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ABSTRACT

ANALYSIS OF A BIRD STRIKE ON THE EXTERNAL FUEL TANK OF A JET
TRAINER AIRCRAFT

Ozlem ISIKDOGAN

Master of Science, Department of Mechanical Engineering
Supervisor: Prof. Dr. Bora YILDIRIM
May 2022, 213 pages

Bird strike is defined as a collision between a bird and an air vehicle during flight, take-off
of landing. According to statistics, a bird strike occurs once every 2000 flights. [1]

A collision with a bird during flight can cause serious damage on aircraft. All forward facing
components shall be taken into account i.e. the engine fan blades, inlet, windshield, canopy,
radome, forward fuselage skin and the leading edges of wing and empennage. The Aviation
authorities require that the bird strike resistance of these components should be proved by
certification tests.

The aviation authorities regulations for forward facing components are mainly listed below.

e For windshield and canopy, 4 Ib bird impact resistance is required at cruise speed
without penetration.

e For wing leading edges, 4 Ib bird impact resistance is required at operational speed.

e For empennage leading edges, 8 Ib bird impact resistance is required at operational
speed.

e For engine and inlet, 4 Ib bird impact resistance is required.

The aim of this study is to analyze the effect of bird strike on an external fuel tank of a jet
trainer aircraft and contribute an example study to the literature of our country. After
theoretical method was mentioned, information was given about numerical methods and
compared with each other. After that, a geometry, dimensions and density of bird was
defined and analyses were done using cylindrical with hemisperical ends bird geometry
using SPH method according to speed and mass given in literature.



The bird strike analysis performed for an external fuel tank of a jet-trainer aircraft. Fuel
carrying capacity of the external fuel tank is 1000lb. The cross-section is elliptical. The
analysis was carried out using two materials which are Aluminium 2024-T3 and Aluminium
7075-T6. The numerical analysis was carried-out using LS-DYNA program to analyse a 4
Ib bird strike. The geometrical model of the impactor is 4lb and the density is 950kg/m?3. For
numerical simulation, the structure was modelled as a shell element by using hypermesh
software and the bird was be modelled using SPH method. Using numerical analysis, the
stress and displacement distributions, maximum stress and displacement were calculated.
As a result, the robustness of the external fuel tank under bird strike was verified.

Keywords: Bird, Strike, Bird Strike, External Fuel Tank, Jet Trainer Aircraft, Lagrange,
ALE, SPH
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Mayis 2022, 213 sayfa

Kus carpmasi, kus ve hava aracinin ugus, kalkis veya inis sirasinda ¢arpismasi olayidir.
Istatistiklere gore, kus ¢arpmasi her 2000 ugusta bir gerceklesmektedir.

Ucus sirasinda gergeklesen kus carpmasi, ucak iizerinde ciddi hasara yol acabilir.Motor fan
pervaneleri, hava alig1, 6n cam, kanopi, radom, 6n gévde kabugu, kanat hiicum kenar1 ve
kuyruk hiicum kenar1 gibi 6ne bakan komponentler dikkate alinmaktadir. Havacilik
otoriteleri, bu komponentlerin kus carpmasi dayanikliliginin sertifikasyon testleriyle
dogrulanmasini sart kosmaktadir.

On kisma bakan komponentler i¢in havacilik otoriteleri kurallar1 asagida listelenmistir:

e On cam ve kanopi i¢in, seyir hizindayken, penetrasyon olmayacak sekilde, 41b kus
carpmasi dayanikliligi gerekmektedir

e Kanat hiicum kenart i¢in, operasyonel hizdayken, 4lb kus ¢arpmasi dayaniklilig
gerekmektedir

e Kuyruk hiicum kenar i¢in, operasyonel hizdayken, 8lb kus carpmasi dayanikliligi
gerekmektedir

e Motor ve hava ali81 i¢in, 41b kus carpmasi dayaniklili§i gerekmektedir

Bu ¢alismanin amaci, kus ¢arpmasinin bir jet Egitim u¢aginin harici yakit tankina olan
etkisini analiz etmek ve ftlkemiz literatiiriine katki saglamaktir. Teorik metodlara
deginilmesini takiben, numerik metodlar ile ilgili bilgi verilmis ve metodlarin karsilastirmasi
yapilmistir. Daha sonra, kusun geometrisi, boyutlar1 ve yogunlugu tanimlanmis ve kus
carpmasi analizi, SPH metodu ile, iki ucu kiire olan silindirik model kullanilarak, literatiirde
tanimlanmis olan hiz ve kiitleye uygun olarak yapilmistir.



Kus carpmasi analizi, bir jet egitim ucagina ait harici yakit tanki i¢in gergeklestirilmistir.
Harici yakit tankinin yakit tasima kapasitesi 10001b’dir. Tankin enine kesiti eliptiktir.
Analizler, Aluminyum 2024-T3 ve Aluminyum 7075-T6 olmak iizere, iki farkli malzeme
kullanilarak gerceklestirilmistir. Numerik analizler, 4lb kus carpmasi icin, LS DYNA
programi kullanilarak gercgeklestirilmistir. Carpma tertibatinin geometric modeli 41b ve
yogunlugu 950kg/m*tlr. Numerik simulasyon i¢in; yapi, hypermesh kullanilarak kabuk
element seklinde; kus ise SPH medotu kullanilarak modellenmistir.

Numerik analizler kullanilarak, maksimum gerilme ve yer degistirme hesaplanmistir. Sonug
olarak, harici yakit tankinin kus ¢arpmasi dayanikliligi dogrulanmustir.

