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SECTION 1T
INTRODUCTION

The structural analysis parametric studies of the T-38
forward transparency system (Figure 1) were conducted in support
of the T-38 Improved Transparency Development (Reference 1). With
the increased use of the T-38 aircraft in low lewvel flight, the
problem of birdstrike becomes a primary concern with regard to
possible loss of life and lonss of aircraft. The present impact
resistance of the T-38 aircraft student windshield for a four pound
bird impacted along the centerline of the aircraft near the inter-
section of the student windshield and canopy is 190 knots (Reference
2). This capability would be adequate for low speed landings, but
for high svneed, low level flight it is inadequate. This effort
addresses the problem of improved capability and contributes to its

solution as illustrated in Figure 3, Part I of this report.

This report presents the results of parametric studies,
encompassing a range of design variables which evaluate the ability
of the transparency structural system to absorb impact loading
effectively. The objective of these marametric studies was to
examine the effect of variations in the transparency and support
structure in the performance of the total system during the

birdstrike event.

The studies reported herein involve the application of new
technology to the birdstrike problem; snecifically, the application
of the nonlinear finite element method to the dynamic resvonse
analysis of the T-38 structural system. The use of the finite
element method in a parametric study of this type has not previously
been extended to include the nonlinear resvonse characteristics of
a transparency system of this complexity (see Figures 1, 2, and 3).
Some of the nroblems associated with nonlinear coupled load
application, nonlinear material response, and problem size are

discussed.




Front
(Stuaent) windshield
NORTHROP OWG
2-132Q000
2-12000
2-1201¢4

2-132201

REAR

WINDSHIELD

NORTHROP OWG

2-12100

FRONT CANOPY

NORTHRO" DwGg

Figure 1.

REAR CANOPY

NORTHRQP OwG
2-12300

T-38 Aircraft.

PE S TN AR

- - —
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Details related to assembly of the finite element model,
preparation of the necessary input data (material properties, loads,
element types, etc.), solution techniques, and methods used to
interpret the results are presented. The organization is such that
the information is presented in a chronological sequence. The
sequence proceeds from definition of the design data such as the
applied loads and mechanical and sectional properties to the
parametric study matrix, a description of the finite element model

and analysis, and finally to presentation of the results.
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SECTION 11
PRELIMINARY CONSIDERATIONS ¥

The T-38 transparency development nrogram was initiated with |

the ground rule that structural changes should be minimized (see '
Reference 1). Any alteration to the windshield structural system ;

should involve field or depot level retrofit only. The resulting i

2
)

recommended candidate transparency design confiqurations for the )

L.

forward windshield, as defined in Reference 1, are:

a. Monolithic polycarbonate with inside and outside

5 s _ada

coatings;

b. Monolithic polycarbonate structural ply with thin outer {

acrylic nly and inside coating;

c. Monolithic polycarbonate structural ply with inside and L

outside acrylic plies; and

d. Increased thickness (0.9 inch) monolithic stretched

acrvlic.

For this parametric study, concentration was focused on the range
of stiffness provided by single ply transparencies, the existing
0.6 inch and candidate 0.9 inch stretched acrvlic, and the 0.45
inch polycarbonate. The 0.45 inch polycarbonate was vart of
recommendation (b) above, with the elimination of the thin acrylic

and interlayer materials.

All finite element studies reported herein were made using a
geometrically and materially nonlinear analysis computer program
MACNA (Reference 9). The MAGNA computer program is a large scale,
general purpose finite element system intended for the nonlinear
analysis of complex engineering structures. Unlike many available
nonlinear analysis software packages, MAGNA has been developed
primarily for the ecfficient solution of three dimensional problems,
involving many degrees of freedom and large bandwidth.
Isoparametric modeling techniques and state-of-the-art numerical
solution methods are combined in MAGNA to provide effective




analytical capabilities for three-dimensional structures

experiencing large displacements, finite strains, arbitrary

rotations, and elastic-plastic behavior. Both static and transient

dynamic solution options may be performed with the program, as
well as natural frequency/normal mode calculations, and steady-

state forced harmonic vibrations of viscoelastically damned

structure. Analyses were accomplished on the ASD CDC CYBER 175/750

computer system located in Building 676, Wright-Patterson Air
Force Base, Ohio.

Performance of the parametric studies was facilitated by
the use of computer programs developed for interactive use on
the computer. Two of the major efforts involved the generation
of MAGNA program input data in correct form and order, and the
computation of resultant forces from the postprocessing capabili-
ties in MAGNA. All geometry, material, element, constraint, and
loading data were assembled and submitted to the computing
facilities interactively. The Resultant Forces Program provided
the necessary means to interpret the load distribution data both
lengthwise and along the student windshield/student canopy
support arch. Some of this data is presented in Section 5,
Analytical Studies.

The difference hetween stretched acrylic and polycarbonate
material properties, as input to the finite element program for
an elastic-plastic material, are minimal as shown in Table 2.
However, the material failure mechanisms associated with the two
materials are sianificantly different. A brittle material will
generally fail when the maximum principal stress reaches the
ultimate strength of the material. A ductile material will yield
when the combination of nrincipal stresses, expressed in terms of
an equivalent uniaxial tensile stress, produces the same level of
octahedral shear stress as does a uniaxial tensile specimen at
yield. Th.- is referred to as the octahedral shear stress theory
and is incor »rated into the MAGNA computer code. These two
failure meches1isms were used to interpret the acrylic and poly-

carbonate mart :rial response, respectively.
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Another important consideration in the analvtical process is
the energy transformation between the bird and the aircraft. As
the aircraft strikes the bird, energy is imparted to the bird
through the transparencv structural system. During the impact
event the bird mass is accelerated to the velocity of the aircraft
(normal component) with no significant change in the velocity of
the aircraft. During impact, at relatively high velocities, the
bird is compressed and hehaves as a viscous fluid (Reference 4),
loading the transparency. The design apprcach to absorbing the
energy resulting from a bird-aircraft collision can be accomplished
through different design philosophies. One approach is to design
a very stiff transparency and supporting structure to deflect the
path of the bird mass without introducing significant deflections
or stresses in the transparencv/support structure system. A second
approach is to design a very flexible system in an attempt to
accelerate the bird mass to the aircraft velocity and absorb the
resulting energy. Previous experience (Reference 5) indicates that
the most efficient and practical approach for providing safety to
the aircraft crew in high performance aircraft is a compromise
between these two extremes.
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SECTION III

