance with
transparency specifications and/or material specifications for production
windshield/canopies to guarantee that materials meet or exceed these design
mechanical properties presented in Reference 18.

MATERIALS AVAILABILITY AND VENDOR CAPABILITIES

Many innovative transparency design concepts have been introduced
during this past decade, as well as the development of several new
materials. Generally, these transparencies were developed for application s
dictating lightweight , aerodynamic shape requirements , or for aesthetic
reasons.

The availability of manufacturing state-of-the-art know-how for

developing these concepts was l imited , the time allotted for development

testing was minimal ; the results often were very short service life and

poor reliability .

For this program, the efforts were directed toward developing
transparencies for high-speed low-level-flying aircraft that may develop
aerodynamic heat temperatures as high as 285°F.

A determination was made of potentially available materials that

could be used in laminated form as shown in Table 5. The raw material

suppliers are identified as well as the laminators .

The final selection of materials for the Douglas alternate F-16

transparency design was based on a systematic analysis of a series of

tests that were conducted, as wel l as an assessment of some materials
that are currently in flight status on both military and coninercial

aircraft.
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Table 5 shows the values for light transmission and haze as published
by the various suppliers . These values are somewhat academic when related
to interlayer materials.

Vendor Capabilities

Douglas has long established a policy that there must be at least
two vendors with the capabilities of manufacturing Douglas designed
windshield assemblies.

To this end, Douglas tested coupon specimens that were obtained from
Texstar, PPG Industries, Sierracin , and Swedlow.

REVIEW OF AVAILABLE MATERIAL PROPERTIES DATA

An exhaustive search was made to qather mechanical properties data
for generic usage in the Windshield Technology Demonstrator Program.
Literature searches were initiated through the NASt~ Scientific and Tech-

nical Div ision , the Defense Documentation Center, private and public
l ibraries, the Air Force Flight Dynamics Laboratories, and material
suppliers . As the data to perform the required analysis was not avail-
able , Douglas began testing transparent materials and was assisted by
TerraTek. This testing provided the material properties needed to Support

the alternate canopy design analysis effort. The data and analysis developed

are contained in AFFDL-TR-17-96 (Reference 18).

TESTING

Within the paragraphs that follow are descriptions for a series of

tests that were conducted to establish transparency mechanical properties

necessary to support the design effort on the alternate canopy designs.

The detail test results and analysis are contained In AFFDL-TR-77-96

(Reference 18).
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Aerodynamic Heating and Service Aglng Effects on Mechanical Properties
of Polycarbonat.

A series of tests were conducted because It had previously been demon-
strated that exposure of bisphenol A polycarbonate materials to temperatures
above 80F  (176°F) result ed in accumulative decreases In Impact strength ,
fracture energy, extension to break , and Increases in tensile yield
strength (Reference 19) . Other evidences indicate a degrading of these
mechanical properties due to weathering and storage (References 20 and 21).
To determine mechanical property changes due to aerodynamic heating , a
series of tensile tests were conducted at room temperature on monolithic
and fusion bonded polycarbonate specimens after exposure to thermal con-
ditioning representative of the exposure a supersonic aircraft mi ght
encounter during its life span . To determine rnechar4tcal oroperty changes
due to service aging , a series of tensile tests were conducted at room
temperature on fusion bonded polycarbonate specimens removed f rom a four-
year-old servlce-aoed canooy .

Low Strain Rate Tensile Mechanical Properties Test1n~ of Monolithic
Polycarbonate Materials

A series of tests were accomplished to estat’lish complete stress-strain
curve deslqn tensile mechanica l properties for monolithic and fusion
bonded polycarbonate materials , processed by four manufacturers, at various
temperature conditions and at low strain-rates. Test specimens were made

from bird Impact tested canopies , or furnished by windshield/cano py

manufacturing processors. The primary reason for these tests was to pro-

vide actua l and design allowab les for computer analysis development and
future designs as described In Section V. Additional uses for the test

results were to provide for evaluation øf materials and processors, to

conduct trade-off design stu~1es , windshield static load design analysis ,

and to provide test criteria for windshield/canopy design specification
control documents. Tests were conducted per ASTM standard methods.
Maximum and minimum test temperatures were established for tests based
on the flight profile of supersonic aircraft .
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Low Strain Rate Shear Mechanical Properties Testing of Laminated
Interlayer Materials

A series of tests were conducted to establish complete stress-strain
curve shear mechanical properties of Interlayer materials as processed by
specific windshield/canopy fabricators . The primary reason for these tests
was to provide actual and design allowables of processed Interlayer
materials for computer anal ysis development and future design . Additional
uses for the test results were to provide for evaluation of materials and
processors, to conduct trade-off design studies , canopy static l oad analysis,
and to provide test criteria for the windshield/canopy design specification
control documents. Test specimens were made from bird impacted test
canopies (Section VII). or furnished by specific windshield/canop y fab- q

ricators . Two types of shear tests were conducted , a generally used
compression double shear test (ASTM standard bei ng prepared ’) ~nd a uniQup

torsional shear test. Result s of these two prenared tv~es of t. ;tinq

were compared to arrive at the most accurate means of testing. Maximum

and minimum test temperatures were established for tests t ased on the

flight profile of a supersonic aircraft.

High Strain Rate Tensile Mechanical Properties Testing of Mc’noll thlc

Polycarbonate Materials

A series of tests were conducted to provide complete stress-ctrain

design tensile mechanical properties , at high strain rates , of monolithic

polycarbonate materials as processed by specific windshield/canopy fab-

ricators. The primary use for these mechanical properties was for computer

analysis development and future design . Additional uses were to provide

for evaluation of materials and processors and to conduct design trade-off

studies. Tests were conducted at the maximum and minimum temperature con-

ditions possible for a supersonic aircraft windshield or canopy at the

time of a bird strike. Maximum strain rates due to a bird strike were

determined from bird impact tests on actual full-size windshields and

canopies.
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High Strain Rate Shear Mechanical Properties Testing of Laminated
Interlayer Materials

A series of tests were conducted to provide stress-strain design
shear mechanical properties of laminated interlayer materials as processed
by specific windshield/canopy fabricators at high strain rates. The
primary use for these mechanical properties was for computer analysis
development and future design . Additional uses were to provide for
evaluation of materials and processors. Tests were conducted at maximum

and minimu m temperature conditions possible for a supersonic aircraft
windshield or canopy during a bird strike. Maximum strain rates were
determined from bird impact tests of actua l full-size windshields and
canopi es.
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SECTION VII
BIRD IMPACT TESTS RESULTS

AND APPLICATIONS

Bird impact hazards to high speed, low flying aircraft have become
one of the major flight safety problems. For the F-16 aircraft early
bird impact development tests had been conducted on 0.375-inch and
0.500-inch thick uncoated monolithic polycarbonate canopies at speeds
of 350 knots utilizing four pound birds. The early tests were conducted
at room temperature with the birds impacting the canopies at eye level
on the centerline of the canopies. At impact one of the canopi es deflected
approximately seven inches and caused extensive damage to an anthropomor-
phic head that was installed to represent a pilot’s head. The extent of
Injury a pilot would have received under such impact conditions Is unknown ,
but it is assumed to be critical. Based on the results of these develop-
ment tests , a 0.500—inch thickness was selected for the initial production
canopy.

A subsequent production test program was designed and conducted on
0.500-Inch and 0.625-inch thick coated monolithi c polycarbonate. For
this series of tests there were five static loading/dynamic unloading
tests and thirty bird strike tests conducted at hot, cold and ambient
temperatures. Each canopy was Instrumented with thermocouples and
selected canopies were instrumented with strain gages so that specific
data could be documented during testing for subsequent assessment regarding :

• Deflection - canopy to crew head clearance at Impact.

• Deflection - canopy to HUD (Heed-Up-Display) clearance at imtsact.

• The additional protection provided by an increase in transparency
thickness.

• To establish the upper limits for Impacts with 2 and 3 pound
birds.
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• Comparison between impacts with 2, 3 and 4 pound birds.

• Temperature effect on bird impact resistance of polycarbonate .

• Canopy sensitivity to bird impact location .

• Comparison of static and bird impact strain readings.

• To provide data that could be utilized to compare monolithic
versus laminated canopy designs.

• To compile a data bank for potential correlation to
bird Impact analytical methods.

The production test program was optimisticall y developed , as shown
in the Appendix , from reported developnent test results. The Initial
selection of a four-pound bird projected at a coated production canopy at
a velocity of 350 knots proved to be grossly in error. Consenuentl y, the
testing could not be conducted as olanned and the velocities had to be
greatly reduced .

This section presents the results of these static loading /dynamic
unloadin g and bird impact tests, an analysis of the effects of the
protective coatings on bird impact , design applications , and conclusions.

TEST RESULTS

The test plan is contained In the appendix of this report . Failure
of the first test canopy when Impacted by a four-pound bird traveling at
349 knots resulted In a revision to certain test objectives and test param-
eters. Test velocities were reduced to a level determined to be consistent
with canopy survival ; deflection curves and strain data were documented at
severely reduced velocities; a l imited effort was directed toward Impact
location sensitivity ; and the benefits of a thicker transparency were

investi gated , but impact resistance to smaller birds was not developed .

Table 6 lists the tests conducted and test results. A total of 30

bird Impact tests and five static tests were conducted on eight coated
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transparencies and one uncoated transparency . Three addit ional bird
impact tests were conducted by Genera l Dynamics on the uncoated trans-
parency. The temperatures are the average of four thermocouples and
were taken near the point of impact. The velocities and bird weights are
measured values. Target point A is centerline high , B is centerline low
and C is off-center hi gh , as shown in Figure 27.

The minimum thicknesses documented in Table 7 were measur~”d o~i the

centerline , generally at Station 13R .5. No measurements were documented
aft of thi s locat i on .

Eight transoarencies furnished by the Air Force and one transD~rencv

provided by Genera l Dynamics for this test series were destr ov~~ ~
bird impact tests.

TABLE 7. TRANSPARENCY THICKNESS MEASUREM E NTS

NOMINAL MINIMUM PERCENT -

TRANSPARENCY THICKNESS THICKNESS REDUCTION
NUMBER (INCHES) (IHCHES)_ 

__________

Cl/0030 0.50 0.412 18

C2/0040 0.417 17

C3/0043 0.434 13

C4/0029 0.401 20

C5/0027 0.417 17

C6/000l 0.625 0.523 16

C7/0005 0.523 16
C8/0004 V 0.553 11

Comparative evaluations of the various specimens were made util izing

the deflection curves and strain readings , and an assessment was made of

the capability of each transparency to prevent bird penetration .
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The first failure (Test 004) occurred on a 0.50-inch transparency
at the point of Impact (Location A). The Impact speeds were reduced and
subsequent shots (Tests 006 and 011) produced failures to the aft end of
the transparenc ies , approximately 35 inches aft of the point of impact.
The 0.62-inch transparencies displayed similar faflures at higher velocities .
The high energy impacts (350 knots) induced larger holes in the aft half
of each 0.62-inch transparency. Figure 28 details the grid system and
the impact locations to aid in comparing the failed transparencies shown
in Figures 29 through 42.

Loca tio n B (Sta. 100)

(STA 115.16)

LINE 
STA . 153. 5

I I~~~1 1 I I
STA 92.5 102.5 112.5 122.5 132.5 147.5 167.5

92.5 107.5 117.5 127.5 137.5 157.5

Figure 28. Grid System and Impact Locations.

After the initial failure (Test 004), a series of shots were conducted
to pinpoint the penetration threshold for a 0.50—inch coated polycarbonate

transparency. This level was established (Tests 012 through 015A) as
approximately 165 knots at room temperature for the Impact of a four-pound

bird at Location A. Tests 015B and 015C were conducted at 173 knots at
high and low temperatures and survived , whi le the same transparency fa i led

at 174 knots at 75°F (Test Ol 5E). Test 020B, a 0.50-inch transparency ,

also failed at a velocity of 173 knots at room temperature. These results

indicate a potential increase in penetration velocity at high and low

temperatures.
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Strain gages were added to Transpa rency C5/002/ and Test 0151) was
conducted to investi gate location sens itivity . This off-center/hi gh
impact produced Insi gnif icant deflections , thu s Implyin g reduced impact
sensitivity at locations away from the s)mrietrlcal centerl ine .

Transparenc y C3/004) was instrumented and tested to gather strain
data for potential app lication to the developmen t of an a lyti ca l methods
for bird Impact.

Test 020A was conducted to ascertain the effect of mult iple shots on
a canopy. The deflection curve of Test 020A w~s compared to the ~ief1ec -
t ion curve of T es t 018. The deflect ion was less for T es t 0~’(1A at a
sl ig htl y higher velocity than Test 010 . Test 02DB was performed to
explore fai lure repeatabil i ty  by comparison w i t h  Test  11S F . The veli~c 1t i e s

and bird we i qh t s were I dent i cal . Hot h t ran ‘~ ~~i r~’~’. It ’s a I led . F I gure s -~ ~‘

and 3t-~ d i spla y the d if ferenc es in the fa i lure .

Tests on the coated 0 ~- .‘ - inch transparenc ies establ ished that the pene-
tration velo c it y was between 188 and 253 knots for a 4.0 pound bird impact

at location A and 75°F. A velocit y of 200 knots was pick ed for subsequent
tests .

[

~~~~~~~~ A series of seven tests were conducted on a 0.62-inch transpa rency,

C8/0004 (Tests 022 through 022F). Strain data and deflection curves were
recorded . The HtJD assem bly was Insta lled for Test 022 C and the def lect ion

was reduced by the HIJO assembly. The A and B impact locations were compared
and the maximum deflection was greater for the impact at B (Tests 02211
and Test 022E). Hot and cold tests were compared . Frost on the trans-
parency prevented deflection mt-asurements on the low temperature test
(Test 02211). The maximum deflection for the high temperature test (Test
022A) is greater than the max imum deflection for the test conducted at 75°F .

Test 028A was conducted on a new canopy to gather strain data in the

area of the impact at Point 11 . The transparency was impacted at •‘33 knots



and failed . A similar test (022E) did not fail a 0.62-inch transparency
at 231 knots. The temperatures and bird weights were very close. These
test results indicate that the penetration veloc ity threshold is approx-
imately 231/233 knots for impacts at Location B.

Three tests (GD1 , GD2 and GD3) were conducted by General Dynamics
(GD) personnel to a GD test plan on an uncoated 0.50-inch transparency.
Two- , three- and four-pound bird shots were completed at 350 knots without
failure .

This same transparency was tested per the Douglas test plan (Appendix)

to compare the deflection of an uncoated transparency to a coated trans-

parency . A comparison of Test GD4 to Test 018 indicates twice as much
maximum deflection for the uncoated transparency as for the coated trans-

parency . The results of this test indicate that the protective coating

on the polycarbonate tends to increase the material stiffness.

Test G05 unexpectedly failed the transparency . It had been previousl y

Impacted at the same velocity (GD3) and survived . This test did provide

strain data at the higher veloc ity.

Many of the bird Impacted transpa rencies displayed large concentrations
of cracks in the protective coatings on the inner surface. These crac ks
were oriented in a transverse direction, syninetrical about the centerl ine
and located from Station 130 and aft . These cracks are visible In
Figures 34, 35 and 36.

Strain rates were calculated from the strain/t ime curves for bird
impact. The values varied from 300 to 4200 in./In./min.
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— STA . 10 .5

Test Number 004
Ve locity : 349 Knots
Bird : 4.05 lbs
T emperature : 61 .9/65.8°F
Thickness: 0.50—in , nominal

0.412 minimum
Hole Size: Sta. 102.5 to 116 , 12 in. wide

Figure 29. Post-Test Condition of Transparency Number Cl /0030(looking aft) .
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STA . 112.5 —

Test Number 004
Velocity : 349 knots
BIrd: 4.05 lbs
Temperature : 61 .9/65.8°F
Thickness: 0.50—in, nominal
Hole Size: Sta. 102.5 to 116 , 12 in. wide

Figure .30. Post-Test Condition of Transparency Number Cl/0030.
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STA , 147.5

\
\

_

— CENTER LINE

STA. 167.5

Test Number 006
Velocity : 344 knots
Bird: 2.16 lbs
Temperature: 73.8/83. 7°F
Thickness: 0.50—in , nominal

0.401-in , minimum
Hole Si ze: Sta . 144 to 170 , 20 in. wide

Figure 31. Post-Test Condition of Transparency Number C4/0029
(looking down).

IIIIIIL _____ ____________________________ —______ —



- 
~~~r

ST-~. 1~ 7.5
CE N TE qLI NE

Test Number 006
Veloc ity : 344 knots
BIrd : 2.16 lbs
Temperature : 73.8 /83 .7°F
Thickness: 0.50-in, nominal

0,40 1-in , minimum

Hole Size : Sta . 144 to 170 , 20 in . wide

FIgure 32. Post-Test Condition of Transparency Number C4 /0029
(looking af t ) .
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CENTE RLINE —

\

STA . 147.5

Test Number 011
Veloc i ty: 176 knots
Bird : 4.07 lbs
Temperature : 74.8/73.4°F
Thickness: 0.50-in , nominal

0.417-In , minimum

Hole Size:  Sta. 144 to 167 , 12 in. wide

Figure 33. Post-Test Condition of Trans parency Number C2/0040
(looking aft).
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STA. 147.5
BL 6

CENTE R LINE
— CRNIN

STA. 167.5 — -i

Test Number 011
Veloc i ty : 176 knots
Bird : 4.07 lbs
Temperature : 75.8/73.4°F
Thickness: 0.50-In, nominal

0.417-in. minimum
Hole Size: Sta. 144 to 167 , 1’  in. w i~1e

rlgure 34. Post-Test Condition of Transparency Number C2.’0040
(looking down).
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—CENTER LINE
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— STA. 167.5

Test ~um her 015E

Velocity : 174 knots
Bird : 4.18 1-s
Temperature : 84.3/85.0°F
Thickness: 0.5O-~n. nominal

0.417-in, minimum
Hole Size: Sta . 165 to 170, 12 In, wide

Fi gure 35. Post-Test Condition of Transparency Number C5/0027
(looking down).
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STA. 147.5 — -----

CR0WN
~~
_ _ _

~~~~~~~~~ & - 
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~ TA 16 7 5 -

if

/ — CENTER LINE
L BL b

Test Number 0208
Velocity : 173 knots
Bird : 4.18 lbs
Temperature : 83 /84°F
Thickness: 0 ,50—in , nominal

0 .434-in , minimum
Hole Size: Sta . 145 to 147 , 11 in. wide

Figure 3~. Post-Test Condition of Transparency Number C3/0043
(looking down).
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STA. 132.5~~~

FW 0

~I~
Jj

~~ip. ‘.~

I ’ / .~~~~~~~~~

STA . 167 .5-  /

1•

‘~
I

~~~~~~~~~~ CENTER LINE

81 6

Test Number 024
Velocity : 253 knots
Bird : 4 .2 lbs
Temperature : 80.8 /81 .9°F
Thickness: 0.62-In. nominal

0.523-in , minimum
Hole Size : Sta . 133 to 165 , 12 in . wide

Figure 37. Post-Test Condition of Transparency Number C6/000l
(looking down).
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Test Number 022F
Veloc ity : 363 knots
Bird: 4.02 lbs
Temperature: 77.1/78.9°F
Thickness: 0.62-in, nominal

0.523-in, minimum
Hole Size: Sta. 136 to 176 , 40 in. wide

Figure 38. Post-Test Condition of Transparency Number C3/0004
(looking forward).
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— STA 137

FWD

~~~f~~J
7

I
’, ~~

— FL ~
N_ CENTER LINE

Tes t Number 023A
Velocity : 233 knots
Bird : 4.07 lbs
Temperature : 80.5/80.4°F
Thickness 0.62-in, nominal

0.523-in. minim u n

Hole Size: Transverse cracks at Sta. 136 3nd 16~Crack a1onc~ center line , Sta. 1~~ to 13E

Figure 39. Post-Test Condition of Transparen cy Number C7/C1COS
(looking down f’r’~ rd enc~~.
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(;kv~cK

- —- CLNT1RL~’ff

Test Number 0?RA

Veloc I ty : 233 knots

tU rd : 4.07 lbs

Temper~ tii re: ~fl.5/~l) .4”1
Thickness: 0.62-In. noniin5i l

0.521-In, minimu m

t~o1 ~‘ S i z e :  Cracks at St.~. I * ~nd 1 (~~‘

F i qure 40. Post -Test Condi t ion of Transpirencv Numbe r C ~~/OO11t

( look inq down ~ft end).
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CENTERLIN [

I

— ~~~ 1b7 ,~-~

I ~‘‘;t Ntiinb~r ;fl~
Ve 1.~~itv ~ b.’ knots

tUrd: 4.~Th lbs

Temperature : ~2 .O/ t~ . ~“F
Thickness: 0.50-in. nom inal
Hole Size : Sta. 140 aft , 24 In. wide

Figure 41. Post-Test Condition of Uncoated Transparency (lookinq forward).
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•

OL. 6 —— STA. 137.5

Tes t Number G05
Veloci t y : 362 knots
Bird : 4.06 lbs
Temperature : 62 .0/68.2°F
Thickness: 0.50-in, nominal

Hole Size : Sta. 140 aft , 24 In. wide

Fiqure 42. Post-test Condition of Uncoated iransparency (looking aft).
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PROTECTIVE COATING ANALYSIS

The unexpected failure of Transparency C1/0030 (Test 004) and sub-
sequent failures precipitates an investigation to determine the relation-
ship of the polycarbonate coating to the bird penetration failure .

Transparency Number C3/0043 was subjected to visual and microscopic
examination . The aft portion of the transparency , Figure 43 , showed a
series of coating cracks perpendicular to the centerline. A light source
was oriented 45 degrees to the apex of the transparency in order to view
and photograph the coating cracks and fissures. The coating cracks were
predominately on the interior surface which was in tension during bird
i mpact. p

The forward section of Transparency C3/0043, Figure 44, showed a series
of coating cracks parallel to the centerline in the bird impact area . The
cracks continued aft and changed orientation from parallel to perpendicular
with respect to the transparency centerline. An explanation of this chanqe
in direction is that the deflection footprint was approximately circular at
the impact area and then generated into a transverse defl ection wave. The
deflection wave aft of the impact area , oriented perpendicular to the
transparency centerline , traveled from the impact area to the aft canopy
bow frame .

One of the ruptured pieces from bird Impacted canopy C3/0043, Figure 45,
was examined because of significant secondary cracks . Visual and low
powered microscopic examinations reveal ed a series of fine hairline coating
cracks oriented at various angles to the canopy centerline and to the
cracked polycarbonate surfaces. One ruptured section had an Isolated
crack fissure approximately 1.00—inch long and about 0.2-inch deep ;
another isolated crack was about 0.38-Inch long and 0.150-inch deep.
Neither of these cracks were initiated or related directly to the ruptured
piece. Low-powered microscopic examination exhibited a fine coating crack

along the same length and arch of the small polycarbonate crack. The
majority of the coating cracks appeared on the inner polycarbonate surface.
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View Looking Forward . Note Transverse Coating Cracks.

Fiqure 43. Transparency Number C3/0043 Afte r Bird Impact.
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Coat i ng Cracks in Impact Area __________

• Figure 44. Transparency Number C3/0043 After Bird Impact.
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The ruptured transparency surface had indications of both ductile
and brittle fracture. The suspected origin of the transpa rency failure ,
Figure 45, appeared to vary from a brittle (smooth tensile) to ductile
(45 degrees rough shear) type of failure .

A series of beam bending tests were performed to further investigate
possible failure mechanisms for the bird-impacted F-16 canopies.

A 24- x 2-1/2- inch specimen was machined from each of the three tested
canopies In the same relative area , Figure 46. Each specimen was then
machined Into two pieces. Each piece was tested with one piece In norma l
bending and other piece In reverse bending. Because of similar maximum
loads , the two pieces from the third spec imen (Cl/0030) were run after
the coating was removed by sanding both sides to a depth of aporoximately
0.002/0.003- inch in the area of max i mum bending. As a base com parison ,
a flat piece of as-received pol ycarbonate of the same approximate cross
section was also tested . The maximum sustained load achieved was recorded
in Table 8. Also shown are the modull of rupture , FB (the max i mum achiev-
able “stress ” determined from M

~~xC/ I) , and the percentage of thickness
reduction in the area under the load P (referred to as nec king ) .

Results of these tests showed that:

• The transparency Is approximate l y 5 percent stronoer in norma l
bending than in reverse bending .

• Permanent necking occurs in these specimens , as contrasted to
transparency failures under bird impact where no discernab le
permanent necking occurs . The amount of necking is more severe
in the hare specimen and least severe in the coated specimen .

• Examination of all the ruptured coated spec i mens revealed a
series of coating cracks which were all essenti ally parallel
and norma l to the direction of bending strain. The number of
these cracks increases geometrically with the bending moment.
These coating cracks extend into the polycarbonate in the area
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—7--— . _________

LOAD , P

VIEW A-A
(NORMA L BENDIN (~’

Load , P . appl ied at maximum crosshead rate of 2(~ in . ‘~i in.

Figure 46. Trans parency Beam Bending Test Orientation and
Specimen Location .
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of maximum bending creating fissures leading to the specimen
failure . All the coated specimens exhibited oriented molec ular
rearrangement or shear planes below the tensile cracks in both
the polycarbonate and the coating . The shear planes intersect
at approximately 45 degrees. Microscopic examination a1~o
revealed a series of highly oriented microcracks and fissures
in various stages of development in the x- , y- and z-dlrections.

Figure 47 illustrates a section renoved from the ruptured beam
test specimen prepared for electron beam microscopic examination .

• The sanded specimens reached approximately the same maximum load
as the coated parts. However, they achieved a significant ly
greater deflection before total collapse. The failure Is attributed
to a series of small crack fissures that interconnect. A series
of crack fissures of various lengths and depth were oriented
perpendicular to the applied strain. Molecular realignment , or
slip planes , are also present in these sanded specimens. It
appears that not all of the adverse effects of the coating were
removed by the sanding even though the coating itself was
totally removed .

• The uncoa ted polycarbonate specimen did not rupture during the
test. The test was terminated because of excessive specimen
deflection . No cracks or fissures were found. Highly oriented
molecular realignment or molecular cleavage was present about the
neutral axis and extended into the tensile surface.

A series of eight photographs associated with the coating crack
analysis are shown In Figures 48 through 55.

Figure 48 shows coating cracks as well as an isolated crack In poly-

carbonate from a section of Transparency C3/0043. Figure 49 shows a
crack that has originated in the coating and propagated into the polycarhonate.
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Coating Cracks Propagating
Into  Pol yca rbona te
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Shea r Planes

Figure 47. Section Removed From the Ruptured Beam Test Specimen
Prepared for Electron Beam Microscopic Examin ation .
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Isolated Crack —
~NIn Polycarbonate

Coating Crack 

~~~~~~IttItIIh
Figure 48. Coating Cracks and Isolated Crack in Polycarbonate Fron a

Ruptured Section of Transparency C3/0043.