Anahtar Kelimeler: Kus, Carpma, Kus Carpmasi, Harici Yakit Tanki, Jet Egitim Ugagi,
Lagrange, ALE, SPH
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1 INTRODUCTION

Aiir vehicles are at the risk of bird strike during flight, take-off and landing; and as a result of
these collisions, catastrophic damages may occur. Since the beginning of aviation, the
importance of birds strike has been realized and international aviation standards have been

established as a precaution.[2]

Forward facing components of the aircraft, such as; wing leading edge, empennage leading

edge, windshield, canopy, nose radome are required to be impact resistant against bird strike.

While bird strike analyses were carried out using real bird before, nowadays analyses are carried
out in computer environment. After the bird strike resistance of air vehicle is confirmed with
the help of bird strike numerical analyses, the experimental compliances have been performed.

With this way, expensive and time consuming repetitive experiments are eliminated.

Any leakage on the external fuel tank may cause fire, the loss of aircraft and death of the pilot.

In this thesis work, effects of a 4lb bird strike on an external fuel tank of a jet trainer aircraft
were investigated. The post processes of the analyses were carried out with Hypermesh software
and impact analyses were performed using LS_Dyna software. The structure was modelled as
shell elements. Smoothed Particle Hydrodynamics method was used for soft body impact
analysis. Six different impactor positions were analyzed for two different materials and two
different material models. Using numerical analysis, stress distribution, displacement
distribution, the maximum stress and deformation were be calculated. As a result, the robustness
of the external fuel tank was verified due to the regulations of aviation authorities.
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2 METHODS
2.1 Theoretical Method

The theoretical model is based on the impact behavior consisting of four main cases;
a) initial shock at contact

b) impact shock decay

c) steady flow

d) pressure decay

a) initial shock at contact b) impact shock decay

Vp Vp
c) steady flow d) pressure decay

=t

A typical pressure curve for such a soft body impact on a rigid target plate is shown below:

Figure 1 Soft Body Impact Phases [3]

|74 : Radial Velocity
Vs : Impact Velocity
Vs :Shock Velocity
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Figure 2 Typical Pressure Curve for a Soft Body Impact on a Rigid Target Plate[3]

We can calculate the max pressure and the steady-flow pressure by using these formulas;

o The initial pressure peak in the contact point:

Py = pouols (2.1)

]

The steady-flow pressure Ps can be estimated by the Bernoulli relationship:

1
Ps = Epou(% (2.2)

0o : density of soft body impactor
U : impact velocity
Ug : shock velocity

2.2  Numerical Method

The finite element analysis metods used for numerical modelling of bird strike are mainly;
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o Lagrangian Method,

o Eulerian Method,

o Arbitrary Lagrangian-Eulerian (ALE) Method,

o Smoothed Particle Hydrodynamic (SPH) Method.

2.3 Lagrangian Method

® Mesh Node ] Material Point

—

Initial Material Deformed Material

Figure 3 Underformed and Deformed Element in Lagrangian Method

The nodes of the mesh are fixed to the material and therefore each node of the mesh follows

the material under motion and deformation.

2.4 Eulerian Method

® Mesh Node ] Material Point

Initial Material Deformed Material

Figure 4 Underformed and Deformed Element in Eulerian Method
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The nodes of the mesh remains fixed therefore the material flows through the mesh under
motion and deformation.

2.5 Arbitrary Lagrangian — Eulerian Method

® Mesh Node [J Material Point - - Reference Domain

Initial Material Deformed Material

Figure 5 Undeformed and Deformed Element in ALE Method

The ALE method is similar to the Eulerian method, but the surrounding Eulerian box can move
and stretch if needed and is not fixed is space [4].

2.6 Smoothed Particle Hydrodynamics

- v .
« & ® & = = » o o * . -
. * .
- - - L] - L ] L] .' e .
(—> o’ ‘e
*® & & & 8 = » " .
. e T
B . - . - ™ - . .
Initial Material Deformed Material

Figure 6 Undeformed and Deformed Element in SPH Method[3]

It is a meshless Lagrangian method. The fluid is modelled by particles which are independent
from each other.[5]
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2.7 Comparison of Methods

The advantages of the Lagrangian Method are:
e  Simple model generation,
e Low CPU time,

e  Clearly defined impactor boundary.

The disadvantages are:
e  Severe mesh distortion,

o Element erosion may remove mass from the simulation.

The advantages of the Eulerian Method are:
¢ No mesh distortion,

e Numerically stable simulations.

The disadvantages are:
e  Model generation and result visualization are more complex,
e No clear impactor boundary,
e Fine mesh is necessary,

e High computational cost.

The advantages of the SPH Method are
¢ No mesh distortion,
e Numerically stable simulations.

e Lower computational cost than Eulerian model

The disadvantages are:

e Model generation is more complex,
e No clear impactor boundary,

e Higher CPU time than Lagrangian model.
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3 NUMERICAL MODELLING OF AN EXTERNAL FUEL TANK

External fuel tank of a jet trainer aircraft shall be considered as a forward facing component
because of its location on the A/C. The main function of an external fuel tank is fuel storage.
Since the EFT is installed outside of the aircraft, robustness against bird strike must be

demonstrated. Any impact on EFT can cause very serious effects of the A/C.

In this study, bird strike analysis of the external fuel tank of a jet trainer aircraft is going to be

carried out.

The model is created using CATIA V5 R28 software.

Figure 7 CAD Model of EFT

3.1 Finite Element Modelling of the External Fuel Tank

Mesh model is created using Hypermesh software. First;, CAD model is imported to the
Hypermesh Program and using mid-surface command, each component is converted to the
surface. After that, the model is arranged and each component becomes in contact with each
other. The FEM model consists of 393862 nodes and 391032 elements as shown in Figure 8.
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Figure 8 CAD Model of EFT Figure 8 FEM Model of EFT

Mesh model is uploaded to LS-DYNA Program and the boundary conditions are defined with
the help of this software. EFT is installed to the aircraft from two points. Figure 9 shows the
boundaries of EFT.

Figure 9 Boundaries of the External Fuel Tank
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As shown in Figure 10, translation is fixed and rotation is free at the boundaries of EFT.