DESIGHN DATA i

1. LOADS - STATIC ANALYSIS ’

‘ Preliminary bird loading of the T-38 student windshield for ;
i the static analysis was based on the recommendations of d
References 4, 6, 7, and 8. Formulae for each of the four methods .

and the basic assumptions associated with each are presented in
the Appendix. The results of these loads calculations (summarized !
in Table 1) established a range of bird loading for use with the
MAGNA static analysis option. The calculated peak loading ranged
from a high of 284,240 1b. to a low of 31,025 1b. During

preliminary analysis, the structural response of the system more )

closely resembled the experimental results of Reference 2 when the
latter values were used. A range of pressure (load) levels
corresponding to the range of peak loads was used in the parametric
studv. The pressures ranged from a low of 250 psi to a high of

750 psi in steps of 100 psi. The analysis was discontinued at

the pressure level which indicated ductile failure.

For the parametric study, the impact point location
investigated is shown in Fiqure 4. The axis of an assumed
cylindrical bird was concentric with the load point for determin-
ing load location. The targeted point is on the aircraft center-
line 6-1/4 inches in the forward direction, down the transparency
from the intersection of 'S 169.0 and the outer mold line of the
student windshield of the T-38 aircraft. Previous experience
{References 2 and 5) indicates that the worst case condition is at
this location where the birdstrike is in close proximity to the

constrained edge of the transparency.

2. LOADS - TRANSIENT DYNAMIC ANALYSIS

Based on the results of the static analysis and review of
the loading formulae of the Appendix, the load intensity and time
duration for the transient dynamic analysis was derived from




TABLE 1
BIRD LOADING CALCULATIONS

Cal- Bird Bird Angle Average Peak
culation | Weight | Speed Incidence Force Force
Method (1bs) (knots)| (degrees) (1bs) (1bs)

*

A5’6 4 400 27 172 284,420
B3 4 400 27 1/2 31,025
C3 4 400 27 1/2 129,935
04 4 400 27 1/2 29,280 37,610

* Superscripts refer to referenced documents.

Also see Appendix

FS 169.0

., <

N1 27 1/2°

x

L |

L B ?7
Cylinder

Simulating Bird

4-1/4" dia.

Transparency
Mold Line at G

Figure 4. Load Application Location.
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impulse and momentum relationships. The peak load-time curve was
assumed to be a sawtooth type distribution as depicted in

Figure 5. The svatial distribution of the load along the center-
line of the transparency was assumed trianqular in shape. The
distribution transverse to the centerline was assumed to be
rectangular in shape. These assumptions were based on preliminary
analyses, the data in References 4 and 6 and experimental films of
the T-38 baseline birdstrike testing (Reference 2). The impulse
and momentum relationship is

mv = % t

Fpeak

A plot of the two variables t (time) and F (peak load) is shown in

Figure 6 for a four pound bird.

For the dynamic analysis a time of 4.75 milliseconds was
used with Figure 6 to determine the proper peak load to be used in
conjunction with Figure 5. This time was estimated from experi-
mental observation of AEDC test number 641. This was a 190 knot
impact on 0.6 in. acrylic windshield at impact point shown on
Figure 4 of this report. The shot was a pass. See Reference 2
for further details. The 4.75 millisecond time includes the
entire birdstrike event from the first point of contact between
bird and transparency to the resulting bird mass breaking contact
with the transparency.

3. SECTIONAL PROPFRTIES

The student windshield aft arch support structure of the
T-38 aircraft has the cross-section shown in Fiqure 7(a). During
the transparency parametric study the 2-shaped arch shown in
Figure 7(b) was used to simulate the actual frame. This 2
configquration provided an adeauate representation of the frame

stiffness and required only three elements, whereas a model of the

original cross-section would have required five elements. The

five element aft arch simulation shown in Figure 7(c) was used in

10
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the frame stiffness parametric study (see Section 4) so that the

frame nonlinear behavior could be adequately simulated.

The transparencv sectional properties were determined using

hasic formulas and are documented in Figure 8 for comparison.

4. MECHANICAL PROPERTIES

Design data for the AZ91C-T6 magnesium alloy castina material
(aft arch structure) was taken from MIL-HNDBK-5C. Relevant data is
presented below.

| E. = 6.5 x 10° psi

! G = 2.4 x 10° psi

i v = .354

| _ |

‘ FTU 34,000 bsi

| Fry = Fo, = 16,000 psi
i FBRU = 65,000 psi

| p = .066 lb/in>

The nonlinear material stress-strain curve appears as
Figure 4.3.3.4.6 on page 4.67 of MIL-HNDBK-5C (see alsc Table 2).

This room temperature curve was used in the parametric study.

Based on the data available in the Aerospace Materials Handbook,
it was assumed that stress-strain data and Young's modulus did not

change significantly as a function of strain rate.