Figure 49. Top Side View , Depicting a Coating Crack and a Coating Crack
Propagating into Polycarbonate Substrate in C4 /OO~9 TransparencyBeam Specimen (96 X).
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Figure 50 shows delamination of the coating as well as an Incipient crack
fissure In a section of Transparency C3/0043. Figure 51 depicts a series
of crack fissures in a specimen from the polycarbonate beam test. Figure 52,
53 and 54 display additional cracks In specimens from the beam tests.
Fi gure 55 shows the coating thickness magnified 200 times.

Film hardness tests were conducted by the pencil test method in
accordance with the test procedures specified in ASTM D3363-74. The
pencil hardness tests were conducted on both coated and uncoated sections
of C3 /0043. The uncoated specimen was prepared by sanding 0.002— 10.003- inch
material off the coated transparency section of C3/0043. The test results
indicate that the surface of the coated transparency is harder than the
surface of the uncoated transparency .

The test results are :
A. Coated transpar”ncy section F Hardness
B. Uncoated transparency section 8 Hardness

where the scale of hardness is

68-5 B -48-38-28-B - HR - F -H - 2H - 3H - 4H — 5H - 61-4
SOFTER HP.RDtR

As a further investigation of coated/uncoated polycarbonate hardness
tests were conducted with the standard Shore “D” Durometer hardness testing

apparatus on polycarbonate components and on as extruded MIL_ P~8331O materials.

The results shown below are on an average of six test areas:

PART /MATER IAL/ I.D. SHORE “0” HARDNESS

Transparency C310043 (Processed) 74

Transparency C3/0004 (Processed) 74

MIL-P-833l0 (As Extruded ) 72

-
~ Uncoated Spec imen (As Extruded ) 72
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Incipient Crack Fissure
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Figure bO. Coating Convolution and Delamination with Incipient Fissure H iqh ly
Oriented i n  the Plane of Coatin g Rupture (96 X).

Figure 51. Top View of Coatin g Crick Depictin g a Series of Hi ghly
H Oriented Crack Fissure s in Polycarhonate Beam Tes t  ~necimens(~?O X).
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C o a t i n g  Crack
Crack P o i n t  Propagat ion

In Polycarbonate

_
_ -

‘
~~~~

Figure 52. Close-up of Fiqure 51 Hiqh ly Flagnified to Dep ict (rack
Point Geometry and Crack Propagation in Pol yca.?’t’~watt.~Beam Test SpecImen (1100 X).

Incipient Fissures In Polycarbonate —’
Polycarbonate Cracks — /Random Microcracks /
Width of Coating Crack I

k~~ m ~~~~~

Hqure 53. Random Ilnoriented Microcracks in Coating and (o,itinq
Microfissures in Polycarhonate Beam lest Si’ t ’~ mens ( $ 4 ~ \~~~.
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Figure 54. Assortment of Coating Cracks of Various Lengths and Widths
wi th Microcracks In the Polycarbonate Beam Tes t Spec imens
(88 X).

~~~~ 
Thickness of Coating
MagnIfied 200 Times.

Figure 55. Protective Coating Thickness Determination Performed on a
Freshly Broken Specimen from Transparency C3 /0043 (200 X) .
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DESIGN APPLICATIONS

A goal of the Windshield Technology Demonstrator Program (WTDP ) was to
define potential design changes to the current F-l6 concept that would
meet the various Impact test levels of 350, 400, 430, 450, 500 , and 562
knots. Preliminary thicknesses were to be based on the bird impact test
results and a bird impact math model and computer program would be utilized
to finalize the required thicknesses after appropriate correlation was
accomplished with the test data .

The results of the fifteen tests conducted at ambient temperature on
0.50-Inch and 0.62-inch thick coated transparencies , and on a 0.75-inch
transparency tested by General Dynamics , were plotted to produce the
pass/fail curve shown in Figure 56. The curve assume s a simp le progression
and predicts the polycarbonate nominal thickness required for a coated
F-16A transparency to defeat a four-pound bird at a selected velocity
(ambient temperature , impact Point A). The curve indicates that a 0.76-
inch transparency would defeat a four-pound bird at 350 knots, and a
1.00 inch transparency would defeat a four-pound bird at 562 knots.

This curve is based on coated ppiycarbonate , which appears to have a

much smaller tensile elongation ca~ability than uncoated pol ycarbon ate ,
The slope of the curve indicates that the change in veloc ity varies wit h
the thickness change raised to the 1. 73 power .

Tables 9 and 10 show the deflection of the transparency at the center-

line due to bird impact , which was recorded by cameras and plotted by
AEDC/ARO. These values are not considered to be accurate below a deflection
of 0.50-inch because the transparency thickness inhibits the deflection
measurements.

Figure 57 is a plot of deflection at the eye Doint (Sta. 140) for

0.50-Inch transparencies and for 0.62-Inch transparencies due to four-
pound birds. These curves were used to develop a deflection versus thick-

ness curve for four-pound birds at 350 knots , Figure 58. Extrapolation

of this curve indicates that a 0.68-Inc h transparency would be required
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~~ Test Performed by General Dynamics
o • Passed
• • Failed

Temperature • 7 5 F

Bird Weight • 4 Pounds
Impact Point A (Center Line, Eye Level )

/
500

/

400 —

350 _ _ _ _ _ _  _ _ _ _  _ _ _  
• 02~4 _

OO~ /
~~~30O I

_ _ _ _  _ _ _  _ _  

/
-~~~~ 250

_ _ _  _ _  

/ 022
200 0111 / O~~2 LH————

Ol5Ek / 0 
~~020B!~ /

150 ‘2~~~~~ 018 
0 021 — —

/ ~~0l3A
/

~ 013

/

100
0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.0

Nominal ThIckness (Inches)

Figure 56. Pass / Fail Curve for Bird impact (Coated Polycarhonate
Transparencies).
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TABLE 9. DEFLECTION FOR A 0.50-INCH TRANSPARENCY

Defl ection (Inches)
(Knots) Remarks Maximum Sta. 14ff

________ __________ __________________________ ___________ 

(Eye Point)

001 Stati c - 2200 Lb. 0.991
002 Static - Hot - 2200 Lb. 0.745
003 

__________ 

Static - Cold - 2200 Lb. 0.778 
_________

013 124 0.8 0.30
Ol3A 140 1.2 0.38
018 149 1.2 0.54
020A 158 0.9 0.46
GD4 158 Uncoated 2.3 0.30
014A 159 Hot 1.2 0.62
015A 165 Cold 0.8 0.70
020B 173 Failed Aft 1.7 0.77
Ol5B 173 Hot 2.9 0.38
015E 174 Fa’ led Aft 2.3 1 .0
011 176 Failed Aft 1.2 1.0
012 191 2 Lb. Bird 1.0 0.3
G03 340 Uncoated 8.3 6.4
006 344 2 Lb. Bird - Failed Aft 4.6 2.9
GOl 344 Uncoated - 2 Lb. Bird 5.4 1.7
004 349 Failed Forward 1.6

GD2 351 Uncoated - 3 Lb. Bird 6.9 3.9
GD5 362 Uncoated 8.9 7.7

NCTES: (1) Temperature : 75°F

(2) Impact Location A
(3) Bird We i ght: 4 Lbs . unless noted othen~ise
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TABLE 10. DEFLECTION FOR A 0.62-INCH TRANSPARENCY

(Knots) Remarks Deflection (Inches)

~aximum Sta . 140
_______ __________ _____________________________ _________ (Eye Point )

021 
______ 

Static - 2200 Lb . 0.391

028 155 0.8 0.31
023 188 1.9 0.77
022B 199 Col d - Trans parency Froste d

022A 200 Hot 2.5

022C 201 HUD Ins talled 1.2 
- 

0.38

022 
- 

202 
- 

2 . 2 0 - 52

022D 230 2 .3  0.50
022E 231 “B” Locat ion ~.6 2 .62
028A 233 “B ’ Lo c a t i on -F a i l ed  t \f t  . . 3  0 .50
022F 363 Fai led Aft  5.3 2 .46

NOTES: (1) Tempe rature : 75”F

(2) Impact Locati on A

(3) Bird Weight: 4 Lbs .
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Figure 57. Deflection at Eye Point Due to Bird Impact.
I
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Veloc i ty : 350 Knots 
~~~ 

I

BIrd : 4L b. 
70Tempera ture : 75°F 

-— -

Impact Point A 
6.0 ——-—- -~~~~-—- — -  ~~— -  —- --

5.0 ——-- — - - -_  - - - - — - —

- Fror4 cj9~ 57
for t 1/2 ir .
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2

at Genera l Dynam i cs 3.0 — —

2.0 - - - 7-
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1 
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FIgure 58. Defl ection at Eye Point Due to Bird Impact.
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to limit the eye point deflection to less than 2.00 inches. The static
test defl ection at Sta. 112.5 Is also shown on this figure . The curves
(dynamic and static) are near parallel and indicate tha t the deflection!
thickness ratio is similar for both cases. The slope of the curve In
Figure 57 indicates that change in defl ection varies with the change in
veloc ity to the third power. The slope of the curve in Figure 58 indIcates
that the change in eye point deflection varies with the Inverse of the
thickness change to the fourth power.

Table 11 is a compilation of the transparency nominal thicknesses and
expected deflections, for coated mono lithic transparencies , required to
sustain the impact of a four-pound bird at Locat’on A for six selected
velocities. The thicknesses were extrapolated from the pass /fai l curve
of Fi gure 56. The expected deflection at eye point for the individual
cases has been determined from Figure 57. These deflecti ons were extra-
polated from the def lect ions at 350 knots as determined in Figure 58. It

is assumed that the load deflection ratio is identical for all transparency
thicknesses.

Table 11 also lists a modifi ed thickness necessary to sustain the
impact of a four-pound bird at Location B. The pass/fail curve , Fi gure 56,
indicates that a penetration velocity for a 0.62-inch transparency is

245 knots. Test results (Test 022E and 028A) indicate that the penetration
veloc ity for impact at Location B is 232 knots. Therefore , a f a c t o r  of

3 percent has been applied to the thicknesses defined for impacts at

Loca tion A , since Location B , based on limited test results , appears to
be less capable of sustaining bird impacts than Location A. Location B
is approximately 14 inches closer to the forward edqe of the canopy .

BIRD IMPACT TESTING CONCLUSIONS

The primary goal of this test effort was to provide data that were
app licable to the design of a bird proof polycarhonate canopy for the F-16
aircraft at velocities up to Mach 0.85. The first canopy tested was a

159



- - - - - - - --
~~
. ~~~~~~~~~~ - —-———-~~—--—--—

I

“
.
~

—..
— 

~~ C’ u~ i~) ~~ UI C’0 ~~ ~~ U, ~~

~ ,~: , .2 ~

~~~~~~v) — —
_ C Q~ UI .- N. ~~)

~~ 0 ~~ -~~ N. O~ ~~ O~ 0. 0
~~~~~_J LU .
X LU ~~~ ~— C’ C’ CD 0 CD
LU ~.. (

~~~~~~z
— ~~ —
~~ (D -.- L)

.
~~~L U L /~ C D Q .

~~ LU LU X
C’ — C— 

__________________________ 0
LU C”

LU
~~~ ‘

~~~ 0L) C— v) z — 
-~d)

w ~~~~~~ 4.7z p— ‘V
L) ~~~~~— 0 ~~ ‘0 (‘1 ~0 00 0 U
~~ N. 00 00 00 C’~ 0 • ‘V
~~
. — . . . . . . vi C C . C

LU ~-. LA- 0 0 CD C’ C’_.I C (~I UI1-0 0 0 0 —I— (_)~~~ 0 .0  • 4.7
UI C’ C’

~~~
. N.

+~ ~_ +I
4.7 41
.C I_ it II

C.— 4.7 0) 00)
0) IV U ~~~ U

—~~ ~ I.. C 4~~ C—. 0) IV U ’ V
~~ C. 1- 0) L .
I. E 0)

1- I— C’ C’ C’ CD C’ C’sj — — ~~- ——. 0 UI C’ C1 UI C’ ~0 00 1— 0 0) 0
1(1 141 

~- C’

_I — — —

160

L - --~~~~~~~~~~~~~~~ - - - --- ‘~~~~~~~~~~~~~~~~ 



production , 0.50 inch thick , coated , polycarbonate cano py . The cano py
unexpectedly failed on the first test. This identical canopy configuration ,
except uncoated , was tested by General Dynamics in the early bird impact
development tests , and did not fail. Because of the failure of the firs t

canopy the subsequent series of tests for this program had to be directed
toward makin g a determination of the effect the protective coating had

on the canopy bird Impact resistance. It was determined that the potential

for canopy failure as the result of bird impact is greater on a coated
polycarbonate canopy because it has a lower tension elongation capability
than an uncoated canopy . The analysis previous iy presented in this sec-
tion shows that the failure originates in the hard coating and propagates

into the polycarbonate. Additional studies showed that an uncoated canopy
defl ects more than twice as much as a coated canopy when tested under

identical conditions. The strain measurements for these tests were similar

and the deflections were substantiated with static tests on snail Lear’

segments. The increased stiffness of the coated canopy was attributed
to therma l en’brittlement , as the result of appl y ing the coating, or
the addition of the hard coating to the surface of the softer polycarbonate
material .

A qraoh (Figure 56) was derived from this series of tests to orovide
the thickness of coated polycarbonate required in an F-l6 canopy to defeat
a four-pound bird at velocities up to Mach 0.85 (560 knots) when ‘imoacted

on the canopy centerline at a point in line with the pilot’ s design eye

position. A deflection curve (Figure 57) indicates that these thicknesses

will l imit deflection of the canopy to less than 2.0 inches over the pilot ’s
head. These data are used in Section XI to design a laminated canopy con-
cept for application to the F-16 aircraft.

The tests conducted to investigate the effect of temperature on the
impact capability of a monolithic polycarbonate canopy indicated that the
hot or cold canopy has a greater resistance to bird impact than the canopy
tested at 75°F. These results are substantiated by hiqh—strain-rate tests
on polycarbonate material (Reference 18), which show that pol ycarbonate

material tested at 75°F has a l ower relative touahness than at hot or

cold temperatures.
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The effect of temperature on canopy deflection was not consistent.
Under static l oad , the canopy tested at 75°F deflected about 30 percent
more than when tested at hot and cold temperatures. Under bird impact
loads , the deflections were higher for the heated canopies. The 5/8 inch
thick canopy deflected 14 percent more when hot, and the 1/2 inch canopy
varied: one test showed equal defl ections and the second canopy deflected
30 percent more when hot than at 75°F . Measuring canopy deflection as
the result of bird Impact at cold temperatures was impeded by frosting of
the canopy . The static defl ections were recorded by using deflectometers.

• There is a need for improvements in the methods of measuring defl ec-
tion due to impact loads at cold temperatures and to improve the accuracy
of measurements at low amplitudes .

It was established that tension strain under bird impact and static

loads was slightly higher for high temperatures but significantly l ower
for cold temperatures.

The results of two similar bird impact tests on the same canopy were
compared to determine the effect of multiple impacts. The results were
similar since the strains were in the elastic range for polycarbonate
material (Reference 18). This indicated that the strains in the elastic
range , due to bird impact loads, do not increase with identical subsequent
impacts; consequently, there appears to be no significant degradation in

• impact capability of the material.

Tests were conducted to define sensitivity to impact location . The
l imited tests performed indicated that a centerline birdstrike is more

critical to canopy survival than an off-center impact , and that the
energy absorption capability of a high on-center impact is approxi-

mately 10 percent greater than a low impact. Deflections in the area

of the pilot ’s head were not significantly different for the high and

low Impacts.
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!t was established that contact of ~‘e canopy with the HUD assembl y
does diminish the overall canopy defl ection .

The effort to establish the maximum velocity for bird impact capability

of the F-16 canopy using 2 and 3 pound birds wa s not accomplished , since

the ma jor thrus t  of the test program , after the initial failure , was
directed tcward defining the capability of the existing F-l6 canopy to

resist a four-pound bird .

Graphs showing canopy deflection and strain versus time were prepared
from the test data for the purpose of correlatin g the bird irnnact corn-
puter program .

Cano py thickness measurements revealed material thinnin a . Max i m um
• th i n ni n~ occurre d alon~ the centerline in the area of the ni lot ’ s head

and must he considered when desiqnin q a canooy of this shaDe . 5~iccess-

ful testing and apo lication of test results is affected by repeat abil ity

of test conditions and consequently the control of material thickness is

• - necessa ry .

‘.‘ar iation in bird dens i t y , trajectory , attitude of bird at ir”ract ,

and impact point af fect  test repeatabi l i ty  and resul ts .  The use o~ a
chicken as the test projectile causes delays in testina due to the neces-

sity of cleanin g the test area between shots. The accuracy in test t i” e

would be improved if a suitable substitute could be found to renlace the

chicken as the test projectile.
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SECTION VIII
TRANSPARENCY EDGE JOINT TEST

This section presents a discussion of edge joint tests and test
results that were conducted by Douglas to veri fy the adequacy of the
attachment system for a laminated transparency concept adaptable to an
F-l6 aircraft . The basic configuration selected for the F-16 alternate
canopy design was a three-ply laminated transparency comprised of an
acrylic outer ply and a pol ycarbonate struct’ ra~ pl y joined by an in te r -
l ayer. The spacing between bolt holes , e~. ~e distance , and hole bushings
are identical to those of similar edge tests :nrtducted by Texstar for
the F-l6 program (Reference 22). The loads are coisistent with the loads
documented in Reference 22, but the temperatures aid number of pressure
cycles were revised. The test setup was desi ni~. to simultaneously test
fl3 specimens under the calculated loads and temperatures. Laminated con-

figurations from two vendor sources were tested .

Three types of tests were conducted to verify the structura l integ-
rity of the proposed laminated transparency : cyclic load tests at low ,

ambient arid elevated temperatures , cyclic thermal tests at constant load ,

and a high temperature test at twice ultimate load .

A series of 4.0 x 7 .e inch flat test specimens were assembled In two
par allel chains, enclosed in an environmental chamber to permit application
of high and low temperatures , and loaded simultaneously by a hydraulic jack.

The goals of this test were to evaluate the edge att achi ent area of
laminated transparency designs for materials from severa l sources and to
verify that the materials and the edqe attachment area of the laminated
transparency designs would sustain without structura l failure or delamina -

tion the equivalent of four lifetimes (8000 hours) of internal pressure
cyclin g at aircraft operatin g temperatures based on a 2000 hour trans-

parency deslon li fe . These goals were achieved .
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BACKGROUND

The prime purpose of an edge attachment is to join an aircraft trans-

parent enclosure to the primary structure and to transmit the developed
loads from the transparent material to the airframe . The edge attachment
area of a t risparent enclosure is ex posed to a hars h environment an d mus t
be capab lr — ‘ - d i ng extreme temperature gradients , cyclic loads ,
and str , concer itr at ri’ .. An inadequate edge attachment design will
result ii a reduced ser . ce life and ~iigh l ife cycle costs.

Two failore modes pi evalent in windshields and canopies are delamination

and r~r~~.~ed attach ne t holes . Delamination has been defined as a separa-

tion between ~~u plies , usuall y between the outer face ply and the inter-

layer mater ial.

One cause for delam ination is attri buted to the vas t dif ference i n the
expansion/contraction rates between the structura l plies and interlayer
materials when subjected to temperature extremes . Edge restraints and
cyclic pressurization loads can also cause dela m ina tions. Potential
methods for minimizing delamination is to use a retainer at the edge of

a lam inate and/or select one of the more recently developed high elongation

silicones as an interlayer material.

Ruptured attachment holes are identified as an elongation along one

edge of the hole or the material is torn out at the transparency edge.

Ruptured attachment holes have been caused by excessive bearing loads ,

thermal stresses, or a reduction of the material strength as a result of

crazing .

Crazing has been defined in Reference 23 as fine cracks which may

extend in a network on or under the materia l surface or through plastic

materials. Improperly drill ed attachment holes will produce stress crazing

in polycarLonat~’ ma terial at low stress levels. When subjected to elevated

166

--- 
--~~~-~~-—- —--~~~~~~~~~



- ~~~~~~~~~~~~~~~~~~~~~ 

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

temperatures , polycarhonate is exceptionally prone to crazing . Ro lt Hole
drilling methods and hole finish must be controlled because c r az i no  of
po l ycarhonate can sionificantly l ower th~ impact strength of the material .
Reference 24 notes the followin g requirements for proper hole dr i llin g :
keep the part cool by using slow to medium cutting speeds and feri rates ,
use a coolan t , and m aintain a sharp cuttin g edge at all times .

Other factors to be considered are hole spacing and hole diameter.

A m inimum number of bolts is desirable to enhance maintainabilit y ;

however , bearing stress is inversel y pronortion al to the number of bolts
• and must not exceed the critical stress level for polycarhonate.

Edge design s greatly affect the costs associated with in terc ha nqeabi1i t~~,
i nclu d ing initial tooling and ma i ntenance cos ts . Therefo re , cons i de ra t ion
must be given to bolt hole size (loose versus tigh t holes), hole seal inn

(wet or dry), the type of bushing used to distr ibute the load , and adequate

edge distance.

The in i tial F-16 production canopy was l/~ -inch coated r ”ono l ith ic

polycarbonate transparency . The attachment holes were hushed ~ith poly-

carbonate bushings. The edge attachment desi gn for the in i t i al canonv

was successfully tested and documented in Reference :T. The test condit ions

included a tensile test ~ihich loaded each specimen to desicm load , ultimate

load or to failure whichever occurred first. A series of spec ’meos were

subjected to tensile cyclic loading at high , low and ambi ent temperatures
for a total of 1000 cycles.