Entity Creation >

=) Airbag ®show (cre (OMod (C)Del
i i.shelrefcM

__ Application Label | None w
EI Eh;:unr:laryI

Mode Set

¥ Constrained Auto Merge Transfer BCode
H- Contact _
¥l Damping Symmetry plane | All Fix[111111]

-Database ks i z R RY RZ
-Define
- Element

Birth 0.0
Initial !
.Load Death 1.0E+20

#- Rigidwall cID [Match
[+ Set Data

MWSID MewId

All Mone || Rew Alist

Apply Cancel Write

MNSet 1(111000) (sub:1)
Fa(rSet 2 (111000) (sub: 1

Figure 10 Rotation and Translation Layout of Boundaries

The units consistent with LS-Dyna software is shown in Table 1. In this study,g, mm, ms, N
and MPa is used.

Table 1 The units consistent with LS-Dyna software

LENGTH TIME FORCE STRESS ENERGY DENSITY  YOUNG'S

N 7.83e+03 2.07E+11 9.806

..................................................................................................................................................................................................

1.0e-02 N 7.83e-03 2.07E+09 9.806e+02

1.0e+04 N 2.07E+03 9.806e-04

1.0e+10N 7.83e-03 2.07E-03 9.806e-10

7.83e-06 2.07E+02 9.806e-03

e Tam eI dyne T dynefemt i erg | 783100 | 2076412 | 9.806e+02

{ ; 1.0e+07 N Mbar | 1.0e+07N-cm | 7.83e+00 | 2.07E+00 | 9.806e-10
1.0e-06 N Pa i 7.83e-03 | 2.07E+11 9.806e+03
9.806e-03
9.806e+03
386
3217
9.806e+03
9.806e+03
9.806e-04

7.83e-09
7.33e-04
1.52e+01
7.98e-10

2.07E+05
3.00E+07
4.32E+09
2.11E+04

slug
kgf-s2/mm

1.0e+1N 1.0e+05Pa | 7.83e+00 2.07E+06
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4 MATERIAL MODELS
In this study, two different metallic materials, Al 2024-T3 and Al 7075-T6, are decided to be

used.

“Johnson Cook™ and “Piecewise Linear Plasticity” are used for metallic materials.

4.1 Johnson Cook Material Model

During bird striking impact, aluminum parts experience high rate deformation. In Ls-Dyna,
Johnson-Cook material model can be used to model the high rate deformation of many materials

including metals.

Johnson Cook Material model is a strain, temperature dependent visco-plastic material model
that takes high strain rate process into account. In this study, Simplified Johnson Cook Material
model is used which ignores temperature changes.

Flow stress equation of Johnson Cook Material model is shown in Eq.4.1:

o, = (A+ B&P")(1 + Clné™) (4.1)
Where;

gy : Equivalent stress

A . Initial yield stress

B : Hardening modulus

n : Work hardening exponent

C : Strain rate dependency

& : Normalized plastic strain rate

ep . Effective plastic strain
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Parameters of Johnson Cook Material Model are given for AL 2024 T3 and AL 7075 T6 in
Table 2.

Table 2 Parameters of Johnson Cook Material Model for AL 2024 T3 and AL 7075 T6

Johnson Cook Parameters 7 AL2024T3 7 AL7075T6
369

Table 3 and Table 4 shows the material cards of Johnson Cook Material Model for AL 2024-
T3 and AL 7075-T6.

Table 3 Material Card of Johnson Cook Material Model for AL 2024 T3

TITLE

|M2024-T3 MATERIAL MODEL

1 MID RO G E ER DTE VP RATEOP
|1oo |2.?00e-009 |z.aooe+oo4 |?303e+004 |o_3300000 |o.o |o_q v|3.0 v
2 A B N Cc M ™ IR EPSD
|359.m |m«m |o.73wm |om3m |1.?0mmo |9oo. |300. |1 |
3 PC SPALL IT D1 D2 b3 Da
|9.1ooe+0os |-1500.0000 |2.o «lo0 v|0.1 |o.1 |1.r |o.0110000 |
a4 D5 ca/p EROD EFMIN
[ [oo lo 00 |
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Table 4 Material Card of Johnson Cook Material Model for AL 7075 T6

TITLE

|AA?D}'5-TB MATERIAL MODEL

1 MID RO G E PR DTE VP RATEOP
|zoo |2.}'I)De-l)l)9 |1.sooe+o|)4 |}'.3l)3e+0l)4 |o.3300000 |o.o |0_q |30 =
2 A B N Cc M ™ TR EP50

|545.ooooo |573.ooooo |o.71ooooo |o.0240000 |1.?oooooo |900.ooooo |3oo.ooooo |1.ooooooo |

3 Cp PC SPALL I D1 D2 D3 D4
|9.1ooe+oos |-1500.oooo |2_n ~ 00 v|-D.DE~EDDDD |o.4510|mo |-o.9520000 |o.0350000 |
4 D5 c2/p EROD EFMIN
| 0.6970000 | 0.0 | 0 0.0 |

Johnson Cook parameters given in Table 2 are defined in Johnson Cook Material Cards. D1,
D2,D3, D4 and D5 are failure parameters. D5 is taken as 0 since temperature effect is not taken

into account.
Failure strain is given as:
e/ = [D; + D,expD36*][1 + Dylne*][1 + DsT] (4.2)

In this equation,e™ is strain rate and o* is the ratio of pressure divided by the effective stress

(Ueff)-

In Johnson Cook approach, failure occurs when the failure parameter D1 equals 1. This failure
parameter is given by;

Sp

D= (4.2)

&

In this equation,e? is effective plastic strain and &7 is the failure strain.
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Al 2024 T3