The transparency properties used are from MIL-HNDBK-17A,

supplemented with data from References 8 and 10. Properties for

. the transparency materials are not well established for high

strain rates. Thus assumptions were made. These include:

a. An elastic-nerfectly plastic transparency material
(as illustrated in Table 2),

b. FTY = 9900 psi for both polycarbonate and stretched
acrylic material,

14
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TABLE 2
MECHANICAL PROPERTIES FOR TRANSPARENCY MATERIALS
Tensile | Ultimate
Yield Tensile | Young's
Strength | Strength | Modulus | Poisson's | Izod Impact
Material (psi) (psi) (psi) Ratio Notched
{ MIL-P-25690 5
8 Stretched 9900. 10500. 4.5x10 .35 1.5-3.0
Acrylic
|
| [}
! MIL-P-83310 5
~ Polycarbonate 9900. 10500. 6. 5x10 .35 12-18*
i
* 1/8" thick
J {psi)
Polycarbonate
9900.+ ,
Acrylic
.015 .022 € (in/in)
Transparency Materials
9 (psi) Magnesium
34000 L
16000 T
.003 e (in/in)

Magnesium Material
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y c. Young's modulus is a constant value over the range of

strain rates encountered for the two materials.

A summary of the properties for the acrylic and polycarbonate
materials used in the analyses are shown in Table 2. The
difference in relative impact strength for a notched Izod specimen

is shown for comparison. The ultimate strength is shown as a

comparison to yield strength, illustrating that very little strain
hardening occurs (thus supporting the elastic-perfectly plastic

material revresentation).
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SECTION Tv
ANALYTICAL STUDY MATRIX

A parametric study was planned to determine the effects of
structural component stiffness and load magnitude on internal
load distribution and stress (strain) level. Three studies were
defined: a transparency stiffness study (static analysis), a
frame stiffness study (static analysis), and a transient dynamic
study to examine the effects of load intensity and time duration

as a function of transparency stiffness,

1. TRANSPARENCY STUDY

The transparency stiffness study matrix was formulated using
the 0.60 inch stretched acrylic as the baseline and building the
studvy around it as shown in Table 3. The 0.45 inch polvcarbonate
transparency is about half as stiff in bending, and the 0.9 inch
stretched acrylic has approximately three times the bending
stiffness as the nominal 0.60 inch acrvlic transparencv. The
other two points in the matrix are to establish the behavior of
the structure for limiting values of the transparency bending

stiffness.

2. FRAME STUDY

For the frame stiffness study, the stiffness associated
with two principal transparencies were included as the primary
transparency variables as shown in Table 4 (0.60 inch stretched
acrylic and 0.45 inch polycarbonate). The objective was to
evaluate the effect of variations in frame stiffness on load path
distribution and stress. Variations about the nominal stiffness
of 6.5 x 106 psi were planned as shown in Table 4. Normally in
a practical design situation, the frame stiffness would be changed
by changing the frame geometry and/or material. A geometry change
would require the design of a new frame for each stiffness to be

investigated. To facilitate this study, it was decided to achieve

18
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TABLE 4
FRAME PARAMETRIC STUDY
NONLINEAR STATIC ANALYSIS

FRAME STIFFNESS

P = 10 psi
5 6 6 6

Transparency EF=6.5x10 EF=3.25xlo EF=6.5xlO EF=13.Oxl’J

. 4 5 5 _ 5
Stlffness,KT KF-4.8xlO KF—2.4xlO Kp=4.8x10" | K =3.6x10
1 x 103 X
4.936 x 10° < . X
t, = 0.45 X

t
8.1 x 103 X X %
tt = 0.60
5 x 10 X
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substantial changes in stiffness using Young's modulus. Note that
a change in the modulus of elasticity implies a change in material, ;J
which is not compatible with the guidelines established in

Reference 1 for the T-38 Alternate Transparency Development

Program.

3. TRANSIENT DYNAMIC STUDY

It was planned to study the behavior of the transparency/support
structure system using stiffnesses associated with 0.6 and 0.9 inch
stretched acrylic and 0.45 inch polycarbonate transparencies. Due
to cost factors associated with the anticipated large computer run

times, only a limited study was planned.

The parameters involved in this study include the effect of

intensity and time duration on the dynamic response.
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SECTION V
ANALYTICAL STUDIES

The analytical studies were conducted to compare the
behavior of three different transparency systems under the applica-

tion of time independent, uncoupled, and time dependent, structurally

- ————— A iy g——— g T

coupled bird impact loads. These analyses were performed using the
finite element computer code MAGNA (Reference 9).

STRUCTURAL MODEL

The geometry for the T-38 student windshield model was
developed using the data provided by the Northrop Aircraft
Corporation (Drawings 2-13000, 3-13000, 3-13014). Use of a
conical surface for the transparency mold line provided an equa-
tion which was easily programmed into the computer. Symmetry of
the windshield and loading eliminated the need to model the entire
transparency structure. Figure 9 provides an overview of the

finite element model (FEM) geometry.

The two elements used in the FEM were a three-dimensional
isoparametric solid element with a variable number of nodes and
a thin shell element with eight nodes. The variable node solid
element was used around the load application area and along the
aft arch, which are the primary areas of interest. The use of
thin shell elements in non-critical areas greatly reduced computer
resource and time requirements. Typically, for a materially
nonlinear static solution using the MAGNA orogram, the ratio of

central processing unit (c¢pu) seconds per integration point per

element is on the order of 2.5. Thus, for every cpu second used

in the solution of a problem modeled with thin shell elements,

there are 2.5 cpu seconds used in an identical analysis modeled

with the variable node isoparametric solid element (Reference 9)
{assuming the same number of elements). The unigue capability of
MAGNA to provide compatibility between the thin shell elements and the
variable node solid element provided for a more efficient solution.