The tests described In subsequent paragraphs relate to laminated spec i-

mens and monolithic specimens taken from canopies that had been subjected

to ot her pr ior tests .
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TEST SPECI MEN DESCRIPTIO N

Table 12 is a pre-test description of the test specimens which are
s hown In Figures 59, 60 and 61.

The uncoated laminated specimens were comprised of an 0.08 inch as-
cast acry lic outer ply and a polycarbonate structural Inner ply separated
by an interl ayer material. The polycarbonate selection was 0.62 , 0.75 and
087 inch thick. Two types of interlayers were used : 0.10 Inch thick
(CIP) silicone , and a 0.03 inch thick copolymer. The copo l ymer is a
Sierracir, product designated as S-130. Two monolithic coated specimens ,
Figure 61 , were taken from a canopy that had previously been bird impact
tested for the Windshield Technology Demonstrator Program.

The laminated specimens were manufactured by two vendors . Sierracln

fa br~ ..ated six laminated specimens using the S-130 copolyme r inter layer

(-537, -539, -541 , -543, -545 and -547), and six of the laminated spec imens

that used S-100 silicone interlayer (—521 , -523, -525, -527, -529, and

-531). Swedlow fabricated four l aminated specimens with silicone inter-

l ayer (-523 , -525, -
~~?°~ 

and -531).

The glass filled polycarbonate bushings defined in Figures 62 and 63

were based on bushings defined in Reference 22. These bushin gs were

installed in oversize holes (0.019 inch maximum to 0.010 inch minimum)

and bonded In place with RTV63O after being primed with SS-4l20. The
oversize hole in the bushing provided bolt clearance of 0.025 i nch
minimum to 0.030 Inch maximum .

The attachment holes were drilled through the face ply and structura l

ply at one end of the specimens. At the other end the face ply was cut
hack. The bolt holes were drilled by the vendors usin g their proprietary

methods that are Intended to prevent crazing in the bolt holes.

T he fasteners were installed dry and were torqued to ~5-35 In. -lb.

for the 3/16 inch diameter screws and 69-80 ln. -lh . for the 1/4 inch diameter

• bolts. No sealant was used in the holes.
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+ 0.flfl2 lIla. 4 Holes
\ 779426~3-6l5 BushIiv~\ Prime Bushinas with SS -4 l2~’)Bond with RTV63O Sealant

7.00

0.88
_ _ _ _ _ _ _ _  i-I _ _

- 
_

t
_

— Po1yc~rbon~~e
0.f20 for -521 & —537
0.750 for -523 & -539
0.870 for -525 ?~ -541

~
— Inter layer
0.030 for -537 , -539 ~ -541 ~~~.._. Retainer (0 .032 Cres. )
0.100 for -521 , -523 & -525 \ Cement with RTVE3O Sealant

and SS-4l20 Primer

0.080 Ac rylic ~ 

1

~~~~~~~~~ Mylon Epoxy

0.870 Both Ends RTV63O Sealant

Figure 59. Specimens for 1/4 Inc h Bolts
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~
z— 0.391 + 0.002 Dia. 4 Holes\ CSK oJo2 + 0.005 Dia. x 1000
‘
\ 77942633:613 Bushinq
\ Prime Bushing with 55-4 120
\ Bond with R1V630 Seal ant
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~~~~~~~~~~~~~~~

.

Polycarbonate
0.620 for -527 & -543

i— Interlayer 0.750 for -529 & -545
0.030 for -543, -545 & -547 0.875 for -531 ~ -5470.100 for -527, -529 & 531 Retainer (0.032 Cres.)
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4, 
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~~~~
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~s__ __1i_I I1 I 
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l i i i
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~~~~~~ ~

.ii,___ 0.60 Both Ends L Nylon Epoxy
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Figure 60. Specimens for 3/16 Inch Bolts
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0.391 + 0.002 Dia 2 Holes For -535
CSK 0.~02 + 0.005 Dia x 100° Far Side
27942633-613 Bushing
Prime Bushings with 55-4120

Bond wi th RTV63O Sealant

5.00 3.50 for -533

I 4.0~ for -53~I I

/ 0.88 for -51~
• 

____ ______ / 1. 0° for ~~~— 

t L0 562 + 0 .002 Dia 2 Holes f~r -~ 3~?7°42f33-f15 Bushinc,
L 0.75 for -533 Prime Rushinos wit” --fl 2~0.50 for -535 Bond with RTVF3~ Seal ant

Polyester (CIP)

+ — — F

° 46° Polyc~rhonate

1.00 [r  
_

~~~ 
~~ ~iu ~~~

.4 l.oo~~~~ 
_ _k 4 .25

Figure 6l . Monol ithi c Polycarbonate Specimens
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0 275 • 0.005

0.550 + 0.000 
____ ____ ____

- o -

~~~~~ 

Dia. — 0— — .‘

~~ 
1. ioo~~~~~

20 Percent fiberglass Filled Polycarbonate.

Figure 62. BushIng for 1/4-Inch Diameter Bolt. (27°42633-61~5)
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0.~02 Dia (Ref) 
_

~~~~

1 ~~ 0. B 25

0.093 (Ref .)~~~~~~ — 

0.49 
~ 

T

.1 1 1 + 0.030
V.- . I —0.000

1 — 02l5 0
~
005 Dia—0.000

+0.000v.380 Dia

20 Percent Fiberglass Filled Polycarbonate.

Figure 63. Bushing for 3/ 16-Inch Diameter Bolt. (27942633-613)
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TEST DESCRIPTION

Three types of tests were conducted on sixteen laminated acrylic/
interlayer/po lycarbonate specimens and two monolithic polycarbonate spec i-

mens as follows :

• Cyclic load/constant temperature , Tes t 1, 2 and 3, Table 13.

• Cyclic temperature/constant load , Test 4 and 5, Ta b le 14.

• Cyclic temperature/twice ultimate load , Test 6, Table 14.

Loads equiv alent to a 2P ultimate condition were applied and were based
on a l ifetime of 1814 cycles for four lifetimes (7256 cycles). Temperatures

ranqina from -65°F to 245°F were imposed in the specimens. The load was

doubled for the final test. These loads , cycles  an d tem pera tures were base d

on operating conditions for an F-l6 aircraft (Reference Section V).

Test Setup

The eighteen test specimens were assembled into two strings of nine
specimens each and were bolted together as shown in Figures 64 and 65. The
two strings were connected by a l oading bar at each end and installed in
the test fixture . The loading bar was designed to divi de the input load

(1191 ibs) into two loads (735 lb. and 456 lb.) as shown in Figure 66.

A pneumatic loading jack was attached to the test specimens , Figure 67,
supported in an erector set type test frame made from 12-inch wide-flan ge

beams . A clock timer triggered a solenoid valve in a pneumatic loading

system which introduced pressurized a-f r to the loading jack for a given

time period . The load level was established by a pressure reducing valve
in the air input line to the loading jack. The time rate of loading and

unloading was established by a needle valve throttle adjustment of a special

solenoid valve in each in/out air line . An electronic load cell installed
in the l oad link with a strip-chart recorder read-out provided the load

versus time trace of the cyclic load test. A mechanical counter in each

test link recorded the number of load cycles . A polysterene environmental
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Figure 67. Test Fixture
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test chamber, approximately 12 Inches wide , 14 Inches deep , and 7 feet
high , shown in Figure 64, was Installed on the test machine to provide
ducting for hot or cold air around the test specimens. Temperatures
were mon itored through thermocouples attached to the test spec imens and
located in the test chamber. A Wilson Environmental Testing Machine
delivered the hot and cold air supply.

Cyclic Load/Constant Temperature Test

Three cyclic load tests were conducted at constant temperatures , as
shown in Table 13 and were designated as Test Numbers 1 , 2 and 3. Each
test was conducted at a different temperature , -5°F, 75°F and 160°F. A
cyclic load of 0 to 1191 lbs. was applied to the test assembly, and was
distributed as 735 lbs. maximum to the specimens with 1/4 inch fasteners
and 456 lbs . maximum to the specimens with 3/16 inch fasteners , as shown
in Figure 68. The cyclic time period was 6 minutes. The number of load
cycles was 916 at -5°F, 874 at 75°F and 24 at 160°F.

Cyclic Temperature/Constant Load Test

Two cyclic temperature tests were conducted at constant load as sho~in

in Table 14 and designated as Test Numbers 4 and 5. The total load , 1191

l bs., was distributed by the loading bar as 735 lbs . to the specimens with

1/4 inch fasteners and 456 lbs., to those with 3/16 inch fasteners. The

cyclic temperature varied from -65°F to 190°F for Test Number 4 and from

160°F to 245°F for Test Number 5. The high and low temperatures were held

for 20 mInutes. Five cycles were conducted for each test. The temperature/
time curves are shown In Figures 69 and 70.

Cyclic Temperature/Time Ultimate Load Test

Test Number 6, Table 14, was conducted at a constant total load of
2382 lbs. The load distribution was 1470 lbs. and 912 lbs. Ten cycles
were conducted at a cyclic temperature that were held for 5 minutes at

ambient temperature and 20 minutes at 245°F.
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1/4 Inch Fas teners

735 Lbs. _______________________________

I \
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600 . /
3/16 Inch Fasteners
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f
0 1.5 3.0 4.5 6.0

TI~ (MINUTES)

Fi gure 68. TypIcal Time Load Cycles , Test
Cond itIons 1 through 3
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TEST CONDITIONS

The pressure , thermal and cyclic load requirements were based on
operatinq conditions for the F~l6 aircraft .

Thermal Conditions

The F-16 aircraft operates at a variety of conditions according to
Reference 3. The many operating regimes have been condensed into the
following :

1 .  Subsonic c r u i s e  - standard atmosphere, 916 pressure cycles.

2. Subsonic cruise - hot atmosphere, 102 pressure cycles .

3. SupersonIc cruise - Mach 1.6 - standard atmosphere, 498 pressure
cycles.

4. Supersonic cruise - Mach 1.6 - hot atmosphere, 55 pressure cycles.

5. Supersonic cruise - Mach 2.0 - standard atmosphere - 219 pressure
cycl es.

6. Supersonic cruise - Mach 2.0 - hot atmosphere, 24 pressure cycles .

7. Subsonic cruise in a cold atmosphere (65°F)soak) fol lowed by a
supersonic cruise of Mach 2.2 in a standard atmosphere - five (5)
temperature cycles. See Figure 71.

8. Hot atmosphere ground soak (160°F) followed by a supersonic cruise
of Mach 2.2 in a standard atmosphere - five (5) temperature cycles ,

see Figure 72.

The life of the aircraft was given as 8000 hours (Reference 3) which

is equivalent to 725€ pressure cycles . For these tests the transparency!

cano py pressur~ cycles were based on a 2000-hour design life . The total

number of pressure cycles for one lifetime was calculated as 1814 cycles .

The thermal conditions were analyzed to determine the temperatures at
the edge of a 5/8 inch pol ycarbonate canopy with an 0.08 acrylic face

sheet and 0.10 interlayer.
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0.625 Polycarbonate
0.100 Silicone

4 5

0.080 As-Cast
Acrylic

1

240 -

4

160 —

I,.
0

~~~80 — 5 3
2

2 5
3

0 —

4

-80 1
0 200 400 600 800 1000

T ime (Secon ds)

Figure 71. Average Canopy Edge Temperature During Acceleration
From Col d Subson ic Cru i se to Standard Day Superson ic
Cru i se , then Decelerate
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0.100 SilIcone /0.625 Polycarbonate
Interlayer

4 5

0.080 As-Cast
Acrylic

1

‘

0 200 400 600 800 1000 ~~T.~O0
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p.,

Figure 72. Average Edge Temperature During Cl imb
frvm Hot Day Ground Soak to Standard
Day Supersonic Cruise , then Descent
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The temperatures which occur at the edge during Condition 1 were cal-
culated to be -~°F on the polycarbonate and -15°F on the acrylic. The con-
dition selected was specified as a constant temperature of -5 + 10°F and

916 pressure cycles , Test Number 1. The temperatures for Conditions 2
through 5 range from 18°F to 93°F on the polycarbonate and 49°F to 115°F
on the acrylic. The condition selected were defined as a constant tern-
perature of 75 + 10°F and 874 pressure cycles. Test Number 2. The
temperatures for Condition 6 are 1)0°F on the polycarbonate and 160° F on
the acrylic. This condition was defined as 24 pressure cycles at a con-
stant temperature of 160 + 10°F.

Two conditions ., 7 and 8, were selected which wi ll produce the l argest
temperature transients in the canopy . Since these are not ~ obable con-
ditions , only five temperature cycles of each condition were selected to be
run at constant pressure . The first , Condition 7 , is a subsonic cruise
in a cold atmosphere followed by a supersonic cruise of Mach 2.2 In a
standard atmosphere for 10 minutes. The temperature extreme is from
-65 to 190°F. The cycle was defined as follows : soak at -65°F for one
hour , increase air temperature as quickl y as possible to 190°F and hold
for 20 minutes , and then repeat.

The second , Condition 3, is a 160°F soak followed by a supersonic
cruise at Mach 2.2, in a standard atmosphere for 10 minutes. The cycle
is the same as the previous cycle , except the low temperature is 160°F
and the high temperature is 2450F.

Load Conditions

The applied load was based on an internal cockpit pressure of 13.2

psi. This is the ultimate internal pressure condition assumed for a
canopy per Reference 15. Two load values were calculated , one for speci-
mens with 1/4 inch bo l ts and the second for the spec imens with 3/16 inch
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bolts . fl” l oad that was applied to the specimen ! with 1,4 Inch bolts
was calculated as follows :

(13.2 PSI),. (15.9 IN.) x (3.50 IN .) 735 LB.

where 15.9 inches Is the canopy radius
and 3.50 inches is the specimen width.

The total load applied to the spec imens with 1/4 inch bolts was 735
pounds or 367.5 pounds per bolt. The load per inch of width was 210 pounds
per inch.

The total load applied to the specimens with 3/16 inch bolts was 456
pounds or 228 pounds per bolt. The load per inch of width was 114 pounds
per inch. These loads were used for Tests 1 throuah 5 and were doubled
for Test 6.

TEST RESULTS

Life Cycle One (Cyclic Load Tests ~o. 1 , 2 and 3)

Test ~unber 1 was a si .~u 1at. ~’n of a subsonic cruise , st .indard at: os-
phere . The estimated tine to complete , based on six minut es rer cycle was
91 .6 hours . The actual time to cor~p1ete was approxi~ate1 y ll’ ~ ~~~~ ~
total test load of 1191 pounds (735 + 456) ~:as achieved. Tt’e capacity
of the cooling agent (C02) tanks , permitted an uninterru pt ed run of
approximatel y 24 hours .

The test was run 16 hours per day , 5 days per week , and was monit ‘~‘J .
The coolant was supplied automatically to keep the temperature at 50 ~.

10°F. An automatic shutoff valve stopped the test when the tanks ran
out of coolant. Inspection of the specimens was accomplished three times

per day at each eight-hour interval. This test was completed without

incident.

Test Number 2 was delayed because the bushings pulled out of the -521

configuration at cycle Number 325 and caused the time to complete the
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test to slip from the estimated 87.4 hours to 110 hours . This occurred
at the end of the specimen without the retainer. The bushings were rein-
stalled using one inch diameter washers under the bolt heads. This
procedure was duplicated for the remaining specimens utilizing 1/4 inch
bolts. The test was resumed and completed without further incident for
the full 874 cycles.

Test Number 3 precipitated a failure to the -~33 specimen on the first

cycle. The holes had been drilled improperly on the non-test end of
the specimen which produced a shear-cut failure . The specimen could not

be repaired and was replaced with an aluminum spacer . The test was

completed as planned withou t further incident.

Electrical heaters were used for this test. The selected load , tern-

perature and cycles were achieved. Table 15 shows the temperature
distribution within the environmental box for Cycles 1 and 10 of this
test.

T~BLE IS. TEMPERP~TURE DISTRIBUTION FOR TEST NO. 3, LIFE CICLE I

THERMOCOUPLE TEMPERA TURE L°~~ —

NUMBER CYCLE LE
_ _ _ _ _ _   

10

L
1 164 167
2 160 163
3 161 164

4 154 160

5 162 166
6 153 157
7 150 156
8 160 163
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Cyclic Temperature Tests (Numbers 4 and 5)

Test Number 4 was completed as required with the following variations.

The In i t i a l  low temperature was held for 60 minutes. The tarqet time
for cold to hot temperature was 12 m Inutes . The actual time varied from
13 to 25 minutes. The high temperature was held for the specified

20 minutes. Cool down ti me requIred 13 to 18 mInutes . The load of 1191

pounds was accomplished although the pressure regulator had to be con-

tinually adjusted . The bolt loads were 367.5 pounds per 1/4 inch bolt

and 228 pounds per 3/16 inch bolt.

This test was stopped on the fourth cycle because the loading cy l i n der
ran out of stroke before maximum load was reached . The combined stretching

of all the specimens was the cause of the bottoming out. No permanent

set was observed in the spec i mens after the completion of the test. The
specimens had been marked to measure permanent elonqation . Adj ust m ent ot

the hydraulic jack permitted continuation of the test. The five cycles

~‘ere comp lete d wit hou t further  i nC i dent.

Test number 5 caused permanent damage to severa l spec imens as described .
The time to heat from 160°F to 245°F varied from 5 to 25 minutes. The

245°F was held for the specified 20 minutes. Time to cool to 1 60°F varied

from 1 3 to 18 minutes. The load of 1191 pou,ids was accomplished for the

five temperature cycles.

Observation at the completion of five cycles showed bubbles In the

interlayer of the specimens fabricated with the Sierrac ln S-l30 interlayer .

Fi gure 73 shows typic al bubbling in two of these specimens.

Further observations revealed delamination in the bolt area of

Specimens -525 , -529 and -531 . This delamination , shown in Finure 74 for

the -531 configuration , occurre d a t the en d of t he specimen where t he
acr ylic ply extended to the edge of the specimen .

No cr i :1 rig was ~)bserved on any of the cpe~: linens.

1 ~~.
‘

_________ ___________________ a~-~~k
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FIgure 73. Inter layer Bubbling (-537 & -543)
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FIgure 74. DelamIn ation of Acr 7lic Ply
at Polt Ho1~ s (-531 )
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L ife Cycle Two Through Four

Test Numbers 1 , 2 and 3 were repeated three tImes to complete Life
Cycles 2 , 3 and 4. No changes were observed In the specimens. These
tests completed 7256 load cyc les on the specimen assembly.

Cyc l ic Temperature Test Number 5

Test Number t’ was accomp lished after Life Cycle Four. This test
loaded the specimens to twice the operational load at the high temper-
atures seen in Test 5. Thus , the specimen s with the 1/4 Inch attachments
were loaded to 1470 pounds and the specimens with the 3/ 16 inch attach-
ments were loaded to 9)2 pounds. The maximum temperature of 245 °F was
limited ~ the therma l ca Dabil ity of the enviro nmental box . The required
24 cycles ~.ere completed withou t incident. The temperature distribution
for the ei~

q
~ thermocouples is shown In Table 16.

Post-tes t observations revealed an increase In the number of bubbles

in Specimens -527 through -547 but no additional delamination was

observed .

T\~LE 16. TEMPERATURE DISTRIIThT1O1~ FOR TEST NO. 6

TEMPERATURE (°F)
THERMOCOUPLE CYCLE CYCLE

NUMBER 1 10

1 243 238
2 241 242
3 246 247
4 240 243

5 235 239
6 233 239
7 233 237
8 239 237

1nc
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POST-TEST OBSERVATIONS

The specimens were removed from the test fixture and inspected . A

description of the test specimens is given in Table 17.

Compressive y ielding of the acr ylic ply occurred un ler the washers.

No measurable creep had occurred .

Surface crazing was observed on many specimens as noted in TaHe 17.

The degree of crazing is defined as very light , light , moderate and

severe . Al l crazin g occurred on the specimen surface under the plates

used to connect the specimens. Those specimens that were installe d with

urethane tape between the plate an d spec i men , exhiMt ed less craz inu

than the specimens wit~’out the tape . It is not kro~n at i~it c ’cle th e

crazing appeared . Figure 75 shows the surface crazin o in the -5?l sr~er in~.’n.

The surface crazing existing on these specimens is believed to have

resulte d from contamination of the po l vcarhonato combined ‘~it h tension

stress ml ~iiq h temoerature . The asym ,retricil l~ ad~ni~ of t o  c~~cim oPs

in~
4
~ico~l max im um tens i on stress on th e s~ec i men surface th~t in t ” r f icos

with the connecting plates . The cal cu l at t ’d tension stress on tn’ con-

nectin g plate side of the -~~1 soecimerl was approximatel y ~~~ ~‘ci .

No bushing deformation or bolt hole elongation was visible in any

of the specimens.

CONCLUSIONS

The results of these tests verify the structura l integrity and dura-

bility for the edge attachment area of a laminated windshield configuration

as defined in Figures 59 and 60. The adequacy of the design was substan-

tiated for an 8000-hour aircraft l i fetime which Is equivalent to 725~
pressure cycles at temperatures ranging from -65°F to 245°F and loads

based on an ultimate canopy pressure of 13.2 psi. The load condi tion
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resulted in a specimen load of .‘lO pounds ocr inch for conf igurations

w i t h 1’ 4 Inch bolts , and 114 pounds per inch for confi gurations wi th

.1/h inch bol ts . These tests were similar to the t e s t s  conduc tpd on

‘vn oli thic polycartlonate 4S reported in Reference i’.’ .

I~e1a,nInation did occur at the non-retainer end Qf one Qroup of

‘.oo~ imens during the high temperature , c y c l i c  ten~ erature t e s t s .  This

It ’1 ami nat ion w a s a rest i  It of high temperature comb i ned i~ i t  h comeress I On

induced in the •ic ry ii c 1 ~ by the ho 1 t head . \s ~~ i’•’ t r i ca l 1 oa dl n~ t~
the single shear arrangement lnduce* a load that caused bushin g pullout.

This problem was eliminated by insta lling washers under the t’.olt heads .
Hig h temperature combined with the bolt load resulted in compressive

yieldIng of the acrylic ply under the washers. Extend i ng the acr ylic

to the edge of the canopy Is not recomended .

Bubbles occurred In the ~- 13fl interlayer. The bubblin g occurred

durin g the Lif e Cycle One , high teiiiperature , c y clic temeerature test

and grew with subsequent high temperature tests. ‘The use o~ th is  inter-

1 ivei’ as fat rica ted for these spec I fliCflS 1 S not i’.’~ ‘wnmended or I .Ini I n.i t e.l
transparencies nxpected to ex’~’erience hioh t ec’io-’r ,jtures .

The specimens had been marked to permit creep measurements . No

measurable creep was observed .

Surface crazing occurred in many of the specimens. The crazin g
occurred under the aluminum connecting plates and was less severe at the

end of the specimen th.it utilized the retainer and spacer . The use of
urethane tape under the connecting plates reduced rannq . ~s noted in
L~eference .~~.

‘
, the use of an agent such as urethane tape along ~ith a

protectiv e coating can si gnifican tl y reduce the etf i’cts of environnw’n t

on polycarhonate surfaces.

The test asse -~~ 1 v wa s  designed to 1 oad and test 1 ~ spec 1 “ ens s imu 1 —

taneous 1 y under hi gPi , 1 o~ and ambient t enflwrat ures - l i i  s ‘let ‘ iod s

- ‘- ‘



Identical test conditi ons for all specimens and reduced the test time
that would be required for Individual testing of each spec imen . A 

-

~

disadv antage of this method was the difficu lty Involved In making periodic 
Iinspections of the specimens.

.9
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SECTION IX
SALT ABRAO ER TEST

The design of supersonic aircraft windshields is influenced by abra-

sion resistance. The transparency must be able to withstand the “impact

abras ion ’1 encountered when an aircraft flies through a cloud containin g

Ice crystals or an environment of a i rborne dust and still provi de an undis-

torted view for the pilot.

This section presents the results of a series of salt abrader tests

performe d on aircraft windshield transparent materials. Each test soec i-
men wa s Impacted with a controlled blast of salt par t ic les ,“t selected
temperatures to simulate an aircraft windshield encounter w i t h m inu te  ice

particl es in clouds or with dust when fly ing close to the ground .

The purpose of this test was to provide data to be used as a qualitative

comparison for an assortment of representative transparent windshield speci-

men s. The measure of this comparison was the percent of haze in the sped-

mens after they have been subjected to a controlled number of salt blast

cycles at identical near-sonic velocities and selected temperatures .

Six transparent test specimen confi gurations, shown in Table 13, were

tested . The face-ply materials and the cross section composition are

id ent i f ied . Four of the specimens had been tested previously in a wind

tunnel test program as r eported In Reference 25. Figure 76 shows the

configuration plan form and the area impacted . I’ .

These tests were performed at the Si erracin Corporation facility , Sylmar ,

California. A Douglas Aircraft Company engineer witnessed the tests.

The test procedure was based on salt abrader tests performed previously

by Slerrac in and PPG Industries. - ‘
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TABLE 18. TEST SPECIMEN CO~FIGURATIQNS

CONFIGURATIU:~
1 PRIOR

DAC S/N C~~SS SECTIO N
VENDO R 5/N 2 TEST

-501 _~ a~~0.080 As Cast Acrylic

No 

r~~
O.10O Silicone (S-lOO)

_____________ 

0.625 Polycarbonate
(MLL-P-83310) L

SNOO2 
~~~~~~~~~~~~~~~ ?M~~~~~~~~~~