650
600
& 550 ——0.11/s
2
9 500 = 0.001 1/s
(0]
& 450 ——101/s
[0}
E 400 1000 1/s
—5000 1/s
350
10000 1/s
300
0 0,05 0,1 0,15 0,2
True Plastic Strain
Figure 11 Stress Flow for AL 2024 T3
Al 7075 T6
1000
900
& 800 —0.11/s
2
9 700 ——0.001 1/s
(]
& 600 —101/s
(]
2 500 1000 1/s
—5000 1/s
400
——— 10000 1/s
300
0 0,05 0,1 0,15 0,2

True Plastic Strain

Figure 12 Stress Flow for AL 7075 T6

True stress- true plastic strain curves, which are obtained using Johnson Cook Equation, are
shown in Figure 11 and Figure 12. Since aluminum alloys are strain rate dependent materials,
calculations are made with different strain rates. The Johnson Cook parameter “C” controls
strain rate factor. The strain rate causes greater stress changes on Al 7075-T6 which has larger
‘C’ than Al 2024 T3.
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4.2 Piecewise Linear Plasticity Material Model

In piecewise material model, the plastic behavior of the material is directly defined to the

material card [6].

Density (RO), modulus of elasticity (E), poison’s ratio (PR), tangent modulus (ETAN), yield
stress on the material card (SIGY), failure strain (FAIL), Cowper_Symond strain rate
parameters (C and P), effective plastic strain values (EPS1, EPS2, EPS3, EPS4, EPS5, EPS6,
EPS7,EPS8) and equivalent stress values (ES1, ES2, ES3, ES4, ES5, ES6, ES7, ES8) is defined

at the material card.

Table 5 Material Card of Piecewise Linear Plasticity Material Model for AL 2024 T3

TITLE

|AL_2024_REFERENCED_MAT_MODEL_AS IN THESIS_ |
1 MID RO E PR SIGY ETAN FATL TDEL

E |27682-009 |7.308e+004 [0.3300000 |00 0.0 1.000e+021 [0.0 |
2 C P LCSs LCSR e

0.0 0.0 16 s|0 | jo_o v
3 EPSL EPS2 EPS3 © EPS4 EPS5 EPS6 EPS7 EPSE

[0 |00 |00 |00 o0 oo oo Joo |
4 ES1 ES2 ES3 ES4 ES5 ES6 ES7 ESB

[0 |00 |00 |00 o0 oo oo Joo |

Table 6 Material Card of Piecewise Linear Plasticity Material Model for AL 7075 T6

TITLE

|AL_?O?5_R.EFER.EHCED_I‘-‘IA'I'_HODEL_AS IN THESIS_ |

1 MIiD RO E ER SIGY ETAN FAIL TDEL

| 2 | 2.796e-009 | 7.102e+004 |0_3300000 |o.o 0.0 1.000e+021 |0.0 |
2 C P LCss LCSR vp

|o.o |o.o |1:|r |.0 HM v
3 es1 EPS2 Eps3  Epsa EPS5 EPS6 EPS7 EPSE

oo o0 |00 |00 |00 |00 o0 o0 |
4 ES1 ES2 ES3 ES4 ES5 ES6 ES7 ESB

[0 |00 [oo [os [o0 |00 [oo [oo |
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5 Bird Models

Generally, three different geometric bird models are accepted in literature to simulate the bird

strike. Figure 13 shows geometric models of impactor.

Cylindrical Cylindrical with Ellipsoid
Hemisperical Ends

Figure 13 Geometrical Models of Bird

5.1 Smoothed Particle Hydrodynamics Bird Model

Soft body impactor is modeled with smoothed particle hydrodynamics method. The first step
of creating SPH soft body impactor is to create the solid model in LS Dyna software. Then, this
solid model is converted to SPH model. After that, the solid model is deleted and SPH model
is obtained.

SPH bird model is created as a cylinder with hemi-spherical ends and SPH particles are defined

in a set of points.

For this study, most common bird geometry modelling technique cylinder with hemispherical
end caps is chosen as seen in Figure 14 since it shows better correlation performances with
experimental results from literature and the bird is modelled as the hemispherical-ended
cylinder geometry. [7]
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Figure 14 shows SPH dimensions and model of soft body impactor. The dimensions and weight
of the soft body impactor are standardized in FAA Regulations. In this study, 4 Ib bird model
is used. Bird impact speed is taken as 350 KTAS (approx.180 m/s).

Figure 14 SPH Dimensions and Model of Soft Body Impactor

Table 7 Material Card of SPH Bird Model

TITLE

|5I‘-‘IOOTHED PARTICLE HYDRODYNAMICS FOR BIRD MATERIAL |

1 MID RO PC MU TEROD CEROD YM PR

|T024 9.500e-010 -0.0997400 0.0 1.1000000 0.8000000 0.0 0.0 |

6 Energy Ratio

Energy checks are performed in order to be ensure that spurious results are not obtained. The
sum of energies should be equal to the sum of the initial energies at any instant during impact

as givenin Eq 6.1;

Ex +Ei+ Es + Ey + Epy + Egamp = ER + EP + Wiyt (6.1)

Where;
Ex : Kinetic energy
E; :Internal energy
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Es :Sliding interface (contact) energy

Ey :Hourglass energy
E,., :Rigid wall energy
Eqamp :Damping energy

The total energy is the sum of these energies as shown in Eq 6.2;

EK+EI+ES+EH+ErW+Edamp =ET (62)

Internal energy is the energy related with elastic strain energy and work done in permanent

deformation. The acceptable limit for maximum internal energy ratio shall be 1.0.

Kinetic energy is work done due to motion of nodes and elements with certain velocity. The

acceptable limit for maximum internal energy ratio shall be 1.0.

External work is the work done under applied force, pressure, velocity, displacement or

acceleration.

Sliding energy is the work done by sliding interfaces during impact. When friction is included
in a contact definition, positive contact is expected. In the absence of friction, small contact

energy is acceptable (10% of peak energy).