22




p——

FS137.473

WL13.0746
z

i

756 . 6626“ /// e

A
/‘Q | WL-55.02095
\ 27 1/2°

\—'Apex of Cone

Figqure 9.

FS169.0

]

Plane Intersecting Point
A and _L_to Q, for Forward
Edge Boundary.

23

Plane at Inter- A
) secting Point B ’

Fslé68.3 - \

|
ﬂééﬁ//// \
— A —wWL15.1939

Transparency Geometry.

WL29.4865

and . to Q, for .
Aft Edge Boundary. >

Aft Cone ;i
Radius '
15.4865. | 4

pr—

Intersection
of Transparency
and Front
Windshkield
Frame Norair

3-13001~1.




The final configuration of the F'EM elements was determined
from preliminarv computer analyses (see Figure 10). These linear ]
static analvses results (deflection and stress) were used to
locate areas of high stress (strain) and high stress (strain)
gradients., The T-38 FEM is shown in Figures 11 and 12. This
FEM consists of 130 total elements, of which 44 are thin shell
elements and 86 are isoparametric solid elements. There is a :4
continuous boundary between the two element types. The division K
line in the fore and aft direction occurs between the top six
elements and the bottom four elements. The displacement gradient
is small in this area, indicating that a change from a solid element
to a thin shell element would provide acceptable results (reference
Figure 10). The more rapid change in displacement occurs in the
vicinity of the target pocint. The first two rows of elements on
the left in Figures 11 and 12 (transparency forward edge) are
sufficiently far away from the impact point and are modeled as
thin shell elements. The other boundary between thin shell and
variable node solid elements occurs near the aft frame section.
One of the desired results from the computer finite element
analysis was to define the resultant force distribution along the
arch. The 1soparametric solid elements provide this carability,
and are used for the two rows of transparency elements adjacent
to the arch. The entire frame section consists of variable node
solid elements which provide the required materiallv-nonlinear
response characteristics. The thin shell elements did not have

nonlinear capability in MAGNA at the time of this study.

All of the elements except those in the immediate vicinity
of the load use the two point Gaussian rule for numerical inte-
gration. Elements 13, 14, 19, 20, 25, 26, 31, and 32 in the static
analysis, and elements 7, 8, 13, 14, 15, 19, 20, 21, 22, 25, 26,
27, 28, 31, 32, 33, 37, and 38 in the dynamic analysis use the
three point integration rule. This selective reduced integration

provided increased solution efficiency.

Symmetrical boundary conditions were modeled along the

centerline, i.e., the nodal points along the centerline are

24
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Figure 10.

Z Deflection Contours - Linear Static Analysis.
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ELEMENT TYPE 1

1 11 7 13 19 25 31 37 47
2 12 8 14 20 26 32 38 48
3 13 9 15 21 27 33 39 49
4 14 10 16 22 28 34 40 50
5 15 11 17 23 29 35 41 51
6 16 12 18 24 30 36 42 52
7 17 21 25 29 33 37 41 43 53
8 18 22 26 30 34 38 42 44 54 j
9 19 23 27 31 35 39 43 45 55 '
10 20 24 28 32 36 40 14 46 56
ELEMENT TYPE 5
10 20 24 28 32 36 40 44 46 56
66 | e
‘4255523
FORWARD EDGE AFT ARCH
Figure 12. ULlement Configuration.
27
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constrained to movement in the Y-Z plane. The outer boundar. of

the transparency along the forward bulkhead and sill and the

support face of the frame have complete fixity.

For the static solution option, surface tractions were
applied over an elliptical area, decreasing in intensitv radially
from the center of impact as shown in Figure 13. The element
distributed loads option was utilized for the transient dynamic
analysis. The pressure was distributed over an area anproximat-
ing a half circle with a 6.0 inch radius. The elements falling
within this area were loaded in a sequential manner as time
progressed. The numbers on the elements in Figure 14 indicate
the sequence of loading (area 1 loaded first, area 6 loaded last).
The larger numbers represent node numbers of the upper surface of

the elements.

2, METHOD OF ANALYSIS

The results from the MAGNA (Reference 9) finite element
computer program for three-dimensional solid elements include the
total strain tensor, plastic strains, total stress tensor, princinal
stresses, yvield functions, equivalent stresses, and estimated error
at each integration point. The total strain and stress tensors at
a point are listed in their global direction, the plastic strains
are cumulative within each element, and the vield function and
equivalent stresses are used to determine plastic behavior. The
yield function will remain negative within a material's elastic
region and become zero or positive for its plastic region. The
equivalent stress (Reference 9) is a combhination of principal
stresses. For a ductile elastic-plastic material undergoing deforma-
tion, the material is assumed to become plastic when the equivalent
stress is equal to or greater than the uniaxial tensile yield stress,
and failure can be estimated at a specific integration point when
the equivalent stress reaches the ultimate strength of the material.

This theory was used for the magnesium frame.
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The number of integration points per isoparametric element
is eight, except for the elements directly beneath the impact area
where 27-point integration is used. These points are located in
the interior of the elements, which means that an extrapolation of
the resultant stress and an integration over their respective
areas is required to determine surface stresses and resultant loads.
The resultant loads were determined per unit length of the trans-

parency. Although 86 solid elements and 44 shell elements were

used to simulate the structure, only 34 elements were used to
develop resultant load distributions. Calculations were performed
along the periphery of the impact area and along the aft frame.
This provided information on the load distribution and peak load

magnitude at critical locations.

Calculation of the resultant forces involved an assumption
that the stress distribution through the thickness of the element
is in the form of a nolynomial. Figure 15 shows a typical
approximation for determination of resultant forces. The order
of the curve is determined by the order of integration. For
27-point integration a second order equation was used and for
the eight-point integration a linear approximation was used for
the extrapolation. The formulas resulting from the integration
of the force/stress relationships are also presented in Figure 15.