0na te

SK16 Yes 0.900 Monol ithic Stretched Acr yl’c

SNOO2 (MIL-P-256~o)

—519 0.100 Acrylic (For -519)
Yes 

_____________ 

(MIL-P-81 84)
GYO1 

______ C ~
2’ tirethane

521 “s.~ j  (GAC-590-55)(For -521)
Yes ~ ~~~~~~~ “rr~~~~ (GAC-59045)(For -523)

GYO2 
______ 

) ‘N, 
~~
‘ ‘O.O4O Urethane (F5X-3A )

—523 Yes ‘
~~~~0.25O PolycarbonateGYO3 

_______ 

(MIL-P-83310)

t Conflguration Numbers of Drawing Z5943260.

• Sierracin , GY • Goodyear.
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O.~~~X 45’ 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

r Thermocouple 
-TYP 

— 

/ 
3.70

I 1.25 + 025 Diameter I

\

~Two Tes t Ar eas 1

2.00

_ _ _ _  3.69

7.38

Spacer ~~ 1 ~UOO

Fi gure 76. Windshield Test Specimen , General Outline.
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TEST SPECIMENS

The six test specimens were flat , rectangular and 1 .00 x 7.38 x
11.38 Inches In size as shown In Figure 76.

The face ply materials were as-cast acrylic , Sierraclad and
urethane. One specimen was uncoated stretched acry lic. The specimen
cross sections are shown In Table 18.

The area salt blasted was limited to the two spots, A and B noted
in FIgure 76. Four of the specimens had been previousl y tested in a
wind tunnel test , Reference 25.

TEST DESCRIPTION

The six test specimens were individually impacted at the controlled

spot on their exterior surface. Intermittent salt blasts impacted the

spec imens under three temperature ranges as defined In Table 19.

Control spec imens (MIL-P-25690, stretched acr ylic) were furnished by

Sierracin to calibrate the system . These specimens were imoacted before
each series of tests to determine whether or not the system ~as function-
ing properly . The contro l specimen reguirenents are listed in Tab le 1’°
for a one second “on ” , one second “off” cycle.

Prior to testing, the specimens were thoroughly washed under running
water and dried with a Kaydry , or equivalent , paoer towel. The wecimens
were cleaned after testing .
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TABLE 19. TEMPERA TURE/CYCLE REQUIREMENTS FOR EACH SPECIME N

TEST LOCATION TEMPERATURE
(FI gure 76) (°F) NUMBER OF CYCLES

A 75 + 15 5 10 20 50 100 
1

B 265 5 10 20 50 100

2oo
~~~o

FOR SK16 ONLY

TABLE 20. CONTROL SPECIMEN HAZE REQUIREMENTS

NUMBER OF CYCLES PERCENT I~ICREASE IN HAZE
+1%

5 9

10 13

20 15

205
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The specimens were supported for testing in a fixture that was
adjusted so that the salt blast would strike the specimen norma l to
the surface. A mask was Installed to limit abrasion to area A and 8,

Figure 76.

The salt used for abrading was dried and sifted to remove l umps .

A sand blast gun was used to direct the salt blast against the
specimen surface . A timer control was set to operate the abrader
one second “off” (no air , no salt) and one second “on” per cycle. The
air vessel pressure was 40 psI. The tip of the gun was eight Inches
from the specimen surface and mounted normal to the surface.

The specimens were heated to a temperature above those specified

in Table 19 , removed from the oven , mounted In the support fixture ,

and Impacted per the requirements of Table 19. The maximum specimen

temperature was limited to 295°F.

A Gardener type hazemeter was used to record haze measurements

prior to testing and at the completion of each l evel of cyclic abrasion .

TEST RESULTS

The test temperatures are listed in Table 21. Table 22 Is a record

of the haze measurements. Figures 77 and 78 are plots of percent haze

versus number of cyc l es for eac h temperature regime.

The range of haze varied from 6 to 8 percent at 5 cycles and from

9.5 to 19 percent at 100 cycles for the tests conducted on specimens

at 74°F. For the heated specimens, the range of haze varied from

6 to 12.5 percent at 5 cycles and from 14.5 to 27.5 percent at 100

cycles.

These tests indicate that stretched acrylic materia ls , suc h as

~~~~~~~~~~~~~~~~~~ 
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TABLE 21. RECORD OF TEMPERATURE (°F)

5 CYCLES 10 CYCLES 20 CYCLE5 50 CYCLES 100 CYCLES
TEST SERIAL ~~~~ PO~3T PRE- POST PRE- POST PRE- POST PRE- POST

- NO. NO. TEST TEST TEST TEST TEST TEST TEST TEST TEST TEST
01 SKO6 74 74 74 74 74 74 74 74 74 74
02 SK11

03 SK16

~: 04 GYO 1

205 GYO2 I

~ 06 GYO3 74 74 74 74 74 74 74 74 74 74
-J

07 SKO6 250 246 250 245 250 245 250 225 250 206

~ 08 SK11 250 242 250 245 250 244 250 220 250 210

09 SK16 200 187 200 185 200 189 200 188 200 172

10 GYO 1 250 245 250 244 250 246 250 2 18 250 205

~ 11 GYO2 250 242 250 246 250 246 250 218 250 208

12 GYO3 250 238 250 246 250 243 250 215 250 203

*200°F for SK16
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TABLE 22. RECORD OF HAZE VALUES

- 
TEST SERIAl. PRE- 5 10 20 50 100
NO. NO. TEST CYCLES CYCLES CYCLES CYCLES CYCLES —

- 
01 SKO6 5.5 6.1 6.9 7.3 10.4 11.7

~ 02 SKl 1 5.3 5.9 8.0 9.7 11.3 12.6

~ 03 SK16 7.1 7.6 9.8 16.0 18.4 17.8

~ 04 GYOJ 5.1 5.8 7.7 9.0 15.8 19.2

~ 05 GYO2 5.9 5.9 5.9 6.1 7.8 9.5
-J _____ _____

— 
06 GYO3 5.7 7.0 8.7 10.0 15.2 16.8

— 
07 SKO6 5.5 5.8 7.9 8.8 12.2 16.3

08 SK1 1 5.3 7.1 7.9 9.2 11.5 15.9
n

~ 09 SK16 7.1 10.6 15.9 22.5 24.8 26.9

10 GYO1 5.1 6.7 11.7 11.2 13.3 14.5

~ 11 GYO2 5.9 8.3 8.1 10.4 14.5 17.2

12 GYO3 5.7 12.3 14.7 17.3 25 .5 27.4

- _____ _____ ____ ______- 

(Readings in Percents.)
*200°F for 5K16
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30

NOMINAL TEMPERATURE 74°F

25

GYO1

/ 

,2
2” ~-.SK1 1

SKO6

1O
~~~~~~~~~~~~~~~~~~~~~

117>T x~~~
2

5 ,

5 10 50 100
NUMBER OF CYCLES

FIgure 77. Haze (Percent) Versus Number of Impact Cycl es at 74°F.
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30’

NOMINAL TEMPERATURE • 265°F GYO3

25

20 / /
‘4 / GYO2 

SKO6

15 
)

~~~~~~~~ SK11

.7’ y7’ ~- GYO 1

10 / ~

5. , , , , - u 1 ‘ ‘ ‘i
56 100

NUMBER OF CYCLES
*Tested at 200°F

Figure 7~i. Haze (Percent) Versus Number of Impact Cycles at ElevatedTemperatures.
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specimen SK16, are more prone to abrasion than as-cast acrylic or
urethane materials when subjected to up to 40 cycles of salt impact.

At 100 cycles of salt imoact, the stretched acrylic (SK16),
as-cast acrylic (GYO1 ) and urethane (GYO3 ) specimens registered the
highest haze values at 74°F. A urethane face ply (GYO3 ) registered
the hi ghest haze value at 100 cycles when heated to 265°F, and the
stretched acrylic (SK16) specimen , heated to 200°F, also registered
a high haze value at 100 cycles.

These tests indicate that any plastic face ply material will be
abraded when subjected to a salt blast ; thus , th is  abrasion causes an
Increase in haze. The haze increases nonlinearly with an Increase in
the number of impacts. With one exception , Specimen (Y(’l , the m aximum
haze value s were recorded for the specimens when impacted at elevated

temperatures.

At 74°F the haze values varied from a low of 9.5~ for Specimen GYO2 ,
which has a urethane face ply, to a high of 19 .2% for Specime n GY O 1 , which

has an as-cast acrylic face ply . At elevated temperatures the haze values
varIed from a low of l4.5~ for Specimen GYO1 to a hinh of 27.4~ for
GYO3 . The haze reading for Spec imen SK16 (stretched acrylic) was l’.8~
at 74°F and 26.9% at 200°F.

CONCLUSIONS

It is reconmiended that further studies be made to correlate these test
results wi th windshield haze readings per number of flights for actual

aircraft operating conditi ons in order to determine the accuracy of the
test method . A variety of tests are being used by industry to determine
the abrasion resistance of transparent materials use’l on aircraft wind-
shields. The ASIM F7.08 coninittee is trying to develop a standard test
for determining abrasion resistance.



SECTION X
BIRD IMPACT MATH MODEL

The Bird Impact Math Model (IMPACT) Is a computer program designed
especially for the purpose of calculating transient dynamic responses of
aircraft windshield and canopy systems composed of laminated transparencies
and supporting structures subjected to bird impact. The theory and applica-
tions , user ’s manual , and program manual documentation for this report are
found in Reference 26.

The program is based upon a finite element model of the multilayered
transparency and supporting structure, subjected to time-varying loads
representing bird impact. The equation of motion for the model is
derived , considering geometric and material nonlinearitles. The approach
to geometric nonlinearities is based upon the method of fictitious forces
and deformations. The approach to material nonlinearities is based on
the Von Mises yield criterion , and the Pandtl—Reuss equations. The
scope of the computing effort is minimi zed by introducing a modal trans-
formation. The transformed nonlinear differential equation of motion
is solved incrementally In time and iteratively within each time step.

Initially, it was anticipated that the bird impact math model would

be utilized as a design tool , after appropriate correlation with test
data , to analyze the potential F-16 canopy changes needed to design a
bird impact resistant transparency for impact levels of 350 through 562
knots. Analysis of ten canopy design cases were to be accomplished to

support the canopy design effort. To obtain the test data for correla-

tion between program and test, the Canopy Bird Impact Test was

accompl ished . The test pl an for this series of tests is an appendix of

this report.

The attempted nonlinear analyses Of the F-16 canopy were unsuccessful .

Reasons for the failure are discussed In Reference 26 and recomendations

— —
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for further study are presented. A l inear analysis was computed success-
fully and showed qualitative agreement with test results , but displacements
were underestimated because of the nonl inear effects.

This section describes the application of the nath model program to
l inear analyses of three configurations of the F-16 three-layered clear
view canopy design for the 350 knot bird impact case.

F-16 MATH MODEL ANALYSIS r
Figure 79 shows the finite element model for the F-16 clear view

canopy. Three configurations were analyzed in support of the DAC
design effort. All had the same frame structure , but the joint coord i-

nates in the transparency were re-computed for each configuration to

produce different thicknesses of the three l ayers in the laminate. The

inner surface did not move. Figure 80 shows the three thickness configura-
tions. Symmetry of structure, loads and response was assumed to exist , so
that only half of the structure had to be modeled . Symmetric boundary
constraints were imposed at the plane of symmetry . In addition , the model

was constrained in the X , Y , Z degrees of freedom at the hinge point , in

the Y , Z degrees of freedom at the latches and in the Y degree of freedom

at the forward bearing point.

Table 23 gives the material properties used in the transparency l ayers.

These represent low strain rate design properties at room temperature and 
. 

-

are taken from data available during the preparation of Reference 18. These

properties were actually input to the program, but for linear analysis the

program uses only the Elastic Modulus (E) and Poisson ’s Ratio (
~) .

Material properties vary with strain rate and strain rate varies with

time during the canopy blrdstrike event. Low strain rate data was used
because It is representative for most of the elements in the canopy model .

Areas of high strain rate are expected to be 1oc~lized and to be moving

214 

~~~ - - - —~~~~~~~~~~~~~~~~ .-_ -- - - --— ~~~~~~ -- , _ _ . _ - - - -~~. 



\ \‘~ ‘ \ ~~ —~‘ ~~f ‘ ‘—
.— 

‘ ‘ _____ —_4---___ 
‘‘ ‘..— U Q. i~~Y A ~ ~-k V ~~~ 4~V •.- ~ ‘4-

~~ ~~/ \  ~,.— \  \ \\ ~~~~~~ C
V~ I \~~~ -~~\ ~~~~~~~~~~~~~~~~~~~~~~~ \ \
I ~. ‘ I ~~~~ I ~~~~~~~~~ ‘. .—~ ‘~ QI ~~ L)
I \/ \ A \.—~~\ \ ~\ ~ \ C ~‘
‘ I ~~~~~~ \ ~~ ‘ 1 ~ c/\ X U- \ J~— V ~~------~ \ \ \ >, 0 i~~ 

0.’
N. U ~ / %  4 ‘. ~ .— ‘. ~~~~ A _

V \ ~/ \ ~~ -~-k1 \ ~~~~~~~ 
U

~AAA~ *~~
— 

~~~~\A~A 2 (  \ \ ~~~~~ \\ \
0.
‘/,
C
4°
1. 0

0) C

‘. Ia)
>1

U C -~..- >1 0
a, i. i..— 0.’
0) 4J 4° 4.~ 

_
I.. Q)~~~~ .I. C.C E C V  U
~

. 
~,

V~~~~~L)
a’ —C

U-

4, 
.
~ ~

~~ 0 V .C

\~. - -  _ _ _ _  _ _ _

215

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



~~~~~~~~~~~~~~~~~~~~~ 0.125 Acrylic 

L

0.100 S—lO O interlayer

0.625 Polycarbonate

CONFIGURATION 1

~~~~~~~~~~~~~~~~~~~~~~~~ 0.125 Acrylic

0.080 s-lOG Interlayer

0.875 Polycarbonate

CON F IG U RAT I~N 2

~~~~~~~~~~~~~~~~~~~~~~ 0.125 Acrylic

0.030 S-130 Interlayer

0.750 Polycarbonate

CONFIGURATION 3

All dimensions are inc hes.

Fi gure 80. Thickness and Ma terials, F-1 6 Clear View Canop~ ~~~~~

~l6

~~~~~ 
__

~~J



rapidl y with the deformation waves. It was not feasible at this stage in
the development of the math model to anticipate which elements would be
located in the localized high strain rate area at each time Increment and
provide suitable changes in materi al properties. Therefore , the best com-
promise was to use low strain rate properties throughout for the transparency
mater ials. Standard material properties for aluminum , as found in
MIL-HOBK-5 , were used in the canopy frame elements.

TABLE 23. MATERIA L PR0PERTIES~
1
~

-

~~~~~ -__ _ _ _

Elastic Modulus E (PSI) 480,000 270 ,0fl(~ l8fl*

Secant Modulus , FA (PSI) 321 ,400 141 ,0~fl 180* ?6l0~

True Yield stress, ‘A (PSI) 9,000 Q ,07~ - -

True RUpturE’ Stress , 
~
,r (PSI) 

! 1o,96l~ 11 ,93f lt~7 l~00

True Rupturc’ Strain cr(in./in .)~ 
0.0459 0.531 ~~~~~

Poisson ’s Ratio , v 0.35 0.15 0.4k 145

(1) Low strain rate properties at room temperature .

* Calculated from : E 2(l+v)G. !here (~ 
r Mojulus ~‘f Riqi ~~it ~~.

The bird i mpact l oading was appli ed to each configuration . The
impact was represented by a rectangular force/time distribut ion ,
discussed in Reference 27. The average impact force acted on the structure
continuously for a specifi ed time . From Reference ‘7 ,

F f l ’ V S 1 f l~~)
avg L

td y



- ‘
~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ _ - -

where Favg is average impact force

m is bird mass
v is relative veloc i ty of bird to windshield
B is impact angle

td is Impact duration time
I is effective l ength of the bird

It Is seen from the equation for Favg and Figure 79 that the average
Impact force Is the component of force norma l to the surface of the canopy
at the Impact point. In these analyses the travelin g footprint concept was

used by which the impact force moves along the canopy surface with the
bird material and the effective length L becomes the distance over which the

load footprint is estimated to be in contact with the surface. The loads

generator program was used to calcu late the distri buti on of the averaoe

impact force to the joints of the model for each of ten time increments and

the corresponding positions of the footprint.

For a 4-pound bird traveling at 350 knots ,

4 0  LB SEC 2m 386 .064 • 0 .01036 1 
~TN

v • 350 (20.24) • 7084 ~-~~~-

and for e 29.230 and 1 25 Inches ,

F • 10 ,156 LBavg
td 0.003529 SEC

Since the model is a symmetric half shell , half of the average

impact force was applied .

1/ 2 Favg 
• 5,078 LB

2 18
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The first 30 natura l free vibration modes were calculated for each of
the three configurations and used in transformation matrices to reduce the
problem size frnm 4871 structural degrees of freedom to 30 modal degrees
of freedom. Linear incremental response solutions were performed for
23 t ime increments. The first 10 increments covered the impact duration
t ime of 0.003529 seconds while the remaining ones gave the response out
to 0.01 seconds. Modal displacements , velocities , and accelerations
and element forces, stresses (including equivalent stresses) and strains
for all elements were calculated and stored on magnetic tape for all
23 time points. Postprocess operations transformed the modal displace-
ments to X , Y , Z joint displacements , printed out selected joint
displacements along the centerline of symmetry , and printed out stress
components , equivalen t stresses and strains for selected elements.

Figures 81 . 82 and 83 show joint displacement s in the V degree of
freedom along the centerline of symmetry at several time points. Note
that the average impact force is removed after  time point 0.00353 second ,
and the maximum deflection occurs at or just before the point. Figure
84 shows the strain distribution through the laminate just aft of the
impact point. The presence of the thinner , stiffer 5-130 interlayer
in Configura t ion 3 causes the laminate to act nearly like a monolithic
l ayer. The maximum deflections and equivalent stresses are tabulated

in Table 24. The linear analysis results are corrected by multiply ing

by a nonlinear correction factor from Figure 85. The data used to

develop Figure 85 is tabulated in Table 25, and Is based on comparisons

between test results and the results of linear math model analyses.

The linear analyses were designed to duplicate the tests as nearly as

possible. However , the number of complete analyses which could be

performed was l imited , so that many of the anal ytical values shown were

estimated by use of the equation shown at the bottom of the table.

Note that the corrected results for Configurations 2 and 3 involve

the use of 
~T’~L 

from Figure 85 for values of ~1/h < 1. Points In this

region correspond to snap-through. The curve in the snap-through region

2 19 

-



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :~ ‘
_

C
.2

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

4°

v) C
0U) u ‘—Ia.’c v~ L

0 0
• Lfl V) 0 ‘4-

‘.00 ir~ ~ — a,
.
~~~~~ tI o E

a)0 (11.
~~~~‘-) C’, ~)‘/,

C’)
C ‘.c~ C
C C 0

~1•~U 4-’
I c

U Ca,
.41

U C~’40) 
~~ 0 

—V) — C

- -

(s3H~uJ) IN3W3~b’1dSIQ 1V~l.L?J3A

220

L - - -  --- . - ~~~~~~~~~~~ - -_ -~~~~~~ 



—
~~~~~~~

-
~~~~~~~~

- -— ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ -. -

C\J

C
0

C’ 4°

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

0’
U
4) ‘4-

4S) C
0

‘A, L)

~0 U
U C 0)
0) C’ ~~ 

0
Idl • U ‘4-

U ‘A) 4)
4) ‘~~ C U)v~ C’ C’U c”~ •

- ‘ - 4) ,~‘r, ..~
-‘ I Ij—

L ’  ~~~ C~ J C~ 4) C
U ~“.J - / C’ ~~/ . — 0U) I I I ~ -

L~ ~“ f J C’
4.~ P L4 ’~ L j / C.’ ‘

¼..’ C’ / .

/ 
)
~~~ L- 

“

i

’ 
Ls..

N,~~~~

”
N

~
N 

~/
/ )

; 1

~~

,

- l

Hi

_ _ _  -~~

.)N I) IN li d JV1JS Iii IV.) 1 I~ii A

_ _ _ _ _ _ __ _ _



— __-—— - - - _- -‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~ -—,~~~~~~—-

4.

C
o .2

4-’— 4°I-

•
0’

‘4-
C
0

U 
I—,a, I-
0

‘ ‘  ‘ a) C)
U’) U)

U C — 0)4) C U ~ U
U) - ~~

- a) U
U C U)  4)
a) ‘4) C) U)
U) C • ~~~

- ‘4-
~~ 

4.) I C C’, o
0 ) 0’  C I C u’ )
4/) LA’) C •

0
I ,1

U c~ • -
, 

“ Ua) ~~ C I CU) ¼... C / I C
¼, /

I- 11~~~~ 
4 

1

(S3HDNI) 1N3I~3DV1dSIU 1VJIUJJ A

222

s--— -- - , - -~~~~~~~~~~~
- - -~~~~~~~~



S-l00 Interlayer S- lOO
Interlayer

\

~

— l00 Interlayer 

~~~~~~~ Acrylic \~~~~ y11c
Acrylic

-.00231 
~

- .0002~~ 
~~

_ 0039 1

_ _ _ _ _  
00037 [ -

~.0033~~J\\ ~ 

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

.~)l7 6 .00815 .00826
I I 

I

ConfiguratIon 1 Configuration 2 Configuration 3

PC • Polycarbonate
Strain t !nits • In/in .

FiQure -34. Transverse Strain Oistributi ons , Linear Response ~na1v ci s.

ts constdered less reliable than for larger values of AL /h . in view of
the scatter of the test data . Consequently, rather low confidence must
be placed In these results .
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SECTION XI

TRANSPARE NCY DESIGH CONCEPTS
ADAPTABLE TO THE F-16 CANOPY DESI GN

This section presents the design concepts tha t have been defined as
potential candidates for the F-16A and F-168 canopies to meet various bird
impact test levels of 350 through 562 knots , and also a design that is
applicable to the Air Force Manufacturing Technology Program (MANTECH).

The basic cross section specified by contract for this program was a
three-pl y laminate consisting of an acrylic outer ply and a polycarbonate
structural ply joined by an interlayer. The thickness of the polycarbonate
is varied to meet the various bird impact levels of 353, 400 , 430, 450,
5~)O and 562 knots for the hio~i visib ilit y type of canopy desi’in .

Other canopy design concepts , inc l uding utilization of an inteara l
bow frame and a fixed windshield concept , satisfy the bird impact require-
ments at these higher velocities. Two canopy design concepts which are
premised on an altered canopy shape to ~eet the 350-knot bird impact
requirement and various other criteria, are c’resented fc’r conside ration .
In each case where the transparency thickness i~ incr eased , the inner
surface is retained and the outer surface is moved outboard .

Initially, It was anticipated that the bird impact math model would
be utilized as a design tool , after appropriate correlation with test data ,

to anal yze the potential F-16 canopy changes needed to design a bird
impact resistant transparency for impact levels of 350 through 562 knots.
The attempted nonlinear analyses of the F-16 canopy were unsuccessful.
qeasons for the failure are discussed in Reference 26.