Hourglass modes are nonphysical modes of deformation which occur in under-integrated
elements (zero stress and strain). Hourglass energy takes away from physical energy of the
system. This nonphysical energy should be relatively small compared to peak energy for each

part of the model [8]. The acceptable limit for maximum hourglass energy ratio shell be 0.1.
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The hourglass energy, damping energy and sliding energy cause increase of the total energy

during analysis.

For under integrated shell elements, forces and displacements may exit for each mode of the
element, like sum of all these forces and displacements give null strain and stress on the
integration point of the element. This problem only exists for under integrated elements. Using

fully integrated and small elements helps minimization of hourglass energy.

Energy ratio is the ratio of total energy to the initial total energy and external work. Acceptable

limits for energy ratio are between 0.9 to 1.1 [8].

7 Analysis Results

24 different cases were compared on this study, which are shown in Table 8. Six different
impactor positions were studied with the combination of two different material models which
are Johnson Cook material model (MAT _15) and Piecewise Linear Plasticity material model
(MAT_24) and two different material types which are Al 2024-T3 and Al 7075-T6. Figure 15

shows impactor positions of these cases.
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Table 8 Cases of This Study

Material Materal Model Position
1 AL 2024-T3 Johnson Cook (MAT_015) 1
2 AL 7075-T6 Johnson Cook (MAT_015) 1
3 AL 2024-T3 Piecewise Linear Plasticiy (MAT_024) 1
4 AL 7075-T6 Piecewise Linear Plasticiy (MAT_024) 1
5 AL 2024-T3 Johnson Cook (MAT_015) 2
6 AL 7075-T6 Johnson Cook (MAT_015) 2
7 AL 2024-T3 Piecewise Linear Plasticiy (MAT_024) 2
8 AL 7075-T6 Piecewise Linear Plasticiy (MAT_024) 2
9 AL 2024-T3 Johnson Cook (MAT _015) 3
10 AL 7075-T6 Johnson Cook (MAT_015) 3
11 AL 2024-T3 Piecewise Linear Plasticiy (MAT_024) 3
12 AL 7075-T6 Piecewise Linear Plasticiy (MAT_024) 3
13 AL 2024-T3 Johnson Cook (MAT_015) 4
14 AL 7075-T6 Johnson Cook (MAT _015) 4
15 AL 2024-T3 Piecewise Linear Plasticiy (MAT_024) 4
16 AL 7075-T6 Piecewise Linear Plasticiy (MAT_024) 4
17 AL 2024-T3 Johnson Cook (MAT_015) 5
18 AL 7075-T6 Johnson Cook (MAT_015) 5
19 AL 2024-T3 Piecewise Linear Plasticiy (MAT_024) 5
20 AL 7075-T6 Piecewise Linear Plasticiy (MAT_024) 5
21 AL 2024-T3 Johnson Cook (MAT_015) 6
22 AL 7075-T6 Johnson Cook (MAT_015) 6
23 AL 2024-T3 Piecewise Linear Plasticiy (MAT_024) 6
24 AL 7075-T6 Piecewise Linear Plasticiy (MAT_024) 6
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POSITION NO ‘ ISOMETRIC VIEW OF POSITIONS

Figure 15 Impactor Positions
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If a penetration occurs during bird strike, this causes fuel leakage, which is a serious threat to
the survivability of the aircraft. Because of this reason, the design criteria of the external fuel

tank was decided to be impact resistant without penetration.

Analysis Results for Position 1

An overview of the impact simulation for the position 1 was given for the general
understanding. The time history was presented as a series of time step plots with explanations.
The plots in Figure 16 to Figure 35 show the simulation run in several steps. Total simulation

time was set to 5 ms and plots are saved in the intervals of 0.5 ms.

Displacement results at 0.5 ms for impactor position 1 is shown in Figure 16.
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CASE 1 CASE 2

Total Displacement (mm) Total Displacement (mm)

8.671e-01 8.343e+00
7.804e-01 7.508e+00 ﬁ
6.937e-01 _ 6.674e+00 _
:.(2)7(;e-31 a 5.840e+00 _
4.3::-0: _ 5.006e+00 _
.336e-01 _ 4.171e+00 _
3.468e-01
- 3.337e+00 _
2.601e-01
- 2.503e+00 _
1.734e-01
1.669e+00
8.671e-02 8.343e-01
0.000e+00 _| e
0.000e+00 _|

Total Displacement (mm) Total Displacement (mm)

8.486e+00

8.661e+00

7.795e+00 7.638e+00 _|
6.929e+00£ 6.789e+00 _|
6.063e+00 _ 5.940e+00 _
5.197e+00 _ 5.092e+00 _
4.331e+00 _ 4.243e+00 _
3.464e+00 _ 3.395e+00 _
2.598e+00 _ 2.546e+00 _
1.732e+00 1.697e+00

8.661e-01 ] 8.486e-01 ]
0.000e+00 _| 0.000e+00

Figure 16 Displacement Results (mm) at 0.5 ms for Impactor Position 1.