With the stresses at each integration point taken from the MAGNA

postprocessor file and with thicknesses known, the resultant

loads were computed.

An interactive computer code, STRESS, was written which
performs the calculation and prints the results. Input to the
program consists of the postprocessor file from MAGNA as local file
TAPE99. Other data is obtained through interactive prompts in the
program, such as the increment to be analyzed, the element type,
the first element, last element, and element i-. ement, along with
the element face number and transparency thickness, and finally

the beginning node number, ending node number, and nodal increment

are given. The face number determined which side of the element

E was to be analyzed (Figure 16). Faces one and two are the aft and
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forward faces, and faces three and four are the inboard anad
outboard faces, respectively. The nodal data was used to determine
the arch length along the specified face of the element. The

arch length was the independent variable in all of the resultant
plots. The output of the computer code consists of the element
type, surface or face number, integration point, arch length
coordinate, normal, tangential, transverse forces, and bending and
twisting moments. Standard sign convention for stress at a point
is used throughout. A negative bending moment is interpreted as
tension in bottom fibers, compression in top fibers. This resulted

from the sign convention for the stress tensors (reference Figure 17).

3, DIMENSIONAL ANALYSIS

An effort was made to relate the analytical stvess output to
the various structural parameters of each respective transparency
for the static analysis. The purpose of this dimensional analysis
was to relate, in a linear manner, critical variables which might
play a significant roie in the response characteristics of the
structure. These variables include the maximum equivalent stress
in the transparency, the elastic modulus of the transparency,
transparency thickness, maximum transparency deflection, peak frame
strain, frame stiffness, and transparency stiffness. Using stress
as the dependent parameter, four groups of dimensionless quantities

were derived.

The four dimensionless groups consists of a pseudo transparency
strain (equivalent stress divided by the elastic modulus), JE/ET,

the frame strain, the ratio of the transparencvy to frame

Eor
stiffness, KT/KF, a:d the ratio of transparency thickness to
transparency deflection, tt/”t' The frame stiffness was a constant
for this analysis. Each relationship is a function of the other
relationships and thus presents general tendencies of different
transparency/frame systems. Examination of these quantities
resulted in the five graphical representations shown in Figures 18

through 22.
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NOTE: Positive stress directions are shown.

Figure 17, Stress at a Point.
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Figure 18 represents a relationship between a renresentative
transparency strain and the ratio of the transparency stiffness
and the frame stiffness. These transparency stiffness values are
as described in Section 3.3. The frame stiffness value, as used
here, is EFIX’ where IX is defined on Figure 7(b). The larger
values of the stiffness ratio represent stiffer transparencies,
the 0.9 inch thick acrylic transparency as an example. For a
static solution the maximum transparency strain decreases when the

transparency stiffness, KT’ is increased.

Figure 19 presents the frame strain, as a function of

e
the stiffness ratio, KT/KF‘ The peak frame Ztrain decreases with
increasing transparency stiffness. Figure 20 is a cross-plot of
Figures 18 and 19. This plot shows the variation of the trans -
parencv strain with the frame strain for different ratios of
KT/KF' The zero degree slope on Curve A is due to the fact that
the polvcarbonate transparency has vielded for the load levels

shown. All these curves should extrapolate to the origin.

Figure 21 shows the pseudo strain as a function of the
deflection ratio tT/uT' Again, the data voints for the vielded
polyvcarbonate material show no change in the pseudo strain with
deflection. Figure 22 shows the deflection ratios as a function
of the stiffness ratio for different load levels. The lower
values of the deflection ratios correspond to the lower values

for the transparency stiffness.

The dynamic solution was not analyzed in this manner because
of the nonlinear behavior. Both transparency materials displaved
inelastic behavior at relatively low load levels (only the
polvcarbonate material displayed nonlinear material behavior for
the static solution). Therefore, establishing linear relationships

between the specified parameters was not meaningful.

4. RESULTANT FORCES

One of the primary interests in the varametric studies was

the determination of the load transfer throughout the structure.
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Generally, the load will seek the stiffer load paths of a
structural system. In aeneral, a combined load condition exists
throughout the structure. Individual plots of normal force,
bending moment, and transverse shear are presented at selected

locations.

Graphical plots of the resultant force data were generated
for the static and dynamic analyses. For the static analysis,
ten sets of data were interpreted in this manner and are
presented in Reference 14. Fach set refers to a specific load
level for a specific transparency material. The high and low
transparency stiffness analyses identified in Table 3 were not
included in this group. Fach data set contains normal force,
bending moment, and transverse shear resultants in both
forward/aft and inboard/outboard directions. Referring to
Figure 23, fourteen sectional cuts, starting with elements 1
through 4 and progressing toward and ending with the row of elements
along the aft arch (elements 37 through 46), were used to indicate
the distribution of the load in the forward/aft direction. Eight
sectional cuts, starting with elements 1, 7, 13, 19, 25, and 31,
and progressing outboard and ending with elements 4, 10, 16, 22,
28, and 34, were also made to indicate the distribution of the
load in the outboard direction. All sectional cuts were normal
to the transparency and through integration points located within

each element.

The dynamic analysis results were plotted for sixteen sets
of data, and are presented in Reference 1l4. TFach set refers to a
different load level, at a specific time increment, for a specific
transparency stiffness, as shown in Table 5. The location of each
of the twenty-two section cuts for calculating the resultant forces
in the dynamic analysis are exactly as described for the static

analysis.