BACK GROUND

This effort was initiated at the request of the Aeronautical Systems

Division when It became apparent that the coating used to protect the
polycarbonate canopy in the YF- 16 prototype aircraft eroded from the



exterior canopy surface after relative short exposures to rain and ice
crystal abrasion. Simila r experience on the F-ll l and F-15 canopies
substantiated the necessity of further development to provide improvements
in protecting polycarbonate from the environment . Recognition of this
problem resulted in the F-16 Alternate Canopy Program. The objectives of
this program were: (1) to generate and experimentally validate a trans-
parent canopy desi gn incorporating enviro nmental durability sianifi cant l y
superior to coated monolithic polycarbonate , ( )  to test the Initial
production F-16A canopy configuration and to assess the potential for
pil ot injury due to a four-pound b frdstr lke at flight speeds uo to 350
knots, and (3) to support a proaram that was established to deve lop man-
ufacturing methods for forniinq an F-lEA laminated canoov .

The configuration selected to fulfill t” e first ~i obj ective c~n si st ” J

~‘f an acr .-ii c outer p ly , an inter iaver, and a ~‘~“ivc ar~c’na:.’ i rr’ r  ‘~~ ‘,

This desi gn was required to be adaptable to the F-if aircraft as well as
future high performance aircra ft and was required to be capable of
defeating a four-pound birdstr ike at 350 knot s . Additional desion re fine-

ments were required for hirdstrike protection at fli~ ht speeds up to

~o knots.

In order to accomplis h the second (~~~ oh~ective . a series c f b ird

impact tests were conducted on the Initial production F-lt~ canopy t c ’
determine bird impact location sensit ivity , esta blish impact resistance to
smaller birds , and ascertain the effect of canopy thickness. The results 0f
these tests are reported In Section VII.

A series of studies were generated to validate specific aspects of
the proposed concept for the F-16 Alternate Canopy Program. The ensu lna
tests and test results are presented in a set of reports which are
suninarlzed in Section IV of this report.

The results of thermal studies that were conducted in support of the
proposed design are presented in Section V of this report . Section VI



—

~~~~ ~1describes material studies that were performed in support of the se lected
mate rials . Cy cli c edqe joint tests were conducted to verify the structural
integrit y ~f the attachment area for a laminated des ig n and are reported
ir Section V i i i .  The eff ec t of Ice crystal impact on face ply mater ial is
renorted in Section IX of th is  report. Section X describes the apnli cation
of a math mo (Iel’colnputer program to onl y a linear anal ysis for laminate d
concepts. The final math model , it is be l ieved , must account for nonlinear
conditions to h~ successful .

CONC [PT FOR ~S0-I(NOT ~1R(I iMPACT

The bas ic cross st’ction selected to provide environmental dura hi lit .
superior to coated m onolithic polycarhonate was a thr ee -pl-~ laminate
consistin g of an ac r .lic outer pl y and a po lycarhonate structura l p1.-
joined by a sil icone int erlayer . The acr yl ic ph thickness is t) .080
inc h , the interlayer thickness is ~l.O~~i inch , and the minImu m thickness

required for the polycarbonate is ~)74~ i nch . This configuration is shown
in ~iqure :~~~. it is recormiended that the formed po l ycarbonate thic kne ss
should not he less than ~~~

‘ percent of the preformed mater ial  st ock t h i c k —

ness in order to meet the bird impac t ~a pa h i l i t v .  Th~ reconiiiended
ma~in~jm polvca rhonat e th ickne ss is O~~i~

) inch.

E)e i  ~n Featur es

The m i t  ial v oduc t ion F —lc ~ transnarency was a O .ti ~ 1— in ç ’ t~ ick  mon~-

1 i t ’~ic :-~c1vca rbonat e ~itP’ t~’e canopy ~o 1.1 t i n e  (Mt on the outboa rd s u r f a c e .

t~~ ’ pro~ose t t hi c kt’r 1 ami na ted transparency ~ 11 have the a~1~1e1 t h ickness
go outboard f ~e M~ and the inner surface wi 11 ~~vt’ outboard t

inc h. T his config urat ion is shown Sn Hgure ~~~
‘
. the. tr im of the inter-

la~~’r and aci -\hc is recessed from the e1~ e ~ the po lvca r hona t e .  T h i s

c c n c e p t  av e i Is attachi’ ,ents through tht’ ac r v l  i c and i nte ’rl a. er A reta i ner

~ ~~~ P I ~~l- . 1 ~~
‘ r~’s is ~ a ic ~‘ ( c rec c teel s ~ise1  t e cei 1 t ~~ e~ e~’-- an I te ii

in ;‘ res ei~ t i n~ b 1 .w~ 1 1 1  it 101 1 se t ’ F i ~1j rt ’ ~

T he c ari~ t-s - Fe a 1 r i n~i ~ as v’e~lt ’ ~. i qncd as he~ n in I qure ~~ ~ea t “e r
St ’ ,I i i  f lq 1 S re~ I ded ~v .i ~~~~ lb sea I ~‘ondt~ I to t he f a i n  rig - T L’ rest nt  in t

:1 n
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0.080 Inch Sili cone Interlayer

0.080 Inch As-Cast A cryli c
IL — P—s 1 ~ )

inch Pol y cart~c,nj~~
(NIIL-P-03310)

Fi gure 86. L am In a te  Cross Section .
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Silicone Inter layer

Pol ycar bona te Pl y Acrylic Ply

4 
Caropy ML

l u p

airing

/ Fuselaae ML (Cr: s Steel)

— 

— 

~~~ —~~Cl i p (as reauired)

/

~ressure Seil(Dry ) 

/ /

16K0522 (Ref )

Figure 89. Typical Section Along Lower Edge of Canopy .
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fairing in place and keep the weather seal bearing against the transparency,

cl ips are mounted at intervals (as required ) along the l ower edne of the

transpa rency . Pressure sealing around the transparency is provided by a

dumb -bell shaped rubber seal mounted between the polycarhonate and the

canopy substructure . The sea l is bonded to the canopy substructure (see

Figure 39).

The edges of the transparency were conceptually desiqned to produce

min imal effec t on the pro duction cano py su bstruc ture to ma i n ta i n i n ter-
changeabi lity as close as possible. The canopy side frame assembl y mount-

ing surface is virtually unaffected . F’owever , the outboard surfaces of

the forward and aft frames were redesigned , as shown in Fioures 09 and ~1 ,

to acconiiiodate the increased transParency thickness and retai~i aerodynamic

fairinq.

With the increased thickness (Figure 36), based on a 0.500 monolithic

transparency , the weight of the transparency w ill increase to 154 pounds mini-

mum and 166 pounds maximum (depending on the tolerance) , a 7C to 92 rercer .t

increase. The added we i &it w f l l  not effect the canopy ’ s k inemat ics of

mechanism. However , the canonv actuator m u  jettison roci’et ~~riu1d h~
studied to determine whether or not its caoa h ili t ies are affected h” the

added weiqht.

Struc tur a l Requ i remen ts

The proposed concept described in this section for the 350-knot caoa-

bil ity was desi gned to m eet the fol l owing renuirements when fabricated

within the limits described in this report.

Bird Impact

The transparency , when mated to an appropriate canopy structure and

fusela ge support structure , is capable of withstandine, without penetration

or causing pil ot incapacitation , the impact of a four-pound bird it a

velocity of Mach 0.53 (350 knots). The point of imnact is defined as hein q

on the centerline and 14 Inches forward of the eye level/center line point

as measured along the outer surface of the transparency. The transparency

2
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Silicone Interlayer (Cres Steel )
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Fi gure 90. Fairing Forward Edge of Transparency .
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will meet this requirement with an average temperature of -35°F or 195°F

throughout the transparency .

Structural Integrity

The transparency , when mated to an appropriate canopy structure and
fuselage support structure , will sustain the static reguirements noted
below and the accelerated environmental test of four lifetime s of the
cyclic pressure and associated temperatures specified in Section V I I I of
this report without structural damage. One lifetime shall consist of
1814 cycles which corresponds to 2000 flight hours .

Proof Pressure - The transparency will sustain 6.8 psig internal air
oressure at room temperature for a period of f i f t e en (15) minutes without
damaqe , delamination or edne separation .

Operational Ult imate Pressure - The transparency will sustain a maximum

operational pressure of 12.5 psi. The operational ultimate pressure of

12.5 psi is the sum of the maximum design internal pressure , the exte rnal
p ressure , and the port reference error pressure . The pressure can be

held for 6 minutes at 2/3 maximum pressure’ arrl at maximum nrpssfJ r°
psi) for 30 seconds at an average temperature of ‘uifl°F throunhout the

t r ansn a renc v .

Ed ge Attachment - The transparency edge and attachment will sustain an

ultimate load in single shear tension of 350 pounds per attachment at a

temperature of 200°F along the longitudinal edges.

Struc tural  Analys i s -

The following structural analysis addresses the durability of the

face p ly mater i al , the capability of the interlayer to couple the face

ply to the structural ply and its abil ity to survive the extreme therma l

conditions, and the structura l inteqrity of the three oly confi guration

to sustain a bird impact.

‘~ 
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An analys is of the proposed concept to meet the proof pressure and

ultimate pressure requirements is not include d. This concept is con-

sidered to be stronger than the previous 1/2 inch canopy since the

structural ply is thicker.

The edge joint analysis is presented in Section V Ill of this report.

Face Ply

The outer ply for this proposed cross section is as-cast acrylic

(MIL-P-8184), 0.080-inch thick. According to MIL-P-8184 the minimum thick-

ness of as-cast acrylic in sheets large enough to meet the size requ i rements

of the F-16 transparency is 0.125 inch. Two approaches are recommended

to acquire large sheets of 0.080-inch acry lic: canvas the plastic manufac-.

turers for premi um sheet availability or consider machinin g from 0.125-inch

thickness to 0.080-inch thickness.

if the 0.125 inch thick acrylic is used as the laminate face pl y, it

wou l d be possible to balance the increase in acrylic thickness with a

decrease In the polycarbonate thickness of aporoximate ly 0 .030- inch since
the st i f fness of the cross sect ion is a function of both thicknesses and
the coupling capability of the interlayer . A weiaht penalty would be

incurred since the polycarbonate works harder than the acry lic. The net

weight increase would be approximately 3 pounds .

Acrylic of 0.080 inch thickness was tested during this program in a

wind tunnel as noted In Reference 25 and under Impact as noted in Reference

28, to verify the materials reliability under adverse conditions. Results

from these tests supported the hvnothesis that 0.125 inch thickness is not

essential from a material characteristics standpoint.

Section IX of this report presents the results of a salt abrader test
conducted In support of the selected face ply material .

240



- - - fl~ 

It is considered that hail impact protection would he adeou ate  for the
proposed design as noted in Section I I  of this report .

Interlayer

The interlayer chosen for this laminated cross section , 0.08~) inch
thick , is cast-in—place silicone (Sierracin S-lot)). The silicone inter -
layer couples the outer ply to the inner polycarbonate ply and increases

the effective stiffness of the total cross section . The coupling effec-
tiveness of the interlayer decreases as the interlaver temperature increases
as noted in Technical Report , AFFDL-TR-77-96 (Reference 18). The 0.080
inch thickness is considered to be minimum thickness acceptable for the
design requirements as ex plained in the following paranraph .

Section V of this report presents a thermal ana lysis for t~-.-n lan ina~~ t

confiqurations , one with 0.080-inch silicone inter la~er mn~ the other
with 0.100-inch silicone Interlayer. The analysis was based on a canoov
length of 90 inches and a constant temnerature from front to back . The

differential thermal expansion at the maximum temperature will elongate

the acrylic pl y more than the nolycarbonate pl y ind wi ll result in an 0Cf_

set of 0.128 inch for the 0.080 inch interl ayer and -i shear str 3in of

1.6 inches/ inch. Data from Reference 18 indicates that the rupturO noint

for s i l i cone interlayer at 195°F , low strain rate , occurs at an aver~ w

strain of 1.6 inches/inch. The therma l analys is indicates a 1.36 inches !

inch strain for the 0.100-inch silicone interlayer. Al thouqh a reduction

in the thickness of the Interlayer does increase the interlayer couplin n

action and increases the effective beam thickness , the 0.080 inch inter-

l ayer was chosen as the minimum acceptable Interlayer thicknes s since
the thermal analysis Indicates that this design is marginally acceDtat’le.

A companion design , using a 0.030-inch copolymer interlayer (Sierracin

S-l30), was Investigated for potential use in a laminated design . This

material was discarded as a candidate based on the following reasons:
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• Preliminary data from Technical Report AFFDL-TR-77-96 (Reference 13)
indicates that the S-l3C copolymer wi l l  fail adhesively under bird

impact loadin~.

• Thermal studies included in Section V of this report indicate that

stresses exist beyond the interlayer rupture point at hi gh tem-
peratures due to differential elongation of the acry lic ply and
polycarbonate ply.

• Edge joint tests reported under Section V III of this renort resulted
in bubbling of the S-l30 copolyme r interlayer.

Structural Ply

The inner c~y is the ~r i n c i ~~7~ ~-~ad carrying ‘ner ber of the lamina ted
transparency desiqn and is polycarbonate sheet (MIL-P-93310). The bird
impact test results described in Section VI! of this renort established
0.760 inch (Fi gure 56) as the thickness of monolithic nolvcart’onate
required to sustain the impact of a four-oound bird at Location A (eve
TeveT , centerIine~ for 350 knots, 75°F te~v’erature , and ~i l1 l i~ it the

eye point transparency deflection to less than t~o inches. This val ue

was increased to 0.730 inch to accent an impact at Location P for mono-

l i thic polycarbonate and represents a weight increase of ~ino roxir~ite1~
four pounds. Location B is approximately 14 inches closer to the for~ia rd
edge of the transparency than Location A . The min imum thickness of no1 y-

carbonate required for the laminated design is 0.740-inch as shown in
Figure 86, for impact at Location P.

The decrease in the required po lvcarborate thickness for the laminated

design (0.740 inch versus 0.780 inch for monolithic) is made poss ible by
the coupling of the acrylic face ply to the pol ycarhonate ply by the
silicone interlayer mentioned previously. The effective stiffness of the

laminated section was calculated by application of the method described in

AFFDL-TR-76-114 , ‘The Determination of Deflection and Stress Distr ibution

for a Transparent laminated beani” (Reference 2°). This computer nrociram
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-
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was written for flat beams and the anal ysis indicates tha t the beam

effectiv e stiffness increases d S  the beam l ength increases. Therefore ,

the effective beam lenqth was determined by cons iderin g t he  d e f l e c t i o n
plo t , Figure 92, for a 4.02-pound bird impact at ~ 3 knots , 75°F , on a
0.50-inch po l vcart-’onate transparenc y (Test 222F , Section V Tfl . The trans-

parency had deflected 2.0 inches. The poin t of inflect ion f~r the deflected
shape was 10.5 inches from the centerline and a length of 21 inches was

chosen as the beam l ength for calculating the effective beam stiffness.

An i terative analyses was conducted usin g the computer prooram ~f

-~FFDL— TR-7~-ll 4 (~eference 29) to construct a laminated cross section that

would have an equivalent tHckness e~ua1 to 0.79~ -inc h . since 1.790 is
considere d to he the th ick ness of ~o1ycarhonate r’~iui red t~ te~ t 3 four-

~~jfl
4 5ird at 352 knots. \ cross socti on consist inq ~~ ~.~~~~~inc h

a c r . l i c  pa ce ply, 2.-~00— inc~’ s il ic~n~’ int~’ r T a ’ - ~’r , in~ a -~ . - 1—~ ”c ~’ r el y—

carbonate structural pl y was found to h3v C the requir°d o t j iv ale nt th i c k -

ness of 2.780. The effective sti ffn ess for this socti~ n ,
~as l~~,.’00 1~- -~ n .

for a beam length of 21 inches and a width ot l .C0 inch . T h i s  va lue w~iS

converted to an equivalent beam th ic kness is f o l l m s:

El H ,320 lb- T~~

[1 = E ~~~~~~~ where £ 400,00(1 PSI

t 0.730-incheq

The value of 400,000 PSI for F was determined from test data in

Reference 18 and is based on hi gh strain rate testing at room temperature

(72°F). The value used for the shear modulus of the silicone interlavor

was 146 PSI and i s  based on a hi gh stra in rate at 72 ~‘F. This value was

also based on test data in Reference 13 .
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Visi on/Qptical Analysis

Vision

The proposed concept, being thicker than the initial production F-16
monolithic transparency , results in an increase in depth to the forward
and aft fairinqs , and results in a change to the geometry of the side fair-
inqs. At a zero azimuth the down vision wil l  decrease by less than 1 per-
cent , and at the 90 degree azimuth the down vision will decrease by less
than 3 percent. These deviations are believed to he acceptable for the
proposed design .

Optical

The calculated percent li ght transmission , defined in Section II for 
—

a configuration similar to the proposed concept , is 70.45 percent for the
installed oosition of 30 deqrees (with zero surface curvature). This is
approximately 2 percent less than the cal culated 1/2 inch polycarhonate
configuration . This value may be compared to test data , reported in
Reference 25, which records a light transmission value of over 87 percent

~nr 1/2 inch coated rolycarhonate when measured normal to the surface.

Section II of this report defines a minimum acceptable light trans-
mission value as 65 percent at the installed angle. !t is believed that
the proposed concept would meet this requirement.

Haze requirements are defined in Section II as 4 percent maximum when
measured normal to the surface . Values are shown in Reference 25 which
vary from 1.26 percent to 3.28 percent (the average is 2.4 percent) for
1/2 inch and 5/8 inch coated polycarbonate. Values are shown for laminated
configurations which vary from 2.12 percent to 6.48 percent (4 . 0 percent
average). These laminated configurations consist of 0.08 inch as-cast
acryli c, 0.10 inch silicone interlayer , and 1/2 inch and 5/8 inch polv-
carbonate. It is believed that the proposed concept would meet the
haze requirements of 4 percent when fabricated to strict quality control
methods.
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Further studies would be appropriate to inves tigate the devi ation
and  distortion characteristics of the proposed design .

Therma l Anal ys i s

The proposed concept meets the requirements of ‘~IL-E-3S453A whic h
limi t s the inboard transparency surface temperature to a maximu m of

160°F .

The acryl ic face pl y and inter layer reduce the temperature of the
structural pl~ tc a level below that of a monolithic pol ycartonate con-
figuration , thus reducin g the susceptibility of the pol yca rbonate to
therma l enhritt lepient .

The res u lts of a0di ti en al th~ rm al S j d~~~~~~ are r o r ~-~ i~i ~ ec~~~ - ’r

of t h is report.

Electromagnetic Environment Desici n Considerat ions

The tactical use of the aircraft has sirwl ified the extent cf the
electroma gnetic environments that must be considered. These are ro~
reduced to precipi tation static electr~ci tv and li I i h tnin ~~.

The proposed canopy design contains no conductive coatin g or non-
structural surface conductors. The thickness of the composite r~ ies is
adequate to prevent static electric or li ghtning puncture . Static electric
charging will take place on the outer frontal area. The static dischar ge

path is to the metall ic frame members surrounding the open area of the
transparency.

I f  l ightning were to str ike the canopy area the ionized f lash path
is expected to be over the outer  s u r f a c e .  The lack of conductive coating

on or in the transparency wi l l  reduce the tendency of the f lash to hug
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the surface of the canopy . The peripheral metal frame of the canopy
should be capable of handling the discharge. However , th e concerns

regard ing the e lectromagnetic and mechanical forces the f lash may have
on the can opy-fuselage interface still exist as do the concerns for the
effects of the induced magnetic fields. These were described in Section II
and must be addressed on an a i r cr af t  system basis , as they cannot be solved
by the canopy desian alone. The electric shock potential due to the
retained static electric cha rge on the non-conductive transparency material
must be addressed in handling and operations procedures of the aircraft.

~aintainabil ity

The proposed design improves the overall system maintainability

through the use of dry seals, thereby eliminating the long period s of
curing time associated with the use of wet sealant.

Further improvements would be realized by reducing the total number of

fasteners required for transparency installation. t~ppropriate tests

would be reouired to structurally prove the integrity of a system with

increased bolt spacing .

DESIGN FOR M~NL’FACTURING TECH ?IOLOGY PP0GRA~ (~A NT E C H )

Drawin q Number Z5943254-503 provides the necessary instruc ti cn s and

specifications to fabricate and install a single piece laminated trans-

parency a pp l i ca b le to the Manufac tu r ing  Technology Proo ram (M ANTEC H ) .  This

transparency , Figure 93, can he installed on the current F-l6A canopy su b-
structure provided the side fairing along the l ower edge is omitted . The

side fairing is not required for bird impact testina . Standard hardware

may be used for the mechanical attachments for canopy instal lat ion . To
assure proper pressurization of the cockpit area for environmental test-
ing , RTV63 O seal a r : t should be applied around the entire periphery of the
transparency -canopy substructure joint area as shown in Fi gure 94. - -

Difference s between the conceptual design and the MANTECH design
(Z5 943254- 503 ) are as fol lows :
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Polycarbonate Ply Canopy ML
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,,~~~~(0.o8o)
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Pol ycarbonate/F1~~rqlass
~~~. . 

- 

/ Bushlng (Genera l Dynamics)

Fus elage MI

Fiberglass Spacer
(0.160)

Figure 93. Concept for Manufacturing Technology Program .
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FIgure 94. App l ying RTV 630 Sealant.

249



- _

a ) The edge design shown on Z5943254- 503 has a nylon strip spacer

along the periphery of the transparency with a flat retainer

sealing the spacer and the edges of the laminates. In the con-

ceptual design , the nylon strip spacer has been omitted and the
reta iner i s formed to sea l the  edges of the laminate (Figure 88).

b) Wet sealant is used when installing the Z5943254-503 transpa rency
to seal the cockpit area for pressurization . In the conceptua l

desi gn , a dry ~~~ is used in lieu of wet sealant to el iminate the - 
-

curing time required for wet sealant (Figure 89).

Th is design is capable of defeating a four-pound bird at a velocity

of 350 knots.
t

CO~;CEPTS FOR CIRD IMPACT LEVELS ADOVE 350 KNOTS

The basic cross sect ion specified by contract for th is program was
a three-p ly laminate consisting of an acrylic outer ply and a polycarbonate
structura l pl y joined by an i nterlayer . The thickness of the pol ycarbonate
is varied to meet the various bird impact levels 0f 400, 430. 458, 500

and 562 knots for the current high visibility type of cano py design.

Ot her cano n y des~cin concepts. including utilization of an integral

bow frame and a fixed windshield concep t , sa ti s fy  the b i rd im pac t recu i re-
rnents at these hiaher ve locit ies.

Hi gh Vi sibility Design

The cross section defined for this concept is 0.080 inch acrylic outer
ply, 0.80 inch silicone interlayer and a polycarbonate structural ply.
The thicknes s of the polycarbonate ply is defined in Table 26 for the

various im pact velocities. These monolith ic polycarbonate thicknesses

were derived by extrapolating from the bird imnact test results , Section VII

of this report . The rationale for the selection of the acrylic thickness ,

the interlayer thickness, and the stated reduced po l ycarbonate thickness

for the laminated configuration , is given in the preceding paraqraohs tha t
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TABLE 2b . POLYCARBONATE THICKNES$ REQU I RE~1ENTSFOR DESIGN VELOCITIES (1)

THICKNESS (~~~ WEIGHT
THICK~1ESS (3) +0.070,-fl FOR
+O.070,-..O (INCHES) LA~1 INA TE D

VELOCTTY (~-~ (INCHES) LAMINATED C0NFIGURAI~ON
(KNOTS) MONOLITHIC CONFIGURAT ION (POU~ DS ) (~~’

350 0.78 0.74 154/166

400 0.85 0.01 166/178

430 0.8g fl .75 173/105

450 7.-?l 0.37 177/18°

1’~T’fl99

562 l .~ 3 ~ .°0 l~~7/2l flL _ _-_ _ _ _ _ _ _ _

H, (1) The formed po l vcarbon ate shall not be less than 02 percent of the
preformed thickness as specified .

(2) ~mpact at Location B , 4-pound bird , 75°F maximum 2.0 inch deflection
at eye point. Location B is 14 inches for~,ard of Location A

~~~ le vel centerline) measured on transparenc y surface.

(3) Derived from bird impact test results.

(4) The laminated configuration consists of an acrylic face ply (0.080 inch),
a silicone interlayer (0.080 inch), and a polycarbonate structural
pl y.