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 1.0 ms for impactor position 1 is shown in Figure 17.
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CASE 1 CASE 2

Total Displacement (mm)

Total Displacement (mm)

20586400 1.970e+01
1.852e400 % 1.773e401
1.647e+00 _ 1.576e+01 _|
1.441e+00 _ 1.379e+01 _
1.235e+00 _ 1.182e+01 _
1.029e+00 _ 9.852e+00
8.233e-01 _ 7.882e+00 _
6.175e-01 i 5.911e+00 o
4.116e-01

3.941e+00
2.058e-01 1.970e400
0.000e+00 _| orve

0.000e+00

CASE 4
CASE 3

Total Displacement (mm)
2.008e+01

Total Displacement (mm)

2.066e+01

1.807e+01
1.859¢+01 P
1.653e+01 __ 1.0000407
14486401 | 1.405e+01 _
1.230e+01 _ 1.205e+01 _
1.033e+01 1.004e+01 __
8.263e+00 _ 8.030e+00 _|
6.197e+00 _ 6.023e+00 _
4.132e+00 4.015e+00
2.066e+00 ] 2.008e+00
0.000e+00 _| 0.000e+00

Figure 17 Displacement Results (mm) at 1.0 ms for Impactor Position 1

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 1.5 ms for impactor position 1 is shown in Figure 18.
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CASE 1 CASE 2

Total Displacement (mm) Total Displacement (mm)

3.083e+00 2.897e+01
2.775e+00 2.607e+01 !
2.466e+00 _| 2.317e+01 _
2.158e+00 _ 2.028e+01 _
1.850e+00 _ 1.738e+01 _
1.541e+00 _ 1.448e+01 _
1.233e+00 _ 1.159e+01 _
9.249e-01 _ 8.690e+00 _
6.166e-01 5.793e+00
3.oasem:I 2.sg7e+oo:l
0.000e+00 _| 0.000e+00 _|
CASE 3 CASE 4

Total Displacement (mm) Total Displacement (mm)

3.101e+01
2.791e+01 %
2.481e+01 _
2471e+01 _
1.861e+01 _
1.551e+01 _
1.241e+01 _
9.304e+00 _
6.203e+00
3.101e+00 ]
0.000e+00

3.013e+01

2.712e+01 }
2.411e401 _

2.109e+01 _
1.808e+01 _
1.507e+01 _
1.205e+01 _
9.040e+00 _
6.027¢+00

3.013e+00 :I
0.000e+00

Figure 18 Displacement Results (mm) at 1.5 ms for Impactor Position 1

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 2.0 ms for impactor position 1 is shown in Figure 19.
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Total Displacement (mm)

CASE 2

Total Displacement (mm)

3.754e+00 3.497e+01
3.378e¢00] 3.148e+01 :I
3.003e+00 _ 2.798e+01 _|
2.627e+00 _ 2.448e+01 _
2.252e+00 _ 2.098e+01 _
1.877e+00 _ 1.749e+01 _
1.501e+00 _ 1.399e+01 _
1.126e+00 _ 1.049e+01 _
7.507e-01 6.995e+00
3.754e-01 :l 3.497e+00 ]
0.000e+00 0.000e+00

CASE 3 CASE 4

Total Displacement (mm)

Total Displacement (mm)
3.780e+01 =

3.402e+01 :I 3.672e+01
3.024e+01 _ 3.305e+01 ]
2.646e+01 2.938e+01 _|
2.268e+01 2.571e+01 _
1.890e+01 2.203e+01 _
1.512e+01 1.836e+01 _
1.134e+01 1.469e+01 _
7.560e+00 ] 1.102e+01 _
3.780e+00 ] 7.345e+00
0.000e+00 3.672e+00 :I
) 0.000e+00

Figure 19 Displacement Results (mm) at 2.0 ms for Impactor Position 1

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 2.5 ms for impactor position 1 is shown in Figure 20.
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CASE 2

CASE 1

Total Displacement (mm) Total Displacement (mm)

4.072e400 3.749¢401
3_55594»00:' 3.374e+01 :I
3.257e+00 _ 2.999e+01 _
2.850e+00 _ 2.624e+01 _
2.443e400 _ 2.249e+01 _
2.036e+00 _ 1.874e+01 _
1.629¢+00 _ 1.500e+01 _|
122090 0 1.125e401 _
Sitiett 7.498e+00
4.072e-01

3.749e+00 :I
0.000e+00 _|

0.000e+00 _|

Total Displacement (mm) Total Displacement (mm)

4.108e+01 3.988e+01
3.608e+01 ] 3.580e+01 :I
3.287e+01 _ 3.190e+01 _
2.876e+01 _ 2.792e+01 _
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Figure 20 Displacement Results (mm) at 2.5 ms for Impactor Position 1

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 3.0 ms for impactor position 1 is shown in Figure 21.
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CASE 1 CASE 2

Total Displacement (mm) Total Displacement (mm)

e 3.656e+01
SAiEsi08 ] 3.290e+01 ]
32526400 2.925e+01 _
2.845400 _ 2.559e+01 _
2.439e400 _ 2.193e+01 _
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8.130e-01 7.311e400
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otal Displacement (mm
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3305401 _ 3.563e+01 ]
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1.653¢+01 1.979e+01 _
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8.263¢400_ 1.188e+01 _
4.131e+oo:l 7.917e+00
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0.000e+00

Figure 21 Displacement Results (mm) at 3.0 ms for Impactor Position 1

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model

Displacement results at 3.5 ms for impactor position 1 is shown in Figure 22.
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CASE 1 CASE 2

Total Displacement (mm)

Total Displacement (mm)

s~ 3.216e+01
33706400 2.894e+01 ]
3.004€400 _ 2.573e+01 _
26286400 _ 2.251e+01 _
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7:510e-01 6.432e+00
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0.000e+00

Figure 22 Displacement Results (mm) at 3.5 ms for Impactor Position 1

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 4.0 ms for impactor position 1 is shown in Figure 23.
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CASE 1 CASE 2

Total Displacement (mm) Total Displacement (mm)

3.170e+00 2.614e+01
2.853e+00 2.353e+01:|
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Figure 23 Displacement Results (mm) at 4.0 ms for Impactor Position 1

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 4.5 ms for impactor position 1 is shown in Figure 24.
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CASE 1 CASE 2

Total Displacement (mm) Total Displacement (mm)

1.642e+00 1.081e+01
1.478e+00 9.732e+00 ]
1.314e+00 8.651e+00 _|
1.150e+00 7.570e+00 _
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Figure 24 Displacement Results (mm) at 4.5 ms for Impactor Position 1

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to
Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.
Impact ended in 4.5 ms.