Each set of data in Reference 14 is arranged with the first
fourteen graphs representing load distribution in the forward/aft

direction (location 1 through 14) and the last eiqght araphs
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TABLE S

TRANSPARENCY PARAMETRIC STUDY MATERIALLY NONLINEAR
TRANSTENT DYNAMIC ANALYSIS

TRANSPARENCY STIFFNESS
K. = 4.936x10°b K. = 8.1x10°b K. = 2.734x10%
T . X T o LD T . > b)
; t, = 0.45 inch t, = 0.60 inch ty = 0.90 inch
‘ PRESSURE
‘ (PST) INCR 2 INCR 4 INCR 2 INCR 4 INCR 2 INCR
' 70 X X X X X N
94 N N X X b X
140 X x X X
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representing load distributions in the outboard directions
(locations 15 through 22). The first graph represents forces
in the forward/aft direction, distributed along the arch of the
transparency and depicts the distribution of load near the
forward end of the transparency, with each successive graph
progressing aft towards the frame and ending with the fourteenth
resultant force distribution being immediately before and acting
alona the frame. The first of the remaining eight graphs
characterizes the distribution of forces in the outboard direc-
: tion along the centerline of the transparency, with each success-
ive graph illustrating the distribution further outboard towards

the aircraft sill.

The resultant forces calculated for the static analvsis
included the normal force, bending moment, and transverse shear

forces. The method of computation is shown in Figure 15. The

normal forces in the forward/aft direction, directly beneath the
impact area, were in compression. Only the section of the trans-
parency Jjust forward of the impact area was in tension. Along
the frame, aft of the impact area and just forward of the frame
section, the normal forces were compressive indicating the path
of the load as it travels through the windshield to the frame.
The normal force distribution was compressive because the frame
resisted the aft motion created by the avplied forces acting in
the aft direction. As the load traverses around the frame it
became tensile until reaching the intersection of the frame and
fuselage support, where it became compressive again. The normal
forces in the outboard direction were also compressive and
decreased in magnitude as the locad traveled outboard along the
transparency arch and approached the fuselage support structure.
Typical normal force distributions in the forward and aft direction
along the arch and along the transparency centerline are shown in

Figures 24 and 25.

For the forward/aft direction, as the load progressed aft,
the bending moment became more negative (compression in outer

surface), attaining its maximum directly beneath the impact area.
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As the frame is approached a sign reversal takes place and the
bending moment becomes positive. This occurred as a result of
the frame's torsional and bending stiffness, which nrovides a
partial restraint to transparency rotation. In the outboard
direction the bending moment is again negative, directly beneath
the impact location. The positive bending moment indicates
tension in the top surface, compression in the bottom surface.
Typical bending moment distributions in the forward and aft
direction along the arch and along the transparency centerline

are shown in Figures 26 and 27.

The granhical data for the transverse shear forces in the
forward-aft dirc~tion indicate shear forces increasing in the
aft direction, reaching a maximum directly underneath the impact
area and reversing sign as the frame is approached. The load
transfer mechanism in the outboard direction is primarily through

bending and the normal forces. Typical transverse shear

distributions in the forward and aft direction along the arch
and along the transparency centerline are shown in Figures 28 and
29,

Peak bending, normal, and transverse shear forces along
the frame are plotted versus stiffness for both static and
dynamic analysis. Ti.is provides a good comparison between the
stiffness parameter and the peak resultant forces as a function
of load level. The data in Figqures 30, 31, and 32 shows the
effective load transfer to the frame for a static analysis. As
the transparency stiffness is increased, the peak force trans-
ferred to the frame decreases. The only condition for which this
did not occur is shown in Figure 30. The peak bending moment
decreases for lower transparency stiffnesses when the load level
increases due to nonlinearity of the transparency material. TFrom
this data one might associate a comparatively stiff transparency
to an increase in birdstrike resistance. This is not necessarily
a correct hypothesis. Failure criteria is not incorporated into
the graphical data; only a comparison of the load transfer

mechanisms is presented.
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The effect on the windshield due to the applied load, for

rhe Jdynamic analyvses, 1s i1llustrated in the stress resultant
arantiical data presented in Section I of Reference 14, This
data 1s similar to the static analvsis in most resvects; however,
the normal forces were compressive only at the lower 1load levels.
when the full momentum loads (P = 140 v»si for the higher and

P o= 94

the system, tensile forces in the forward/att direction arise along

si for the lower transparency stiffnesses) are applied tn

o]

anproximately a two inch band along the centerline of the trans-
marency.  Substantial normal forces are transferred in the cuthoard
iiroction as compared to the forward/aft direction (sece

Neference 14).  Typical normal force distributions alona the arch

~

{ along the transparency centerline are shown in Figures 33

30
HB

-

and 34,

The bending moments in the forward/aft direction were
s1milar to the static analysis; compression in the ton fibers
1d tensian in the bottom fibers. Theilr magnitudes increasc
“rom the forward portion of the student windshiecld to the ceonter
7 rmact, then decrease to zero and reverse siagn as the {rame

asbroached, indicating tension in the top fibers and comeres-
o in the bottom fibers (sce Reference 14).  Agaia, this was
oo reasult of the frame imparting a partial restraint to the
sransnarency. In the outboard direction the veak hoendling moment
~as o approximately the same magnitude as in the forward/aft
slrection (see Retfeorence 14). Typical bending moment distribu-
roas along the arch and along the transparency centerline are

-

shown o in Plagures 35 and 36.