(5) The wei ciht is based on a constant th ickness.
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describe the concept for the 350-knot l evel . The data qiven in Table ?t
is for a four-pound bird , impact Point 8 , 75° F temperature , and a maximum
eye point deflection of ?.O inches. The formed polycarhonate should not
he less than ~2 ercrr.t of the preformed thickness as specif ied . The

m inimum and maxim um weights are shown in pounds and are based on a constant
thickness of transparency. Location B is 14 inches forward of Location 4

(eye level , centerline) measured on the transparency surface.

Int!gral_Bow Frame

Two concepts are proposed for this design: a one-piece transparency
with an aluminum frame bonded to the Inner canopy surface , and a two-p iece
transparency joined by an aluminum frame .

One Piece Transparency

This  concept woul d uti l ize the same canopy cross section as depicted
in liqure cit . but tue polycarbonate thickness could he decreased . T h i s
concept Is shown in Figure ‘15 with the epoxy nomex filler strip bonded
to the Inner surface of the canopy and the fixed how frame . This integra l

stiffener , located just forward of the pilot . w ill reduce the deflection
of the canopy and prevent contact w ith the p i lot ’ s head.

The maximum bird penetration velocity for t hi s conce pt has not been
established . The ratio of the transparency st i f fness to the bow frame
stiffness Is critical. It is expected tha t this design would provide

suffi cient strenath to meet the hirdstrike requ i rements at higher energ y

level s with thinner struc tural plies than those required for the high

visibi l i ty design.

The advantage of this concept Is less overall weight . The disadvanta ge

of this concept is less v is ion when compared to the high v is ib i l i ty  des ion.

5 

- - -~~- 



r

FS j — E x l s t i n q
134.00 ,/ canopy ML

Bonded 
—

~~~~~EE~~fra e

42 Degree
up-vision line —~~ \

Laminated canopy-

Figure 95. Laminated Cannoy With Integra l Pow Frame Pes~qn Concept

253



- ~~~~~~~~~~~~~~~~~~~~~~~~~~_ _ :~~~~
_
~ 

- _ _

Two P i ece Transparency

This design is similar to the one piece transparency with the Integra l
bow frame except the transpa rency Is split into two pieces at the bow
frame .

Two concept s are presented . The first concept utilizes identi ca l
laminated transpar enc ies forwa rd and aft of the bow frame as shown in

Fi gure ~6.

The second conce pt , Figure 97, uses a laminated transparency forward
of the bow frame and a thinner coated monolithic po l ycarbonate transparency

aft of the bow frame . This concept weighs less than the hiah visibility

conc ept, the one piece how frame concept , and the  two pi ece conce pt
presented above. The small hird-imnact angle aft of the how frame results
in a much smaller impact force which permits a reduced material thickness

aft of the bow frame. It Is cons idered tha t abrasion wi l l  he less of a
prob lem aft of the how frame , and the use of coated polycarbonate in this
area is acceptab le. This concept will produce an optical disp lacement

of the image due to the chanae in cross section at the bow frame as viewed
from the design eye point.

The how frame is located as shown in Figure °S , and will provide -i
minimum of 15 degrees up v is ion from the design eyepoint. The lower edge
of the bow frame Is located to clear the canopy latch area . The vision

envelope complies with the requirements of MIL-STD-85O8.

The advantage s of the two piece bow frame concept are reduced weiaht ,
Improved mainta inabi lity, and Improved manufacturing capabi l i ty . This
concept Is expected to provide sufficient strength to meet birdstrike
requirements at higher energy l evel s while requiring less transparency

materials. It Is required to balance the ratio of transparency stiffness

to the stiffness of the bow frame . Ma inta inability is im proved because

only the forward transparency requires a laminated configuration .
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The disadvantages of this concept Include reduced pilot v is ion and
additional parts to fabricate.

Fixe d Windshie ld

Th is proposed concept is similar to the fixed how frame concept except

the forward portion of the canopy/transparency is structurally attached to

the fuselage . This portion of the transparency is known as the windshield.
The area aft of the windshield is the canopy .

There are two bow frames in this concept , one on the aft edoe of the

windsh ie ld and one on the forwa rd edge of the canopy . The surface between
the two bow frames is the parting plane and i ts location is dictated by :
(1) emergenc y ejection . (2)  the neometry and hinae points of the canopy,

and (3) p ilo t ’ s v i s i on.  Figure 99 shows the locati on ~f t~’e ra rti n g

plane . 
- 

-

Figure 100 shows the cross section between the w indshiel d and canoov

transparency with the rain and pressure seal. These oressure seals, as
in the ~S1- knot desi i.n , are dry seals to improve ma in t ainahili t~ .

The w ind shield , when install ed on the fuselage , r’ust ~e str- jct~j r i l 1v

adequate to prov ide sufficient stre~ntb to resist the imnosed loads ~f

pressure , bird strike , aerodynamics , etc. However , the windshield must

also ~e readil y removable for access to the n ilot ’ s console  for repairs
and maintenance. Figure 101 shows a method that requires the removal of
the fai r ing and windshie ld fasteners. An a l ternate method would be to

hinge the windshie ld on the forward edge for quick access to coc kr i t
equipm ent and latch the sides.

To adapt the f ixed windshie ld concept to the current F- 16 w i l l  requir”
extens ive redesign to the current canopy and fuse lane substructure . The

areas of Dotential redesign can he d iv ided into three main groups:

Structure , ~cc han i s m , and Canonv Jettison
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Structure Redesign

T his  area Includes the redesign of the fol lowing primary structure as
well  as the cano py support structure :

1 . Al l  fuselage frames under the fixed windshield area

2. Fuselage skin trim in fixed windshield area

3. Fusela ge lonqeron (canopy sill)

4. Cano py si de frame ass emb l y
5. Canopy forward bow frame casting
6. Aft bow frame
7. Ca nopy side fa irlng

Mechanism Redesian

Delete forward latc h . ( la tch  2 and 3 acce ptab le  as is ’ .
. ~elocate loc k i rst alla ti o n (left s~~e cn1 y~ .

3. Reroute pressure and weather sea ls .
4. Actuator. (redesign onl y if the increase in canopy - ei g ht will

affect its capabilities).

Canopy Jet t ison

1. Relocate or e l iminate rocket ins ta l la t ion  (if el ii”~ ’~ated , an

alternate method of canopy jettison must he found ’ . Firiur~’ 102

shows one method.)

2. Eliminate or reroute detonatin g cord and forward latch detonating

cord .

The disadvantages of this design are : (1) added weight , (2) reduced

pilot’ s vision , (3) additiona l parts to fabricate , (4) lack of access-

i b i l i t y  to p i lo t ’s console for maintenance , and (5) excess ive redesign

to retrofit .

The advantages are : (1) the wi ndshield can be made to withstand bird
strike at higher velocity , and (2) p ilot is protected from the wind b l a s t

4 in the event a canopy is lost in flight.
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H The maxjn~~I bird penetration velocity for this concept has not been

estab l ’~ hed . ~hn ra ti o of t he t rans parency th ickness  to bow frame t h i c k -
ness is c r i t i ca l .  The cross section would be as shown in Figure 86, and
the pol ycarbonate thickness would be Increased to meet the bird impact

requ i rements a t veloci t i es u p to 562 knots .

Tests have been conducted on a fixed wi ndshield design similar to an

F-l5 aircraft. This configuration , a fus ion bonded tran~parency, con-
sisted of 0.900-inch polycarbonate and 0.100-inc h as-cast acrylic. It

survived a four-pound birdstrike at a velocity of 460 knots. These test
results agree with the values presented in Table 26.

ENLARgED TRA NSPA RENCY

This recomended concept wo uld rev ise the lofted shape of the canopy
to provide approximatel y seven inches of clearance hetw2en the pilot ’ s

helmet and the inner surface of the canopy, as shown in Figure 103. The
presen t cano py p rov id es a pproximate l y two i nc hes of clearance between the
pilot ’ s helmet and the inner surface of the canopy , and does not meet
the requirement of the AFSC Design Hand book 2-2 , DN2A1 . This desici n

handboo k speci ies a head clearance from the pilot ’ s eye position of

ten-inch radius minimum . The advantage of the enlarged canopy wi t ’ the

increased clearance wou ld be to protect the pilot ’ s head from contact
with the canopy as the result of a bird strike . Tests have shown

(Referenc e 16) that a 0.50-Inch thick pol ycarbonate canopy deflected a
four-pound bird impacted at 350 knots with no apparent damage to the
pol ycar bonate , but deflection of the transparency did produce inter-

ference with the anthropomorphic head. This concept with the lam i nated

cross section ~Piould Increase the bird strike capability significant l y.

~~~~ Disadvantages of this concept would be increased aerodynamic drag and

Increased weight.

ENLARGED TRANSPARENCY WITH FLAT VIS ION AREA

In an effort to reduce the gunfire error and increase the bird strike

capa b ility, a flat area and increased head clearance is proposed , as shown

_ _ _ _  -- - --- - - - S -~~~~
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in Figure 104 . This concept would meet the requirements of \F SC Design
9and book 2 -2 for head clearance , and perm it larger def lec t ion of the canop y,

as the result of a bird Impact , without conta ct in g the p i lot ’ s head .

The addition of the f l a t  area would complicate the form i ng and pos~ ih l y

increase the opti cal distortion immediate l y outboard of the flat area .

Addi tiona l investi gation would be required to determ i ne the e\tent of this

distort ion.

TWO PLA C E COCKPIT

The application of the laminated transparency to the two place cock p it

was invest igated along w i t h  the single place cockp i t .  The resul ts of the

investi gation ind i cated tha t the impact of the m o d i f i e l transp art ’n( v on

the current two place canopy sub structur e and i t~; ca p abi lit it ’s of ~eetino

the var i O U S  bird s t r i k e  levels wero the same -‘ s for the sin gle p 1 a~e canop

The current two place cockpit transparenc y is made from a two-p iece

monolithic po l vcarbonate sheet with a spl ice at fuselage Stat ion 165.00 .
The aft portion of the transparency w-a ’~ not invest icia ted since t h e  b ir d

strike requirements were confined to the frontal area of the canopy .

Figure 105 sh~wç the revised splice between the laminated anLi no r~~l it h ic

~ranspare ncv it fuselage Station 1~~ .O0 , which is requ ir~’0 to accoti~iiodate

the thicker transparency ar~l structure.

The emergenc y ejection envelope for t~e single place coc kp it and the

two place cockpit  are not th e same . c ince the parting plane on the fixed

windshield concept Is d ic tated by the ejection envelope , the two place

coc kpit will have an alternate partinq plane. F igure l0t~ shows t h e  pa rt ina

plane for the two place cockpit canopy .
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APPENDIX

BIRD IMPACT TEST PLAN

The following plan was prepared at the beginning of the program to

guide the test ing to be conducted at the Von Karman Gas Dynamics Facility

(VKF) located at the Arnold Engineering Development Center (AEDC), Ten-
nessee. This test plan was based on the premi se that the test canopies
were capable of withstanding impact with a four-pound bird at 350 knots
per the General Dynamics test results (Reference 16). The test plan was
modified as shown in Section VII of this report.

TEST OBJECTIVES

The primary goals of this birdstrike test series are to provide data

for va1 i~~tion of a dynamic math model and computer program aop lica kle

to the design of high performance aircraft canopies , to prov id e informat ion
required to assess the birdstrike protection afforded a pil ot by the

initial F-l6A production canopy confiquration at soeeds of 350 knots by

a four-pound bird , to delimit the maximu m impact velocity capabi l i ty  of
the F— lEA using two and three-pound birds , to determine i:~pact ~ocat i on
sensi tivit y , and to assess if additional protection ~cu 1d be rrovided by

i ncrease d thi ckness .

Stat ic loading/dynamic unloading tests will be conducted to contribute

to the math model validation . This type of test permits a more accurate
knowledge of the loads and facilitates defl ection and strain measurements.

TEST FACILIT Y DES CRIPTION

These tests will be conducted in the Bird Impact Test Unit (Range S3)

of the Von Karman Gas Dynamics Facility (VKF), Arnol d Engineering Develop-

ment Center (AEDC), Tennessee , in conjunction with ARO , Inc .

The basic S3 facility is comprised of an air-operated launcher and a

test stand for placement of the test panel . The launcher consists of a

- —~~~~~-- - -S 
________

271 ~~~~~~~~~
‘

~
‘
~

-‘ 
~~~~~~

-S. ..



31 — ft-long , 8-inch—bore-diameter driver havin g a capacity of 10.8 cubic

feet an d a 60-ft-long, 7-inch- bore-diameter launch tube . The bird launch

is normally accomplished by placin a the bird and sabot in the launch tube

immediately forward of a Mylar® diaphragm , pressurizinc the driver to
the desired level , and rupturing the diaohragm by means of a squib-
actuated cylindrical diaphragm cutter. This diaphragm cutting technique
has been shown to be consistentl y more reliable than the previously used
dual-dia phragm venting technique. The purpose of the sabot is to adapt

the bird carcass to , and prevent contact with , the bore of the launch tube

dur ing launch. The sabots will be fabricated of ba l sa wood having a density

of approximately 10 pounds/cubic foot. The sabot is prevented from trailing

the bird by a tapered stripper tube attached to the muzzle of the launch

tube as shown in Fi gure Al.

The test area consists of a 22- by 32-foot sheltered concrete pal .

Two 0.5-inch—thick steel plates spaced approximatel y 3 inches apart serve

as the backstop; single 0.25—inch-thick steel side plates can be rolled —

in to place for personnel protection and debris confinement.

DESCRIPTION OF TESTS

This test plan involves a maximum of 34 tests to be performed on nine

coated monolith ic polycarbonate transparencies , Fi oure ~~ as shot-in in

Table Al. The expanded canooy design programs consists of four static

tests and a maximum of 29 bird impact tests on ei ght transparencies; the

remaining bird impact test is a qualification test for the General

Dynamic s ’ F-16A canopy.

The static tests shall be accomplished by applying a knov.’n loa d to

a point on the transparency and measuring deflection at nine points. The

l oad shall be quickly removed to provide damnina phenomena data. The
bird impact tests shall be accomplished by im pacting selected Spots Ofl
the transparencies wi th birds of a known wei g h t ,  at selected velocities ,

and at selected temperatures.
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This test plan is divided into Phase I and Phase II as shown in Table

Al . Phase I consists of nine sections . The AEDC /ARO shall be respons it~1e
for the test accomplishment of Phase I as detailed in the Test Procedure
and Uocumnentat ion sections of this test plan and for the accomplishments

of Phase II as directed by the General Dynamics Test Jirector.

The transparencies for all tests will oe attached to a canopy frame
mounted on a table top test fixture , Figure A3. A second canopy frame

wi ll be avai lable to faci l i ta te transparency changeout after the Phase II
qualification test. The table top test f ixture wi l l  be supported by sub-
s t r u c t u r e. ~ heat curtain or enc losure , Figure I\4, w i l l  be orovi ~OII to

U cover the canopy assemb ly and table top test f ixture so that the required
temperatures i~~ay be met. Strain gages will be attached to Trans~arency
: S U U ’~~~~~~~ ~l , 2 , C3 , Cc and C7 , and t~1er ”oc oL ~;R~ -~~l l Le att acUe -. to ~i 1

t ra nsparencies. Appropriate data will be recoricu and ,~i l l inc 1 -.~de trans-

parenc y su r face  tempera tures , strain values at time , and deflection

envelo pes .

Pr ase Ia will consist of three static tests and t~c ~~~~~~ i - ~’;’act tests

•~
n icn wi l l  :e performed on an instrumented transparen cy of 2. O-~nc tr

nomina l tnickness. For the static tests , 301 , L1O~ and JL3 , a ~‘axi I ’ uIr load

af !~~O pounds , or a ma xim um deflec ti on of one inc n , will ~e a~p li ed to

Location \ on Transparenc y Number Cl , Fioures AS and \6 , and t:-~e .ief’~ ct ion s

at nine points will be recorded as shown in Figure ~7 . Three temperature

conditions will be investi gate d : 75°F , 195°F , and -35°F . The tempera-
ture tolerance is ÷10°F. The cabin temperature and chamber temperature ,

Figure A4 , will he identical . It is desir able to app ly the sa me load

fo r  t he  th ree  s t a t i c  tes ts  but  the potentiometers shall not h~ -~“lec t~d

more than approximatel y one inch. The load shall ho remove-I ou i c L l y to

provi de dampin g data. The purpose of the static tests is to ~r ov i1~

~a t a  to be used for verification of the dynamic ~ath model .

The first Phase Ia bird test , 004 , will impact Loca tion A on an

instrumented transparency , Cl , wi tri a four-pound bird tr av eli n~i at a 

.~~~---- -_ _-~~~~-
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velocity of 350 knots ; the cabin air and chamber air , Fiqure A4 , will be

held at a temperature of 75 + 10°F. Temperature data , strain data , and

the deflection curve wil l be recorded for the purpose of verlfyinq the

math model.

The second Phase Ia bird test, 005, w Il l  impac t L~~ t t i~ n C on Trans-
parency Cl with a four—pound bird traveling at a velocity of 350 knots ,
the cabin air and chamber air will be held at 75 ÷ 10°F . The purpose of
this test is to make a comparison between a hi gh centerline impact and a
high non-centerline Impact. Temperature and deflection data will be
recorded. This test will not be conducted if bird penetration occurs
during Test flumber 004.

Phase lb will consist of a maximum of five bird irp act tests , 006
through 010, and will be conducted on Transparency Number C4, of 0.50-
inch nominal thickness , wi th two—pound birds . The cabin air and chamber
air will be maintained at 75 9 10°F . The velocities will be 350, 420,
480, 540, and 562 knots 1 and the test will termi nate at 562 knots or
transparency failure as t1et~’r~i1ned by the Douglas Test Director. The
iiupac~ t)oint will be Location ~ but may be varied at the discretion of
the Doug~a~ Test Director. Temperature and deflection data will be
recorded . The purpose of tni s test is to determine the penetration velocity
for a two-pound bird . Transparency ~umber Cl may be used for this test to
conserve time if Cl is undamaged after Test Number 005; Transparency
Number C4 may be used later for optiona l tests, Phase Ii , at the discretion
of the Douglas Test Di rector.

Phase Ic will consist of Test Number 012 through 016 and wi ll impact

Trans parency Number CS , of 0.50-inch nominal thickness at Location A ,
Fiqure A5 , with three-pound birds traveling at velocities of 350, 420,

480, 540 and 562 knots or until the transparency fails as determi ned by
the Douglas Test Director. The transparency temperature will be held at
75 + 10°F. Temperature data and the deflection curve will be recorded.
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The purpose of this test is to determine the penetration velocity. The
impact loading may he varied at the discretion of the Douglas Test

Direc tor. Transparency Number C2 may be used for these tests to conserve
time if C2 is undamaned after Test Number 011; Transparency CS may be

used later for optional tests, Phase 1 1 , at the discretion of the Douglas
Test Director.

Phase II , Test Number 017 , will be a qualification test directed by
General Dynamics on Transparency Number C9. It is Imperative that this
test be completed as early in the test sequence as possible so that a
second canopy frame, including a glare shield and instrument panel , will
be available for Phase I testing.

Phase Je wil l consist of three bird impact tests on an instrumented
transparency , C3 , of u .50—inch nomina l thickness. Test ~uni~er Dib wi ll

impact Location A , Figure A5, with a four-pound bird travelina at a

velocity of J~0 knots and the transparency ten perature will be -35 ÷

10°F . Temperature data , strain data , and the deflection curve will be
recorded for the purpose of verify ing the dynamic math model . Test

~uinbers 319 and 320 will impact Transparency C3 at Locations U and 0,

respectively, with four—pound birds traveling at 350 knots and at a 75 +

10°F transparency temperature. Temperature data and deflection curves w i ll
be recorded. The purpose of this test is to provide a comparison between
a low centerline impact , a low non-centerline impact , and a hi gh impact
from previous tests. Test Number 020 will not be conducted if bird
penetration occurs duri ng Test Number 019. If bird penetration occurs
during Test Number 018, Transparency tiumber C4 or CS may be used for Test
Number 019. However, completion of Phase lb and Id will take precedence
over Test 019. An aircraft production type glare shield and Instrument
panel must be Instal led for Test Numbers 019 and 020.

Phase If will consist of one static test and one bird impact test on

an instrumented transparency , C6, of 0.62—Inch nominal thickness. For
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I

the static test , 021 , it wi l l he necessary to app ly a maximum load of 2f-O0
pounds , or a maximum deflection of one inch . to location A . Flqur~s A5 .~nJ
4b , on Transparency Number C6, and to record the transr~arency deflections at
nine points as shown in Figure A? with the transparency temperature at
75 + 10°F . The load shal l he removed quickl y to provide Jampino data . The
purpose of th is test is to provide data for the math model . Test ‘lumter fl.’.’

requires Ch to he inipacted at Location A . Figure A 5 , w ith a fotir-pound
bird travelin g at a velocity of 350 knots and at a 195 + 10°F transparency
temperature. Temperature data , strain data , and the deflection curve
will be recorded for the purpose of verif y ing the dynamic math model. A
simulated HUL) assembly, consist ing of side frames and glass , a glare
shield , and an instrument panel wi l l be installed for this test.

r~iase I g wi ll consist  of f ive tests , ~4umt~ers 0.3 througti LL.~
’ 

• ~tnd

w i ll iiu~act a trans parency , C~ , of J.&~
. ~nc ? noi. i isia I t l t ) c ~~: ?e ’ ~ , .i - ~t