Displacement results at 5.0 ms for impactor position 1 is shown in Figure 25.
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CASE 1

CASE 2

Total Displacement (mm) Total Displacement (mm)

el 8.380e+00
8.124e-01:l —_—"
7.221e-01_ 6.704+00 |
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9.603e+00 3.209e+00
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Figure 25 Displacement Results (mm) at 5.0 ms for Impactor Position 1

For position 1, displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values
according to Piecewise Linear Plasticity material model are also similar to Johnson Cook

Material model which is an expected result because of low strain rates. Impact ended in 4.5 ms.
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After impact, screen shots were taken at 0.5ms intervals and the stresses were compared. Since

the contact of the bird ended before 5 ms in general, the images were limited to this time period.

Von Misses Stress results at 0.5 ms for impactor position 1 is shown in Figure 26.

CASE 1 CASE 2

Von Misses Stress (MPa) Von Misses Stress (MPa)

4.058e+02 5.875€+02
3.652e+02 5.288e+02 :I
3.246e+02 _ 4.700e+02 _|
2.841e+02 _ 4.113e+02 _
2.435e+02 _ 3.525e+02 _
2.029e+02 _ 2.938e+02 _
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1.217e+02 ] 1.763e+02 _
81166401 _ AL
4.058e+01 ] 5.875e+01 ]
0.000¢+00 | 0.000e+00 _|
CASE 3 CASE 4

Von Misses Stress (MPa) Von Misses Stress (MPa)
3.085e+02 4.871e+02
3.587e+02 4-384e*02]
3.188e+02 _ 3.897e+02 _|
2.790e+02 _ 3.410e+02 _
2.391e+02 _ 2.923e+02 _
1.993e+02 _ 2.436e+02 _
1.594e+02 _ 1.948e+02
1.196e+02 _ 1.461e+02:
7.971e+01 0.742e401
3.985e+01 ] G iaion ]
0.000e+00 _| 0.0006+00

Figure 26 Von Misses Stress Results (MPa) at 0.5 ms for Impactor Position 1
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The plastic deformation began at 0.5ms as shown in Figure 26. There was no tearing or
penetration on the skin of EFT. The stress distributions and effective stresses on skin are similar

for Piecewise Linear Plasticity material model and Johnson Cook Material model.

VVon Misses Stress results at 1.0 ms for impactor position 1 is shown in Figure 27.

CASE 1 CASE 2

Von Misses Stress (MPa)

Von Misses Stress (MPa)

Figure 27 Von Misses Stress Results (MPa) at 1.0 ms for Impactor Position 1
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There was no tearing or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model.

Von Misses Stress results at 1.5 ms for impactor position 1 is shown in Figure 28.

CASE 1 CASE 2

Von Misses Stress (MPa)
4.054e+02

Von Misses Stress (MPa)

Sk ] 6.069e+02
3.243e402 _ S402ev02 :l
4.855e+02 _
2.838e+02 _
4.248e+02 _
2.433e+02
> 0270502 - 3.641e+02 _
027e+02 3.034e402 _
1.622e+02 _| 2.428e+02 _
1.216e+02 _ 1.821e+02 _
8.108e+01 1.214e+02
4.054e+01 ] 6.069e+01 ]
0.000e+00 _| 0.000e+00 _|
Von Misses Stress (MPa) Von Misses Stress (MPa)

3.905e402 4.683e+02
3.514e+02 ] 4.215e+02 ]
3.124e+02 _ 3.746e+02 _
2.733e+02 _ 3.278e+02 _
2.343e+02 _ 2.810e+02 _
1.952e+02 _ 2.341e402 _
1:502e102 1873e402_|
14716002 1.405e402_
E—— 0.366e+01
3.905e+01
0.000e+00 ] 40830191 ]
0.000e+00

Figure 28 Von Misses Stress Results (MPa) at 1.5 ms for Impactor Position 1
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There was no tearing or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook
Material model.

Von Misses Stress results at 2.0 ms for impactor position 1 is shown in Figure 29.

CASE 1 CASE 2

Von Misses Stress (MPa)

Von Misses Stress (MPa)

4.028e+02 6.098e+02
3.625e+02:' s_me,,oz:l
3.222e+02 _| 4.878e+02 _
2.820e+02 _ 4.269e+02 _
2.417e+02 _ 3.659e+02 _
2.014e+02 _ 3.049e+02
1.611e+02 _ 2.439e+02 :ﬂﬁ
1.208e+02 _ 1.829e+02 _
8.056e+01 1.220e+02
4.028e+01 ] 6.098e+01 ]
0.000e+00 _| 0.000e+00 _|
CASE 3 CASE 4
Von Misses Stress (MPa)
Von Misses Stress (MPa)

3.848e+02
3.463+02 4.713e+02
3.079e+02 4.242e+02
2.694e+02 3.770e+02 _
2.309e+02 3.200e+02 _
1.924e+02 2.828e+02 _
1.530e402 | 2357e+02 __
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3.848e+01 ] 9.426e+01
0.000e+00 _| 4.713e+01 ]
0.000e+00

Figure 29 Von Misses Stress Results (MPa) at 2.0 ms for Impactor Position 1
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There was no tearing or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook
Material model.

VVon Misses Stress results at 2.5 ms for impactor position 1 is shown in Figure 30.