The transverse shear forces reverse sign ander the annlied
load, indicating a transfer of load in both directions as
cxnected. This is more pronounced for the more tlexible trana-
narencies hecause of the increased importance of local bending.
Tonical transverse shear distributions along the avceh and alona
Phe transparency centerline are shown in Fiqures 37 and 38.  The
tranasverse shear forces calculated in the forward/aft direction,

noar the centerline of the transparency, are presented graphicallvw

- M
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in Figures 39, 40, and 41. Both increment two and four are

plotted on the same graph. Figure 39 presents data for the

0.45 inch polycarbonate material, Figure 40 presents data for
the 0.6 inch stretched acrylic, and Figure 41 presents data for
the 0.9 inch stretched acrylic. All three figures are very
similar; although their peak values are not the same, the shape
as a function of time indicates that the transverse shear forces

progress towards the aft arch at approximately the same speed.

The peak internal loads along the frame are plotted as a
function of transparency stiffness for the dynamic analysis.
They are presented in Figures 42, 43, and 44. The solid lines
indicate values for time increment 4 and the dashed lines indicate
values for increment 2. Notice that for increment 2 very little
bending moment or transverse shear force are being transferred
to the frame; only the transfer of normal forces are significant.
The normal force graphs also indicate the transition to tensile
forces as the applied load is increased. Until the deformation
becomes large, the normal forces in the transparency remain

compressive near the center area of the aft frame.

5. DEFLECTION DATA

The static analysis deflection plots are presented in
Figures 45 through 50, and the dynamic analysis deflection vplots
are presented in Figures 51 through 56 and in Section IV of
Reference 14. For the static analysis the transparency centerline
deflections were as expected. As the load increased, the trans-
parency and the frame deflection increased, with the transparency
deflection increasing at a faster rate. The deflection of the
frame became larger as the transparency stiffness was decreased,
indicating potential problems if the student windshield becomes
too flexible.

The dynamic analysis frame deflection plots indicate that
the frame was just beginning to absorb the bird impact energy

during the fourth time increment. The centerline deflection
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plots indicate the nonlinear aspects of the problem. For

large transparency stiffnesses, the analytical results resemble
a linear solution. The maximum deflection normal to the trans-
parency is approximately 0.4 inch for the stiffest transparency
at two-thirds momentum transferred. This contrasts with a

1.4 inch deflection for the 0.45 inch polycarbonate material at
the same load level. All other deflections are relatively large
compared to a linear solution, providing evidence cof geometric
and material nonlinearity along with the dynamic effects. As
time vrogresses the transparency deflection increases tc some
maximum value and the deflection wave propagates in the direction
of the frame. At time increment four the frame is just starting
to deflect, indicating that the transparency deflection wave has

nrogressed to the aft arch.

Typical contour plots of the z-axis deflection are
nresented in Figures 57 and 58. For increment two it is obvious
that the frame is not absorbing much of the load. It is not
until increment four that the load is being reacted by the

frame.
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SECTION VI
RESULTS, CONCLUSIONS AND RECOMMENDATIONS

The studies conducted as a part of this effort have addressed
the relative abilities of specific transparency systems to transfer

and absorb a range of energy levels under static and dynamic

i conditions. The transparency materials have been identified as

| either polycarbonate or stretched acrylic. Good statistical data
characterizing specific material properties as a function of strain

rate for the two transparency materials is not available. Some work

has been done to determine transparency material properties at

conditions encountered during birdstrike. At high strain rates the
polycarbonate elastic modulus from Reference 10 does not agree with
the modulus used in this study, which was taken from MIL-HNDBK-17A
(Table 2). The modulus used for the studies reported here is about

twice as large as that in Reference 10 for large strain rates. 1If
this reduced modulus were used, then the initial stiffness would be
about half as much for the polycarbonate material and the resulting ]
data would reflect this reduction in stiffness.

Interpretation of the finite element studies involved a
number of considerations. Comparisons were made between deflection
data along the centerline of the transparency and along the frame
at the aft edge of the transparency for both the static and dynamic

studies. For the static transparency study an attempt was made to
establish linear relationships between significant parameters. The
most relevant data derived from these studies includes calculation i
of the resultant forces around the impact area and along the frame %
for both static and dynamic solutions. This data provides some
interesting insights into the behavior of the transparency structural .
system.

For the transient dynamic analysis, not only the compatibility
of the respective stiffnesses but also the amount of energy, rate
of loading, and time it takes to dissipate the energy will affect
the ability of the transparency system to withstand the bird impact.
For a brittle material such as the acrylic, the critical rupture

85




energy is smaller than for a ductile material such as the poly-
carbonate. When the strain energy builds up in any one area,
failure will occur, The structural limits for failure in these
finite element analyses were governed by the ability of the
transparency/support structure system to assimilate the energy
for the dynamic load condition, and by the aft frame yield
strength for the static load condition.

Load distribution, peak stress, and deflection data for
static and dynamic conditions were presented and discussed in
Section 5. Estimated failure data, using the failure criteria
described in Sections 2 and 5.2, 1is summarized in Tables 6 and
7 for the static and dynamic analyses. For the static analysis,
the 0.45 inch polycarbonate and the 0.9 inch stretched acrylic
show approximately the same capabilities. For the dynamic analysis
the peak stresses at the 1impact point were somewhat lower for
the 0.90 inch stretched acrylic. However, this is not conclusive
because of the known difference in the failure mode for the two
materials. Furthermore, based on past experience, failure at
the point of impact is an unlikely event in an uncoated polycarbonate
transparency during a birdstrike test. Frame failure, or frame-
induced failure in the transparency, was not evaluated because
the dynamic analysis was not carried out to large enough times to

define that portion of the response.

The parametric study to evaluate the effects of frame
stiffness was not completed. (Reference discussion in Section 4.2.)
To conduct a meaningful study in the material nonlinear range of
response would require the definition of specific design
configurations. Such an effort was judged to be beyond the

scope of this effort.