A , Figure A~ w i t h  three-pound Hrds t r ave l ino at v e h c i t ~es ~f i~~. -‘.
‘
~~~~.

480 , 540, and ~~ knots or until the transparency fa i ls ds Je ter~ti ned b~
the Doug las Test Director. The transparency temperature ~‘~i ll be ~‘5 +

10°F . Temperature data and tu e deflect ion curve ~i l? be recorded. ‘

g lare shiel d and instrument panel will be in stalled for triese test -.. ~
simu lated bUD , side frames and ~j lass , wi ll be Instal led for tc~s t  ‘~~u~er

0~3. The purpose of t~iis test i s  t~ determine the trans parenc~ penetra t io n
ve locity . The impact location may be varied at the disc ret ion of tne Lou ql a~
Test Dire ctor. Transparency Lb m ay be used for these tests to conserve t ime
if Cb is undamaged after Test Number U~~; Transparency C~4 may be used

later for optional tests , Phase II, at the discretion of the Doug las Test
Director. If transparency Number C6 fai ls during Test Number U~~, Phase Ig
may be bypassed temporarily, and Test Number 028, Phase lb . may be performed

on Transparency Number C7. If C7 Is undamaged , It may be used for phase

Ig tests , Test Numbers 023 through 027, and Transparency Number C~ may be

used later for optional tests , Phase Ii , at the discretion of the )ou~i1as

Test Director.

Phase lh will consist of one test , 028, and will impact an instrumented

transparency , Cl , of 0.~~-inch nominal thickness , at Locat ion ~ w i t h a four-
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pound bird trave linq at 350 knots. The transparency temperature will be
held at -35 + 10°F. Temperature data, strain data , and the deflection
curve will be recorded to provide information for the al ternate cano py

design . This transparency may be used for optional tests , Phase Ii , if
it is undamaged . A simulated bUD , consistin g of side frames and glass , a
glare shield , and an instrument panel , will he installed for this test.

Phase Ii will consist of six optional tests and w i ll be performed
on Transparencies C4, CS , Cl , and/or C8 at the discretion of the Doug las
Test Director.

TEST ARTICLE DESCRIPT ION

Transparency

~ ix  of tuue tr ansp arLncies will :~~. 0.50-inch :n:cL a~u :~;ree •.i l 1 ~e

U.b~S- inc h th ick . The thicknesses are nominal dimensions . The trans-
parencies w i l l  be manufactured by Texst a r per ~eneral dynamics ’ drawings ,
and w i l l  oc of coated monolithic polycarbonate . The specimens w i l l  be
ident ufied by part number and vendor serial number. Genera l ~)ynamics will

furn is~m tnickness measurements at fifteen points for all transparencies
as shown in Fliure ~~~~~ . The protective coatin g will be r~inoved from the

~ransr~r~ncv lo cau lv tr ~ccor~ i 1att~ th2 s t rain c~ages .

The transparencies shill ~‘‘  used durina the t~o nh~ses of tie ~iroaram

as fo l lows :
Phase I: Five nominal 0.50—i nch thick and three nominal
0.625-Inch thick transparencies wi l l  be used during the
expanded canopy design program as noted in Table Al.
Optical rejects may be used for the five 0.50-inch thick
trans parenc ies, but the coating must be removed from
these areas where strain gages will be Installed.

Phase II: One nominal 0.50—inch thick transparency will

be used for the qualifi cation shot. 
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Support Structure

The Aeronautical Systems Division (ASD /YP) shall furnish a canopy
frame to fac i l itate chanaeout and shall supply a modified F- 16A table top
test f ixture (see Figure A3 ) .  The F-1 6A cano py table top test f ixture
will be modified by General Dynamics to provide an access port for interior
AEDC Ins trumentation cables, to provide holes for installation of the
anthropomorphic duniny to be provided by the 6570th Aerospace Medical
Research Laboratory (AMRL ) , to provide a photography port , to provide L
therma l conditioning inlets in conjunction with AEDC/ARO , to provide
acconiuiodations for the AEDC /ARO furnished hear curtain , and to provide
attachment holes for a simulated glare shield and instrument panel.
ASD/YP shall furnish a second canopy frame after the qualification test
is completed .

AEDC/ARO shall design and fabri cate as required suff i c ient s truc ture
‘r insta l lat ion of the F- l6A canopy table top test f ixture substructure .

AEQC/ARO may drill/tap the web cross members of the table top test fixture
to attach it to the substructure and bird gun platform.

Transparency Instal lat ion
General Dynamics shall install the appropriate transparency in a

canopy frame using production hardware and techniques and mount it on
the F-l6 canopy table top test fixture as required in this test plan.
AEDC/ARO and Genera l Dynamics shall accomplish any required repairs during
the test period .

Special Equi pment
The 6570th Aerospace Med ical Research Laboratory (AMRL) shall furnish

an anthropomorphic dunmiy for the qualification test.

AEOC/ARO shall furnish a heat curtain or enclosure similar to ARO
Drawing Number VS110476 to be used for static tests and bird impact
tests (Figure A4).
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AEDC/ARO shall furnish a system capable of delivering 2500 pounds of
forc e to a transparency or deflecting the transparency a minimum of one
inch , a quick release mechanism and loading pad (Doualas Drawing
Number Z3942637) to enable dynamic unloading , nine deflectcineters for

neasuring deflection , and a deflectometer support.

Genera l Dynamics shall design , fabricate and install a readily re-
movable simulated HUD system using the two side frames , the combining
glass (simulated ) of the optica l gun sight , a simulated flate shield
with appropriate substructure , and a simulated instrument panel.

AEDC/ARO shall design and fabricate a simulated bUD system consisting

of two side frames and glass. A mini mum of three sets will be required .

It will be the responsibility of Douglas Aircraft Company (DAC) to
ensure that the tests are conducted in an acceptable manner , to provide
the necessary detail information , to coordinate the test plan through
the A ir Force Flight Dynamics Laboratory UAF FdL/FEW) with the Aeronautical
Sys tems 0~vi sion (ASC/YP), the 6570th Aerospace Medic al Research Laboratory

~ó570tP AIIRL), the Arnold Engineering Development Cen ter (AEDC/ARO), the
Air Force Materials Laboratory (AFML), and the General Dynamics Company ,
and to gather engineering data which will form a data base for the expanded
canopy design effort and for application to the validation of the dynamic
math model and computer program.

The transparent hi -v isibility canopies are part of a canopy assembly
designed by Genera l Dynamics. It will he the responsibilit y of the AS~3/YP to
furnish the F— 16 canopy table top test fixture to support the canopy
assembly, eight transparencies and one canopy frame for the expanded
canopy design program , one transparency and canopy frame for the F-16A
qualification test, and one simulated HUD system to be used for the
qualification shot and which may be used for subsequent shots . Fina l



disposition of the test hardware , including canopies, will be directed by
ASD /YP . The Genera l Dynamics ’ aua lific ation test will be controlled by
the ASO/YP .

It will be the responsibility of the 6570th AMRL to provide an instru-

mented anthropomorphic dumy and to evaluate the pilot injury potential if

the canopy strikes the pilot ’ s helmet during the birdstri ke event. This

evaluation will be coordinated through the ASO/YP for the qualification

test and the AFFDL/FEW for all other tests .

It wi ll be the responsib ility of the AEDC/ARO to design , fabricate and

install a rigid table top substructure , to furnish the target platform to

support the table top test fixture , and to drill/ta p the web cross members

of the table top fixture to attach it to the substructure and bird gun

p la tform is necessary .

The AE 3C/~PSO ‘i i l l furn ish a heat curtain or enclosure si~ii la r to \0O

Drawing ‘lumber 11347E or an equivalent system and it may ~e necessar y to
modif y the table top test fixture to ‘e cone~ti~ le ~iit~ the beat curtain

and to enclose t~e inboard surface of the canony to meet ter~er at ure r~cuir~-
ments . Proposed configuration c~ian~es to the table top test fixtu re :ill

~e rev ietieJ by the on—site General ivra’lics ’ enqi neer and all ch~inc!ec

be documented and will recuire authorization by the ASD/YP . T~c .~.EDC/’RO

will furnish thermal condit loninq equipment , support facilities , includin g

office space and office equ i pment , the bird gun and birds , and instrumentation .
The test transparencies will be instrumented by the AEDC/1~R0 with strain

gages and thermocouples for data collection to be used for the bird i~rnact

math model in accordance with the requirements of this test plan. Cameras

and film will be provided for deflection measurements and overall photo

coverage. Test engineer , technicians and camerame n will he provided by

the AEDC/.4R0.
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The AE DC/ARO w i ll be ‘~ sponsible for the test accomplishments as

deta iled in the Test Procedure and Documentation Sections of th is test

plan and will provide copies of data to a ll activities in accordance w ith

a data Ji~ tr ih uti on olan to be coordinated through the AFFDL /FEW .

Five Jays after the first test and once eac h ~ieek thereafter , tbe

fo ll o ,ing lata sill ~e sent by the AEDC/ARO to ~ou~ las~ T he osc i llo~ra~h

strain qaqe data , the temperature data , the deflection versus time olots ,

and tre Jeflection I~3M cards. Ten days after the fi rst test a r l ~nce eac h

:- eek thereafter , the i iq ita l iz eJ strain data (strain versus ti”’e r~lo ts ar~
I:~ ~rintout) , and deflection fi l ”s sha~ l be sent to ~ouo las.

T~e ~~~~~~ •. ill set u~’ a t~i:’;)Prature r9cori~’r , rr~nare a strain c~ ~e

~~~~~~~~ , a r - ~ ~rcv~ ~ ~c~ rl~~s - i t h a m easIr~’ ’ ;~!it c~~~t~~
-
~ s c ’ - ~~ic

It will be the responsibility of Genera l Dynamics to accompli sh
canopy changeouts between Phase I tests , accompl ish on-site canooy frame
and table top test fixture repairs if and when necessary , to drill and
tap holes where required to install the 6570th A~1R1 head/neck form 1 to

provide an access port In the table top test fixture for interior AEDC/ARO
instrumentati on cables if required , to add a sealed viewing port at the

d i rection of the AEDC/ARO in the bottom of the table top fixture to oermi t

photographic documentation of the deflection of the inside surface of the
canopy during bird Impact at selected temperatures , and to modify the table
top fixture to be compatible with the AEDC/ARO thermal conditioning equip-
ment. General Dynamics will be responsible for engineering the qualifi cation
shot (preparing the test plan , Insta lling the Instrumentation , reducing the
data , and writing the final report) with guidance assistance being provided
by the AFFDL/FEW , the 6570th AMRL , Douglas , and the AEDC/ARO . General
Dynamics will be responsibl e for the design , fabrication , and Installation
of the readily removable , simulated HUD system r.onsisttng of the two side

frame s and the combining g lass (simulated) of the optical gun sight , and

a simulated flare shield and instrument panel . This System will be used for

the qualification test, Phase II, and may be used for subsequent tests in

Phase I. General Dynamics will be responsible for providin g transoarency
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thickness measurements to Douclas Aircraft for all transparencies to be

tested and will assure that the transparencies are uncoated in the areas
where strain gages will be installed.

The AEDC/ARO will be respon sible for fabricating a simulated HUD system
cons istin g of two side frames and a simulated combinin a glass to be used
durinq Phase I tests. A minimum of three sets will be required.

TEST AND INSTRUMENTAT ION REQUI REMENTS

Test Procedure and Documentation

The AEDC shall be responsible for the test accomplishment as detailed —

in the Test Procedure and Documentation sections of this test plan.

Static Loading/Dynamic Unloading Tests

Nine deflectometers shall be mounted on the inside of the trans-

parency to measure static deflection at the nine locations shown in

F igure A7 . The deflectometers must not impinge on the strain qanes or

gri d pattern , must be capable of deflecting at least two inches before

bottoming ou t, and shall be connected to an oscillograph recorder . A

hydraul ic loading system capable of deliver ing - 2500 -pounds or deflecting

the transparency one inch shall be located to apply a static force

norma l to the trans parency at Loca ti on ‘
~~, n i~ ure A5 . A nu i c k re lease

mechanism and loading pad to enable a dynamic unloading of the trans-

parency for calibration purposes shall be provided as shown in Ficiure A6.

The test setup shall have the capability of maintaining temperatures of
195°F and -35°F. The deflectometer locations and angles , and the coord-
inates of the nine deflection points , will be documented on Data Sheets
15 and 16, noted at the end of the test plan.

Bird Weight Requirements

The AEDC/ARO shall provide appropriately packaged chickens as - -

required in Table Al. The test birds shall be either freshl y killed or

quickly frozen after killing and slowly thawed for 24 hours prior to
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testin g . tach test bird shall consist of a complete carcass weighing

pound s , 3. 0 pounds or 4.0 + .?  pounds. Weiqht adjustments may

he made by clippin g carcass appendages or by injecting water into the

body cavity .

R i rd Ve l oci t~~Req~~rements
The AEDC/ARO shall provide a bird gun with an X-ray bird velocity

measurement system capable of meeting the velocity requirements of

Table Al .

The bird velocity tolerance shall not exceed the following values:
S KNOTS FT./SEC. MPH.

350 + 2 .5% 591 + 2 .b~ ~03 + 2 ~~
4~ J + J • 5~

, 709 + 2 .b~ 484 + 2.5~
4b0 + 2.5% 777 + 2.b’ 528 + 2.5%

+ 2 .5% 912 + 2.5~.. 621 + 2.5%

bi~2 + 2. 5 % 949 + 2 .5% 647 + 2.5%

Loca tion of Impact Point

The impact points shall be located as sho~.- i~ in F iiure A°. The

tolerance on the locations shall not exceed ~ ~).l2 inch. The 1ocat~ons
and coordinates shall be recorded in Data She ’i’; ? and 3.

~~pact _ Point To lerance

T~~’ tole,’ancp on the ~i rd impact nai nts chim’n ir r j gures A5 and 4~
s hal l  not exc eed + 1 .00 i rich.

The therma l requirements were chosen as the abso lute m i nimum and
maximum temperatures that could be experienced for bird i mpact. The hot
temperatures ~i n,ulate a hot atmosphere supersonic cruise followed by an

emergency descent to ~,000 feet and 350 knots, followed in~nediate1y by

bird impact. The cold tempera tures simulate a cold a tmosphere f l ight
at 200 feet and 350 knots prior to bird impact. The temperatures show n

L 
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in Tab le Al are Ident ical  on the inboard jil l outboard s u r f ac os of the

monol ithic canopy as shown in Figure A lO . Th ose are a~ c1o ~o as can he
eas i ly  obtained in the laboratory . The tem perdture to lerance s 5ir e + 1O’ F .

T ’ it ’ •~1flc /~\R0 sh a l l  provide a ht ’at inq s~ st to i fo

to 1~ 5°F and shal l provide [N,, or an equi valent nato~ al for cool inn t h~
spec i mens to —35°F. 4 heat curtain or e nc lo s ( j r ’  c i r i  1 ir to  \~~~ L~~ ~‘ra’ in ,

~uniher VS 11 ‘)~ ‘5 shall be moun ted around t w  t oct ‘.nec i m’n ~nd —1 c ~~~~
t a 1 e top test ~ i x tore per FIgure 1 ) . 1 ~o t O f l l ) o  p ’ tore rin w or coii t ro 1
would t’~ aou rox iniatelv -3 b~F to 10 5°F , as renui red fro ” Ta b le  41 . Afo r e-
men t i oneLl duct i n~ should flow aporox i iiia to 1 v O n ’  pound 0 ’  r ‘.cc ~ 5 4

b c  t inn shou 1 J h~ i nsiil ate I ~i th t~- o— 1 ncr th i c~ f i ~- ‘ ‘rol Is’ , i nsti I ‘i or

~iJ iv a lon t  .

~\s required , eltuer no t or c~ i d air S( ’ a ’i  ~ l O ~. i t ~ t ’ lt~’ i d

enclosed by the canopy . The temperature range s hall be be t~-.een -i~ ’U

and 195°F as requi red from Tab le Al . It oil  1 r o i i u  ire appro ~ I at o 1 v

one-ha lf hour to at tain steady state temperatures.

L3efo re the bird tests a re conducted , the temperatures t o r  oac ~i

men s hall be mon i tored to ach ieve steady s tate condit ions at tue 1o~at io n~
shown in Figure Al 1 . Therma l condi t ions sha l l  he constant lv ‘ ‘ n  It o r ’ l  or

the recording equipment to ensure that the tes t se tup tempera tu res are
mainta ined as required per Table A l .

Thermocouple Instrumentati on

All thermocouples will be copper constantan ca librated to I.S.A. or
equivalent standard . Eight thermocouples shall be bonded to the interior

and exterior surface of all transparencies at the l ocations shown In
Figure A ll , w ith GA-2 adhesive made by Micro -Measurements , or an equivalent

adhesive , per the Instrumentation Installation Instructions Section of this

test plan. The thermocouple locations and coordinates shall be measured

and recorded on Data Sheets 11 and l~’. Temperature measurements



T11 AM8IENT AIR

Enclosure Assembly

TransparencY_ _[  _
Chanter Air  /

IJ

(( Cabin Air

I ))
Li

of F-l6 Canopy Table Top Test Fixture

Figure AlO. Temperature Definition Schematic.
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utilizin g thermocouples will also be made of tne temperature chamber air ,
pil ot ’s head air , and ambient outside air.

The AEDC/ARO will Install thermocouples and will complete the measure-
ment circuit as required for recording temperatures. A recorder for
mon i toring and recording temperatures at the rate of 12 thermocouples in
6 seconds total time between will be required. Continuous mon i toring and
recording will be rn’cessary during heating and cooling and during bird
impact testing for each shot. All test events must be recorded on the
temperature records as they occur , such as “l i ghts on” , “fire ” , etc .

Strain Gage Instrumentation

Strain qaoe locations are shown In F riures Al:’ and •~13, a nt  T ’ b le  S
’.
’
.

and wi ll be instal led on Canopies Cl , ~2, c3 , Ci, and ~~, as ShL ’ .n i”

Ta b le A l . A ll stra in naqes are s inn 1 e a c t i v e  lon c ani~ - i  11 ri’qu i r’  -hl l 1\

brid ge completion networks. The type of strain gage to be used is [ P- 08- 125AV -
120 (Option 1364) made by Micro-Measurements . The st ra in gages sha l l  Pc
bonded to the transparency interior and exterior surface , frame , and hooks S 

-

w i th  GA—2 adhesive made by Micro—Measurements per the Instru me nt ation
Installation Instructions section of this test p lan . The stra in ~age

locations and coordinates shall be measured and recorded on data Sheets

~~ ~ m l  1 ~.

The AEDC/ARO shall provide system wiring, completion networks , power
supplies , balancing and sensitivity controls for resistance bridge
measurements with outputs compatible to FM recording equipment , and
signal conditioning and FM tape recorders for up to 24 data channels. All
tapes must carry precision time code for data synchronization . The AEDC /
ARO shall record either by FM tape of by oscillograph , strain time history

measurements from the structural gages and the strain gages located on
the transparency.

The strain gage instrumentation to be used must meet the following
requirements and conditions:
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Figure A 13 . Strain Gage Location For~iard i.~anopy Frame .
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TABLE A2. STRAIN GAGE LOCATION AND RECORDING CHANNEL
SEQUENCE NUMBERS PER SHOT LOCATION

STRA IN GAGE LOCATIO N CHANNEL SEQ. NO.
LOCATION NO. MOUNTED SHOT LOCATION
& GAGE DIR. ON SIDE A B

1 H Canopy In 1
1 V  Canopy In 2
2 1 1  Canopy In
2 V Canopy In 

_______ 2
3 H Canopy In 3
3 V  Canopy In 4
4 H Canopy In 3
4 V  Canopy In 

_ _ _ _ _  
4 

-

5 1 1  Canopy In 5
5 V Canopy In 6
6 H Canopy In 5
6 V  Canopy In 

_ _ _ _ _ _  
6

7 H Canopy In 7
7V Canopy In 8
811 Canopy In 7
8 V Canopy In 

_______  
8

9 H  Canopy In 9
9 V Canopy In 10
10 H Canopy In 9

_JO V~~~_~ — 
Cpngpy In 

______  
10

11 V Canopy In 11
‘12 H Canopy In 11
12 V Canopy In 12
13 11 Canopy In 12
13 ~~~~~~~~ - Canopy In 13 

________

l H Canopy Out 13
‘ 1 6 V Canopy Out 14
17 H Canopy Out 14

Canop

~

y Out _15 _ _ _ _ _ _ _

18 H Canopy Out 15
18 V Canopy Out 16 5 -

19 H Canopy Out 16- - - 19 V - - Canopy Qiit~
_ , J1_ _ ________

20 V Canopy In 17
28 H Edge Out 18 18
28 V Edge Out 19 19
29 H Edge In 20 20
29 V Edge In 21 21
30 Fwd Hook 

—

~~~~~~~ 22 22
31 Fwd Frame 23 23
32 Fwd Frame 24 24
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• The motion to be measured will be a li g h t ly damped osc i l l a t i on
with an expected period of about 15 milli seconds and shall be
mon itored and adjusted accordingly. Peak velocity w i l l  be in
the region of 2 ,000 cm/sec, and possibly as great as 10,000
cm/sec. Peak displacements will be in the region o f 10 Inches.

• The prima ry period of interest w i ll include the duration of
impact , whi ch wi ll be abou t half a millise cond , and approximately

~ to 10 mi llIseconds subsequent to impact. T h i s  t i me per iod

wi ll be mon itored and adjusted according ly.

• The test method must permi t these measurements to be made without
interfering w ith  the bird str ike test . In other words , there

mu st be free access to the test surface for the project i le , and
t:ie test apparatus mus t not affect the free movement of t ie
test surface .

The expans ion / contraction rates and creep of the specimens at
v arious temperatures will be required . Par ti cu ’ar emphasis must be

~i ’.cn to t~ie areas aroun d the latching mechanism . Jata for t :iis pur~~ se

~~11 be obta ined from the strain gages and the thermocouples in st alled

on t~ie cano and adjo inin g structure by recording prior to ari a Jur ing

‘le ot iny or cooling preparations.

Calibration of instruments will be required to veri fy that total

systems requirements have been satisfied. Evidence of recent certifica-

tion will be provided to the Doug las representative .

Pynamic Deflection Measurements

~i~pi speed cameras will be used to measure deflect ion versus time at

the birdstr ike event. A m inimu m of four high speed movie cameras and

color film (5000 frames per second) are required. Suggested camera

loca tions ire sho~r in Figures A14 and •‘i l ~~~. The car’er.i locations ~- i l 1  ~~~‘
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set up with appropriate ang le of view and f ield to orovide photographic
information for the purpose of deflection measurement ut i l iz ing a grid
system laid out on the Inside surface of the transparency as shown in
Figure A1 6 .  The grid l ines sha ll consist of Dow Cornin g ~ilast ic RTV-732

Silicone Sealant and will be approximately 0.25 inch wide. The grid
pattern locations ~‘ill be documented on Data Sheet 4. Tn order to repro-
duce the grid on each transparency in a quick and consistent manner , a

‘iviar template will be prepared at AEU)C/ARO .

Nine points of deflection on the canopy centerline and nine poin ts
of deflect ion at BL 6.0 shall be measured , noting the aporoririate scale

factor. The points of measurements are the intersection of the grid lines

and shal l be labeled as shown in Fi~ ure A 16 .  The tine f ron ol us c i te  to t ’ ie

re ference origin shall be noted at all rø~~roncø ori Qin zero ’s . De~ l ec-
tions may be taken at one millisecond interv als. It is noted that 1, jr i rc

Impac t all target point deflections may not be attainable, but sufficient

definition will be obtained from those which are in view . A fi ft h camera
may be necessary for complete coverage of the side of the transparency .

~\nthropomorphic Duni~iy Ins trumentation

Networks , cower supplies, ba lancing , sensit ivity contro ls, si gnal

conditioning and FM recording equipment to record six channels of accelera-

tion recorded on the head/neck form and six channels of force measured

on the support structure for the head/neck form during the qualification

test shall be supplied by AEDC/ARO .

Time Study Requirements

A time study will be made of the transparency to frame installation

and removal and the canopy assembly installation and removal . Pertinent

data will be recorded on Data Sheet 1.
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Instrumenta l Installation Ins truction s

Strain gages and thermocouples shall be bonded to their respective

surfaces with GA-2 , or equiva lent , adhesive per Micro-Measurements
instruction Bullet in 8-137-3 with the follow i ng exceptions:

Paragraph III Step 1 - Do not use chlorothene flu.

11 Step 2 - Use 400 grit silicone carbide paper
In place of 220 or 320. Do not use
conditioner.

Step 3 - Do not use neutralizer .

Paragraph IV Cure two hours at 150°F to Insure bond . Pos t

cure during pane l curing cycle at pane l curing

tempera ture

Confine preparation and cement to the gage area . Use clean room

procedures In hand ling and installin g the strain gages.



TEST PROCEDURE

The tests shall be conducted in the following sequence per the test

sc hedule  and requirements given In Ta b l e Al . ~ vi sions r’iav be made at

the discretion of the Douglas Test Director.

Phase I
1. Install the canopy frame and the table top test fixture to

the target platform .

2 . Insta ll Transparency Number Cl to the canopy frame for Static
Test Uumber 001. Record the time and sequence to install on

Da ta Sheet 1 .

3. A ttach all instrumentation wire s from the transparency and

structure to the recording apparatus . Complete the instru-

menta tion checklis t , Tables A.3 and A4 , and perform the ca li-
bration tests on the recording appara tus.

4. Install the nine deflect~neters and record the loca ti ons on
Da ta Sheet IS and lb . Locate a static load hydraulic system

in an appropriate position to impact the transparency at

Location A , Fi gure .A5. Instal l a thermal curtain , F igure A1~~.

5. Adjust the transparency temperature per Table Al , and start the

Inst rumentation .

6. Perf orm S t a t i c  Test Number 001 at 75°F by applying a static
load at Location A of 2500 pounds or 1.00 inch deflection , w h i c h -
ever c omes fi rs t.

7. Record deflection data , strain gage data , thermocouple readings,
sens i ng e lement readi ngs , relative humidity , ambient tempera ture ,
chamber tempera ture , and cockpit temperature.
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TABLE A3. INSTRUMENTATION CHECKLIST - PREPARATIONS

A. Record the transparency grid pattern on Data Sheet 2. VerIfy
the location of the Impact points on the transparency and
record the location on Data Sheets 3 and 4.

B. Strain gages: Check continuity , measure resistance at termina ls ,
Identify channel by channel , identify proper scaling for tape
records, and identify sensitivity settings and shunt calibra-
tions . Complete Data Sheets 5, 6, 7 and 8.
Prepa re sheet , referencing each strain nage channe l to recorder
channel ; include calibration resistor value and equivalent in
strain.

C. Set up log for recording each event on oscillograph or tape ;
mark on records where possible; record clock time (hours!
minutes) of events on the shot log .

0. Set up temperature recorder; check identity of each channel ;
Include calibration resistor value and equivalent in strain.
Complete Data Sheets 9 and 10.

E. Equipment In Position : Obtain still photos before every test ,
showing camera positions and strain qaqe details. As accurately
as possible determine position in space of camera lens angles
with canopy , etc. Record camera locations on Data Sheets 11
and 12. Perform scale calibration of movie camera for all
cameras. Provide reference position markers (crosses, clots ,
etc.) for movies and a plus gate marker on movies for deflec-
tion data correlation with time .

F. Obtain relative humidity reading from local source. Prepare

Data Sheets 13 and 14.
G. Provide DAC with measurement system schematic showing identifi-

cation , serial numbers , cable type and numbers, signal condi-

tioner type and numbers , setting for equipment sensitivities
and equipment calibration dates. (May be completed after test.)
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TA~Mi \l . I NST RUM ENTA TIO N CHE CKLIST - ENVIRONMENTAL P RE-T ES T

A. Take zero record on tape/recorders . 
S

B. Take calibration record on tape/recorders .

C. Start tempera ture recorder and continuously record or P
incrementally time record if app licable during heating
or cool ing.

0. Incrementa l ly time record (intervals TBD) strain gage
channels on tape recorders . Correlate wi th temperature
records .

E. When target temperatures are reached and stab il1zc~ ,
take tape/recorders recordings.

- - - — - - - - - - - - - - - - - - 5
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8. Qu ickly release the load and record the stra in gage data

during specimen damping .

9. Retrac t the hydraulic cylinder to its orig inal po si t on .
Exam ine the strain gages , theriiiocouples, and deflectome ters

for damage . Refurbish and/or replace any damaged units .

Examine the transparency and support structure for possible
damage. Evaluate damage and proceed if acceptable.

10. Perform Static Test No . 002 at 195°F on Transparency Number Cl

by repeating Steps 3 through 9.

1] .  Perform Sta t i c  Test No. 003 at -35 ”F on Tra ns parcnc~ ~urnb e r C l

by r”~ea~ ~r steps 3 through 
~~~
.

l. . Remove the def lectome ters and prepare for Test number ~)C 4 .

13. A ttach all instrumentation l ead wires from the transparency

and structure to the recording apparatus, complete the

instrumentat ion checklist , ~5i~’le s ~ an~A ~.1 
• a!1L~ : ‘ ‘~~~~ ~~~ ~~~~ 

—

proper calibration tests on the recording apparatus. ~oS~ tion

the support structure and gun to impact the transparency at the

proper locatioa per TabI e ~l . Ins ta l l  a therr’a 1 ~~~~~~~~~ , fl ~i r ’

over the canopy assembly, and support structure when necessary to
ma intain the appropriate temperature , Ta ble A l .

14 . Complete the Instrumentation checklist , Ta b l e AS , adjust the

transparency temperature per Table Al , start the instrur ientat ien .
take static strain gage reading s Immediately prior to dropping

the therma l curtain , and drop the thermal curtain prior to

firing.
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TAPLE A5. INSTRUMENTATION CHECKLIST - BIRD SHOT

RECORD EVENT TIME OF EACH STEP.

A. Prepare gun for firing . Trim and weigh chicken .

B. Take zero record on tape/recorders .

C. Take calibration record on tape/ recorders .

0. Monitor and record electrical sensing elements before
test.

E. 1. Start count down .

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

b) Turn on oscillograph at 1-5 seconds , 80 inch!
second (If applicable).

c) Turn on tapes 1-5 seconds , 120 Inch/second .

d) Mark I-lights on and 1-0 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 .

c

r
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15. Perform Test Number 004 by Impacting Trans parency Cl at

location A with a four pound bird travellnq at a veloc i ty

of 350 knots.

16. Record the appropriate data on data sheets In accordance

wi th the complete instrumentation checklist , Table A6.

17. VIsua ll y check the transparency , Cl, the thermocouples ,
and the structure for damage . Evaluate the damage , repair
as necessary, and proceed to Step 18 If the transparency

is  acceptable. If Transparency Cl Is penetrated or damaged .
replace Cl with C4 and proceed to Step .~1.

lB. Prepare for Test Number 005 by cosiip1 et1nc~ Steps 13 and 14

for Cl.

1g . Perfor~n Test Number 00” by Impacting Transparency Cl at

Location C with a four pound bird traveling st a velocity
of 350 knots. Repea t Step lb.

20. Visuall y check Transparency Cl , the thermocouples , and the

structure for possible ~‘amaqe. cv al u ate the Jama~je. reoalr . 
S

and proceed if Cl is usable. If the transparency is
replace Cl with C4 and proceed.

Phase lb

21. Prepare for Test Number OOb by completing Steps 13 and 14 .
except strain gage data is  not required .

22. Perform Test Number OOb by Impactin g T ransparency Cl ~or C4)

at Locat ion A w ith a two pound bird trave ling at a velocity

of 350 knots . Complete Step lb.

—— - — - 5 — — — ——-- —— __________________ — —  —- - SS_S5- ~~~ - .~~~:— , , , 5 ,. ,- 5 V .::: :: ~~
~‘



TABLE A6. INSTRUMENTATION CHECKLIST - POST TEST

A. Tabulate data on Douglas Data Sheets 13 and 14 .
and obtain test signatures .

B . Obtain still photos of damage and condition of specimen .

C. Strain gage da ta may be reviewed quick— look by playback
on osci llograph . Check for scaling and qualitative
results . Also , compare wi th digitized data for timing
and magnitude.

0. Data from digitizer and plotter to be available for review
wi thin 4S hours (turnaround time expected to Improve for
future tests). (Watch out for scaling errors.)

E . All strain gage data must be plotted versus time from

plus gate to the same reference origin.

F . Review movies and make notes.

G. Assist in and obtain deflection data from optical reading S

system and computer program.

H. Provide suggestions/changes for improving nex t  test.

31 3
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23. Complete Step 14 and perform Test Numbers 007, 008, 009,
and 010 by firing two pound birds at Location A at the
velocities shown in T ab l e  Al , or until the tr an s pa recc ~
fails. A failure will terminate Phase lb . Comp le te
Step 16.

24. Rep lace Transparency Number Cl (or C4) with C2. Record
the sequence and time to remove and Ins tall .

Phase Ic
25. Prepare for Test Number 011 by completing Steps 13 and

14 .

26. Perform Tes t Number 011 at 195°F by impa cting Transparency
C2 at Location A with a four pound bird traveling at 350
knots. Complete Step lb .

27. Visually check the transparency, C2, the thermocoup les ,
and the structure for damage. Evaluate , repair , and
proceed if C2 Is usable. If the transparency Is damaged ,
replace C2 with CS.

Phase Id

28. Prepare for Test Number 012 by comple ting Steps 13 and
14 , except strain gage data Is not required .

29. Perform Test Number 012 by Impacting Transparency C2
(or CS) at Location A with a three pound bird traveling
at 350 knots . Complete Step 16.

30. Repeat Step 14 and complete Test Number 013 , 014 , 015 ,
and 016 by firin g at Location A three pound birds at the
velocities shown in Table Al , or until the transpa rency

314

-- 
---

5



-

fails. A fa ilure terminates Phase Id. Complete

Step 16.

31. Replace Transpa rency C~’ (or C5) with C9. Record the time to
remove and Install and the sequence of events.

Phase II

32. Perform Tes t Number 017 , P hase I I .

33. Replace Transpa rency C9 wi th C3. Record the time to remove

and install.

Phase Ic

34 . Prepa re for Test Number 01~ by completin g Steps 13 and 14 .

35. Perform Test Number 018 at -35°F by impact ing Trans parenc y
C3, at Location A , wi th a four pound bird travelin g at 350
knots . Complete S tep lb.

ib. Visual l y chec k Transparenc y C3, the thermocouple s , and the

structure for possible damage. Evalua te , repair , and pro-

ceed If C3 is usable . If C3 Is damaged and not usable ,

replace C3 wi th C4 or C5. Phase lb and Id have a higher
priority than Test Numbers 019 and 020. Transparency
Number C4 or C5 may be used for Test Number 019 only when
Cl has been used to complete Ph4se lb or C2 has been used
to complete Phase Id.

37. Prepare for Test Number 019 by completi ng Steps 13 and 14
except strain gages are not required. The glare shield and
Instrument panel , which had been used for Phase II , Tes t
Number 017, will be installed to the table top test fixture

for Test Number 019.
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.18. Perform Test Number 0)9 at ‘5~~ by Impacting Transpa rency Ci
at LocatIon 8 wi t h  a four pound bird travelin g at a veloc i ty
of 350 knots. Complete Step lb.

39. Visuall y chec k the transparency, the thermocouples, and the
structure , especially the canopy forward frame , for damage.
If the frame Is damaged, repair or replace with the canopy

frame from the Phase 11 test. Repair the glare shield If

necessary . If the transparency Is penetrated or damaged ,
Test Number 0~’0 will he deleted . Proceed to Step 4.:. if

the transparency is usable , proceed to Tes t Number 0.~0.

H 40. Prepare for Test Number 0.’0 by completing Step Numbers 13 and

14 . T’~e glare shield and instrument panel wil l be 1nst~ lled .

41. Perform iest ~4 s.jnher 0.’0 at 7 5 F by impacting Tr~nsparenc , Ci

(C4 5~r ~~ at ~~cat1on 0 with a four pound bird travel1n ..~ 
‘I

at a y
~ 1~c lt~ of 350 knots . Comolete Step lb . Remove t’~e

transpa renc y and record the time to remove .

Phase If

4.:. Prepare for Stati... Test Number 0.1 by Ins t a l lin g Tran’~’arenc ,

~4umber ~‘L~i. Record the time and sequence to Instal l .

43. Complete Static Test Number 0.:l at S°F on transparency by

completing Steps 3 through 4 .

44 . Remove the deflec tometers and prepare for Test Number 0.:.:
completin g Steps ii and 14 . The glare shiel d , 1nstrt~’ient

panel , and a simulated HUlL consistin g of side frames and

g lass , will be insta lled .

45 • Perform Tes t Num ber 0.’.: at 14 5” F t~ Impacting Cn at l o c at l e n  A S

with a four pound bird trave l ing at 3~’0 knots. Com plete ‘~tep
lt~.



46. Check the transparency , the thermocouples , and the structure
f or damage. Evaluate , repair , and proceed to Test Number

023, Step 47, if Transpa rency C6 is usable. If C6 is damaged ,

remove and replace wi th Transpa rency C? and proceed to Step
51.

Phase I~
47 . Prepare for Test Number 023 by completing Steps 13 and 14 for

Transparency C6. Strain gage da ta is not required . The

Instrumented pane l , glare shield , and simulated MUD will be

installed .

48. Perform Test Number 023 at 75°F by impacting Transpa rency C

at Location A with a four pound bird traveling at 350 knots.
Complete Step lo.

49. Repeat Step 14 and complete Test Numbers 024, 025 , 026 , and
027 by firing four pound bird s at Location A (the location

may be revised at the discretion of the Douglas “~t ct 5 ’r~
at  the velocities shown In Table 1 , or u n t il t~e

transparency Is penetrated or Is deemed to be unusable. A

fa ilure terminates Phase Iq. Complete Step 16.

50. Replace Transparency Cb with C?. Record time to remove and

install.

Phase Ih

51. Prepa re for Test Number 0’S by completing Steps 13 and 14 .
The glare shield , instrumented panel , and simulated HUD

assembly will be Installed .

52. Perform Test Number 028 at -35°F by Impacting Transparency C7

at Location U with a four pound bird traveli ng at a velocity

of 350 knots. Complete Step lb.

5,



-______________________________________

53. Chec k the transparenc y, the thermocouples , and structure for

damage. If Phase Ig, Steps 47, 48, and 49, have been corn-
?leted , the basic test schedule is finisheu . If Phase Iq

has not been completed (See Step 46), proceed to Step 54.

~4. If the frame is dania-~ed , repair or replace with the canopy

frame f rom Phase I t . Test Number 01 7 . If Transparency C7

has been penetrated or damaged , replace Transparency C7
wi th CS.

55. Prepare for Test Number 023 by completing Ste ps 13 and 14
for Transparency C~ or CS .

5 6
• Perform Test ~umbers 023 through 027 by completin g Steps 3’.

48, and 4’~. Complete Ster 1t .

Phase Ii

57. Test Numbers 029 through 034 wIll be completed at the discre-

S 
tlon of the Douglas test director by following the procedures

established In the preceeding steos of this section . These

tests m~ y be accomplished if Transpa rency CA , CS , C’, or CS

are usable.

~1R
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DOCUMENTAT I ON

Douglas will provide forms for the static loadin g /dynamic unloading

tests and the bird impact test to record those i tems that require direct

readings of instrumentation before , at-time-of , and after the tests
(inclu ding channel identification). Such data will include temperature

and sensing element readings and other physical test parameters . See

Data Sheets 13 and 14.

AEDC is to supply oscillograph readings clearly identified regard i ng

scale and calibration . The equipment used to record data from t~e 
S

strain gage channels shall be sufficient to supply strain gage data

presented in Engineering units , ~i ‘in ch/ irch versus time from plus gate .

The period of interest will include the duration of impact , which  w i l l
be about ha l f  a m i l l i secon d , an~ some 5 to 10 mill iseconds subsequent

to im pact.  -j

AEDC shall furnish one i nch width FM tape recordings of the strain
gage channels and the IBM cards used to generate the deflection data ,

includ i ng scale factors.

Figure A l7 shows a suqgested format for a rubber stamp or

decal which should be applied to oscillograph rolls , tape or other
records/data as soon as that record is taken from its generating machine .
The Information should then be filled out by the machine operator

promptly. This Information is the minimum required to properly identify S

any data and provide maximum traceability and permanent documentation .

Data reduction requirements include :
Strain gage data digiti zed and plotted versus time from

plus gage . All data to be plotted must start at the same
reference origin time . The format for data presentati on
will be as mutua l ly agreed and the acquisition will be the

319
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responsibility of AEDC . The format absolutely required will

be the strain gage data presented in engineering units, 1 000
inch/inch per division , versus time correlated with plus ga te
to initial impact (printed data and plots). A sample
strain/ time p lot is show n in Figure AH. A EDC w i l l  prov i le
these dat a to Douglas .

• Def lections digit ized and p lotted as
a) Vert ical displacement versus horizontal displacement

b) Maximum displacement (x-~ y) versus time from plus gate .

. Temperature recording trace and/or tapes. 
S

DIRD IMPACT TEST INC
DATE

DATA
NO. TEST 

_______ 
TIME 

--

TEST PR OCEDURE NO . 
____

INSTRUMENTATION TYPE 
_____

CHANNELS 
_______ _____

INFO
_~~~iiiz~~~~iiiiii:ii __~~

S MACHINE 
______________ 

OPERATOR 
____________

- j Figure Al l . Reco mmen ded Format f or tiuhher Stamo or fl~ca1 ftir
Cscil loqran h Strain ~aqe or Temperature Records.

This Information should be made available for user review as soon
as possible after the particular test.

j. AEDC to provide high-speed camera (5000 fr/sec) cove rage to measure
deflec tion versus time during the impac t . linures Al A and ~lS show
approximate camera locations. AE DC is to supply Douglas with each camera

lens coordinates, camera viewing angle, and edited , unsp liced copies of

the f i lms .

Si 
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Data shall be sent to Douglas In accordance wi th the following

schedule:

Five days after the fi rst test and once each week there-
after the osc ill ogr aph strain gage data , the tempera ture data ,
the deflection versus time plots , and the deflection IBM cards
shall be delivered to Douglas. Ten days after the fi rst test
and once each week thereafter , the dig ita li zed strain data and
def lection films shall be sent to Douglas . Good definition must
be given of when the bird Is fired , plus gate to impact time ,
the actual point of Impact , and the velocity of the bird at S

Impact.

DtSP~~ITI0 N Of TESTED UARD’!ARE 
S

Disposition of tested hardware is an ISO/VP responsibi lity . Tne
AFFOL/FEW program coordinator will be the focal point for receipt of
written requests for this tested hardware .

Douglas requ i rements are for Canopy Cl , C2 , C3 and 06 which are
the four transparencies tested for the math mode l correlation . Douglas
will remove coupons from these transparencies for material properties
testing .

1



F-1 6 CANOPY TESTS

DACO DATA SHEET PACKAGE

TEST NO. 
________________  

CANOPY NO. ______________S/N ________

Data Sheet
No. Information Type Remarks

1 Time Study Data Sheet

2 Grid Pattern on Inner
Surface

3 Bird Impact Target Point
Locations

4 Bird Impact Target Point
Coordinates

5 Strain Gage Usage Chart

6 Strain Gage Locations -

Canopy

7 Strain Gage Locations -

Fwd Canopy Frame

8 Strain Gage Coordinates

9 Thermocouple Locations

10 Thermocouple Coordinates

11 Camera Locations (Top View)

12 Camera Locations (Side View )

13 Canopy Bird Impact/Static
Loading Test

14 Thermocouple Readings

15 Static Deflectometer
Locations

16 Stati c Deflectometer
Coordinates

DACO Representative _______________________________

323
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1•
DATA SHEET 1

T i ME STUDY DATA SHEET

Canopy No. 
__________

Serial No. 
___________

Transparency  Ins ta ll a t i o n

Start Time : 
__________

End Time : 
__________

Conii ents: 
_________________________________________________________

Canopy Ins tallation

Start Time : 
__________

N

End Time : 
_________

Coments: 
_______________________________________________________

Cano py Removal

Start Time : 
__________

End Time : 
__________ 

L

Coments: 
_______________________________________________________

Transparency Removal

Start Time : 
__________

End Time : 
_________

Coments:

324
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OA TA SHEET 5 Test No.
STRAIN ~;AL;L USE A L L CHART canopy No. 

_____

_ _ _ _ _ _ _ _ _  

S N  
_ _ _ _ _ _ _ _

C H A N N E L
STRA IN GAG E LOCATION SE Q~) LNCL _ NO . 

__________________ I-L~ C4T !ON NO. ~OUNTED TT~~~t~ CATT~~~ ~~~
~A~L D I R . ON IDE ~ B ~T~

- N~V REMARK S

1 H L SU)O~ In 1
1 V Canop~ In .7
.7 H Cariop~. tn I
.
, 

~ Can~j~ In 2
3 H opy~~ In ~~~ 

—_____

3 V Canopy In 4
4 H  Canopy In 3
4 V  Canopy In 4
5 H Canopy ~T~T ~~5 V  Canopy In 6
6 H Canopy In 5

_~~~~ V Canopy In 
_____ 

6 
_____________

H Canopy TiT 7
Canopy In 8

8 H C a n~pv I n 7
L S ~ Canop~ In  0
5 T~~~ c~nopy Ttf ~9 ~ Canopy In 10 -

10 H Canopy In 9
10 

~ I Canopy In  
______ 

10
IT V j T ~n op y TW 11 - ________

1.7 H Ca no py In 11
L 12 V C a n o p y  in  12 

____

~~~l3 H ~~~
-5 
~~~~~~~~ 1n  

- ___

13 V Canopy In  13 I
lb H Canopy Out 13
lt~ V Canop y Out 14
17 H canopy U~T 14

S 

~!7 V Canopy Out 15
18 H Canopy Out 15
18 V Canopy Out 

_____ 

16 ________________________________
T9H Canopy Dtit ‘16
19 V Canopy Out 17
20 V Canopy In 

_____ 
17 ______________________________

28 H Edge ~ tit 18 ‘[8 -

28V Edge Out 19 19
29 H Edge In 20 20
29 V Edge In 21 21 ______________________________
30 Fwd Hook
31 Fwd Fram 24 24
32 Fwd Fram 

— ____ _______ ________________________
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DATA SH EET 7 Test No. 
______

STRAIN GAGE LOCATION S FOR WARD CANO P Y FRAME
Canopy No. 

—

S/ N 
___________

APL
SYFII

BL 

BL 6.0 
B 

- -
BL 10. 1 ~ - -— —5-,..-—-

-- ~~~~~~~~~
— _— —

‘

- I 

_ S

/ ~0R~ ARL
“~ J ARC H

B-B
VIEW H-H

LOO KING FWD S

I STRA I~ STRAI N

S 

~~~~~~~ 31

\.~~ 
_L y7—~c

H

.
5\~7~ 1 ~~~~ dIlL 1 10.0

\NU’_ UL
~

FS rS 

WI. 105.8

93.2 105.0

VIEW LOOK~~G INBOA RJ - LEFT HAND SIDE

3 3C

- 5 - -- -  -~~~~~- ----—-- _ _ _ - _
-— - _~~~~~~- - _



__-_~~~~ _S~~~—S~~ ~ S~~ 5_ S~~~
5- 5-’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5~~~ ‘ _ 1IJ~

~AT \ SH EET ~
S T R A IN ~~~ CO OR D I NA T E S

Canop~ N~

— 5- - — -—  S b
/ Sl2

1’ ~~
- 5 •

Sli i / i ~~ ~

S~ 1 0u11R SuRF AC E S1~ OUTER SCRF- \2 1
53 RIGHT S I D E  ~14 RIGHT 5IDE N~I E R  ~L IR FAL ~

S 
______ 

FS ~L BL
_____ I

H
______ 

I I

S4 I

S~ __________________________________________

So ______________________________________

57 -

59 I
Sb __________________________________
S i b
S12 __________________________________

S 13 
____________________________________

S14 
____________________________________

S 15 
____________________________________

Sb ____________________________________

S 17  4
S is I

s1 ’~ S

S2O _______________________________________

_ _ _  
I 

I
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D~,T~S SHEET 10 T~~t No.
T HEROMOC OUPLE COOl~f l INA T ES 

- - -

Lano l v No. 
— - -—

To. ro 1 , l
~
, (O U T ER S U R FACE)

INNER SUR FA C I 
/

1,1. T~ 
.‘ T~ . 17 ( INNER SUR FACE)

OU I T I R

~~~~~~~~~~~~L W L ,

_ _  _ _ _

_

_ _ _ _ _ _ _  

.7

‘5 S 
___________
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DATA SHEET 13

CANOPY BIRD IMPACT /STATIC LOADING TEST

TEST NO . 
_______________ 

CANOPY NO. 
_________________ 

S/N _______________

TEST CONDITION 
__________ 

LOAD /SHOT LOCATION 
__________ 

DATE 
________________

RELATIVE H U M I D I T Y  
___________ 

START TIME 
___________ 

SHOT TIME 
__________________

BIRD WEIGHT 
____________ 

BIRD VELOCITY 
_____________

RECORDER TAPE RECORD NUMBERS 
_____________

OSCILLOGR A PH RECORD NUMBERS 
_________________________________________________________

MOVIE FILM I D E N T I F I C A T I O N  Cl 
__________ 

C2 
__________ 

C3 
__________ 

C4 
__________

FILM SPEE DS Cl 
___________ 

C2 
___________ 

C3 — C4 —
MAXIMUM DEFLECT ION AT TARGET LOCATION 

__________________________ _____________

STATIC LOAD APPLIED — # ERROR + 
______________

COMMENTS

S P E C I M E N  C O N D I T ION BEFORE TEST:  
_____________________________

DESCRIPTION OF IMPACT: ___________________________

POST IMPACT SPECIMEN CONDITION : ______________________________________________

TEST CONDUCTOR : ______________________________

AIR FORCE REPRESENTATIVE:  
___________________

DACO REPRESENTATIVE : _______________________
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f)ATI\ SHEET 14

THERMOCOUPLE READINGS

TEST NO. 
___________________ 

CANOPY NO. 
________________ S/N __________________ S

TEST CONDITIONS: 
____________ 

SHOT LOCATION : ___________-— DATE: 
________________

_____________ 

THERMOCOUPLE READINGS 
________ S

IC CII. REQUIRE CURTAIN
NO. U O. LOCATIO N TEMP . + 10°F START STABILIZED DROP IMPACT

T1 Chamber Air

12 Outer Surface
RS near A

T 3 Juter Surface
LS near A 

_ _ _ _ _ _ _ _ _  _ _ _ _ _

14 Ou ter Surface
RS near B

I Outer Surfac~LS near B S
_________ — ____________________ __________________S __SSS___ _ _ _  _5~5 S S ’ S 4

16 Inner Sur face
RS near A

_ _—_ _ _ __ _ _ _

17 In ner Surface S
LS near A

18 Inner Surface
RS near B

19 Inner Surface
L.S near B

110 Cockp It Air
Teaç

T 1 Antlent A i r
Temp

ACTUAL. TIME

337
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DATA SHEET 16 Te’-t  Nc . 
_________

STATIC DEFLECTOMETER COORDINATES
Canopy No.

S / N 
________________

D6 07
D5

D4
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