Additional conclusions and recommendations resulting from

this study are:

(1) Nonlinear dynamic analysis of a complex structure is
very time-consuming with respect to computer resources, calendar

time, and engineering person-hours.
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TABLE 6

MATERIAL FAILURE ESTIMATES

STATIC ANALYSIS

TRANSPARENCY FRAME
MATERIAL | STIFFNESS | THICKNESS PRESSURE FAILURE MECH | FAILURE MECH
Poly 4.936x10°b .45 250 Plastic Plastic
Range Range
Poly 4.936x10°b .45 350 Plastic Ductile
Range Failure
Acry 8.1x10°b .6 250 Brittle Plastic
Failure Range
Acry 8.lx103b .6 350 Brittle Plastic
Failure Range
Acry 8.lx103b .6 450 Brittle Ductile
Failure Failure
Acry 2.734x10% .9 250 Elastic Elastic
Range Range
Acry 2.734x10% .9 350 Elastic Plastic
Range Range
Acry 2.734x10% .9 450 Brittle plastic
Failure Range
Acry 2.734x10% .9 550 Brittle Plastic
Failure Range
Acry 2.734x10% .9 750 Brittle Plastic
Failure Range
Low Stiff-
ness 3
Ductile 1.233x10°4 .45 250 Elastic Ductile
Material Range Failure
High 4
Stiffness 3.24x10b .6 250 Brittle Elastic
Brittle Failure Range
terial
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TABLE 7
MATERIAL FAILURE ESTIMATES

"'.'-----------...--.-...-.-.-'..-.""""-'-'!!!!!!!!Illllll!!lllll::qv-q‘

TRANSIENT DYNAMIC
MEATERTAL | STIFFNESS | THICKNESS | INCE | PRESSURE gi?ggggRﬁggg.
Poly 4.936x10°p .45 2 70 Pass
pPoly 4.936x10°b .45 4 70 Pass
Poly 4.936x10°b .45 2 94 Pass
Poly 4.936x20°p .45 4 94 Plastic-no failure
Poly 4.936x10b .45 2 140 Plastic-no failure
pPoly 4.936x10°b .45 4 140 Ductile failure
Acry 8.lx103b .6 2 70 Pass
Acry 8.1x10°b .6 4 70 Brittle fracture
Acry 8.1x10°b .6 2 94 Pass
Acry 8.lx103b .6 4 94 Brittle fracture
Acry 8.1x10°b .6 2 140 Brittle fracture
Acry 8.1x103b .6 4 140 Brittle fracture
Bery 2.734x10%p .9 2 70 Pass
Acry 2.734x104b .9 4 70 Pass
Acry 2.734x10% .9 2 94 Pass
Acry 2.734x10% .9 4 94 Pass
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(2) Much useful design information can be generated during

a parametric study such as the one repurted here.

(3) There is a need for better definition of material
properties and failure criteria as a function of strain rate for

transparency materials.

(4) A fully coupled loads model would facilitiate the

performance of the dynamic response analysis.

(5) Restart capability with MAGNA is necessary to conduct
complex analyses of the type reported here.

(6) The dynamic analysis studies reported here need to be
extended to larger times (further into the impact event) to define

the peak frame response.

(7) A higher load intensity needs to be added to the dynamic
analysis of the 0.90 inch stretched acrylic transparency.

(8) The effect of support frame modification will have to
be addressed for specific design recommendations to study the

nonlinear material behavior of the frame.

{(9) Increased computer capability would greatly facilitate

performance of the nonlinear dynamic analyses.




APPENDIX

BIRD LOAD CALCULATIONS
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METHOD A (Reference 5,6)

. 2/3 ,2
Fopag = -705 W7 v

where W(Bird Weight) = 4 1bs
v (velocity, knots) = 400 knots

FPEAK = 284238.19 1bs t
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METHOD B (Reference 3)

2/3 . l
Poeag = K © v2 siné !

where K = ,058S 1
w = 4 1lbs f

V = 675.136 f£t/sec (400 knots) {'.

8 = 27 1/2° f

i

|

;

Ppnxx = 31025.395 lbs

ASSUMPTIONS:
A) Normal incidence
B) Rigid impact structure

C) Soft bird

D) The bird mass is accelerated to the velocity of the
structure in the time it takes the structure to traverse
through an "effective bird dimension" (QEFF = 3.18wl/3).

This acceleration is constant.
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METHOD C (Reference 3)

= K 02’3 v® sine

PEAK
where K = _245
w =4 lbs
Vv = 675.136 ft/sec (400 knots)
8 = 27 1/2°
P = 129935.42 lbs

PEAK

ASSUMPTIONS :

A)
B)

C)

D)

Normal incidence
Rigid impact structure

The bird is a semirigid object deforming

into a three-dimensional mound having a
height of 1/4 of the effective bird dimension
lEFF’ the acceleration distance is then

_ 1/3
3/8 lEFF' (lEFF = 3.18w )

Acceleration of the bird is sinusoidal, the

peak force is then FPEAK = 7/2 F

MEAN"




FPEAK

= 2F, . = mV/T_ = 2m v sino/t

METHOD D (Reference 4)

AVE EFF

where m (bird mass) = 4 1bs/32.2 ft/sec2

lbs—sec2
ft

675.136 ft/sec (400 knots)

= .1242

<
I

@
i

27 1/2°

QEFF (effective length of bird) = 1.39 ft

Forak = 37612 1bs.

ASSUMPTIONS:

A)

B)
C)

D)

E)

The momentum normal to impact surface is

transferred to the target.
Rigid impact structure.

The bird is a fluid body.

No deceleration of bird during impact (Ts = REFF/V sSin8)

TS is the squash up time.

The bird is a right circular cylinder with an
effective length QEFF = £+ d/tanb where

£ = length of cylinder
d = diameter of cylinder
8 = angle between horizontal and transparency.
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