CASE 1 CASE 2

Von Misses Stress (MPa) Von Misses Stress (MPa)
4.082e+02 6.084e+02
3.674e+02 5.476e+02]
3.266e+02 _ 4.868e+02 _|
2.857e+02 _ 4.259e+02 _
2.449e+02 _ 3.651e+02 _
2.041e+02 3.042e+02
1.633402 2.434e+02 ]
1.225e+oz- 1.825e+02 _
8.164e+01 | 1.217e+02
4.082e+01 6.084e+01 ]
0.000e+00 0.000e+00 _

CASE 3 CASE 4
Von Misses Stress (MPa) Von Misses Stress (MPa)

3.892e+02 4717e402
3‘503“02:' 4.245¢+02
A 3.773e+02 _|
2.725e402 _ o
2.335e402 _ p—
1.946e+02
e ] 2.358e+02 _I
11686402 _ 1.887e+02 _
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0.000e+00 4.717e+01

- o.ooouoo]

Figure 30 Von Misses Stress Results (MPa) at 2.5 ms for Impactor Position 1
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There was no tearing or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook
Material model.

Von Misses Stress results at 3.0 ms for impactor position 1 is shown in Figure 31.

CASE 1 CASE 2

Von Misses Stress (MPa)

Von Misses Stress (MPa)

4.086e+02 6.068e+02
3.678e+02 :I 5.461e+02
3.269e+02 _ 4.855e+02 _|
2.860e+02 _ 4.248e+02 _
2.452e+02 _ 3.641e+02 _
2.043e+02 _ 3.034e+02 _
1.635e+02 _n 2.427e+02 :I
1.226e+02 _ 1.820e+02 _
8173e+01 1.214e+02 _
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0.000e+00 _| 0.000e+00 _|
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S50z 42202402
3.160e402 M——
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2.370e+402_ 7 8100502
1975402 _ O19e¥02 J
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0.000e+00
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0.000e+00

Figure 31 Von Misses Stress Results (MPa) at 3.0 ms for Impactor Position 1

There was no tearing or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook
Material model.
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Von Misses Stress results at 3.5 ms for impactor position 1 is shown in Figure 32.

CASE 1 CASE 2

Von Misses Stress (MPa)
4.129e+02

Von Misses Stress (MPa)

5.963e+02
3.716e+02 5.367e+02 ]
3.303e+02 _ 4.771e+02 _
2.891e+02 _ 4.174e+02 _
2.478e+02 _ 3.578e+02 _
2.065e+02 2.982e+02
1.652e+02 ] 2.385e+02 ]
1.239e+02 4 1.789e+02 _
8.259e+01 __ 1.193e+02
4.129e+01 ] 5.963e+01 ]
0.000e+00 _| 0.000e+00 _|
CASE 3 CASE 4
Von Misses Stress (MPa) Von Misses Stress (MPa)

3.975e+02 4.639e+02

3.578e+02 4.175e+02
3.180e+02 _ 3.711e+02
2.783e+02 _ 3.248e+02 _
238504023 2.784e+02 _
1.988e+02
e -ﬂ 2.320e+02
1.590e+02 _ Tl
1.856e+02 _|
1.193e+02 _
¢ ; +
7.950e401 _ iy
3.975e+01 :I 9.279e+01 g
0.000e+00 _ A030et01 ]
0.000e+00

Figure 32 Von Misses Stress Results (MPa) at 3.5 ms for Impactor Position 1

There was no tearing or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook
Material model.

VVon Misses Stress results at 4.0 ms for impactor position 1 is shown in Figure 33.
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CASE 1 CASE 2

Von Misses Stress (MPa)
3.999e+02
3.599e+02 :I
3.199e+02 _
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1.999e+02 _
1.599e+02 _|
1.200e+02 _
7.997e+01
3.999e+01 :I
0.000e+00

CASE 3 CASE 4

Von Misses Stress (MPa)
3.941e+02
3.547e+02
3.153e+02 _
2.759e+02 _
2.364e+02 _
1.970e+02
1.576e+02 :HI
1.182e+02 _
7.881e+01
3.941e+01 ]
0.000e+00

Figure 33 Von Misses Stress Results (MPa) at 4.0 ms for Impactor Position 1

There was no tearing or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook
Material model.

Von Misses Stress results at 4.5 ms for impactor position 1 is shown in Figure 34.
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CASE 1 CASE 2

Von Misses Stress (MPa)
3.929e+02

Von Misses Stress (MPa)
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e 4.522e402 _|
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Taese 1.606e+02 _
120i0et 11316402
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CASE 3 CASE 4
Von Misses Stress (MPa) Von Misses Stress (MPa)
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Figure 34 Von Misses Stress Results (MPa) at 4.5 ms for Impactor Position 1

There was no tearing or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook
Material model. Impact ended in 4.5 ms.

Von Misses Stress results at 5.0 ms for impactor position 1 is shown in Figure 35.
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CASE 1 CASE 2

Von Misses Stress (MPa)
4.147e+02

Von Misses Stress (MPa)
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5.483e+02
33160402 J 4.874e+02]
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4147401 ] 6.093e+01 ]
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Von Misses Stress (MPa) Von Misses Stress (MPa)
3.933e+02 outi
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Figure 35 Von Misses Stress Results (MPa) at 3.0 ms for Impactor Position 1

There was no tearing or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook
Material model. Impact ended in 4.5 ms.

The stresses and displacements on EFT skin are shown in Figure 16 to Figure 35. The plastic
deformation began at 0.5ms as shown in Figure 26. There was no tearing or penetration on the
skin of EFT. The stress distributions and effective stresses on skin are similar for Piecewise
Linear Plasticity material model and Johnson Cook Material model.
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Maximum stress on EFT skin was 415 MPa for Case 1, 634MPa for Case 2, 399MPa for Case
3, 487MPa for Case 4.

Energy variations for Position 1 (for case 1,2,3 and 4) is given in Figure 36. While kinetic
energy decreased, internal energy increased almost linearly. Total energy remained almost

constant, which is the ideal result.
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Figure 36 Energy Variation of Position 1
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Energy ratios for Position 1 (for case 1,2,3 and 4) is given in Figure 37. Energy ratios for
position 1 remained within the acceptable limits as shown.
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Figure 37 Energy Ratio of Position 1
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Hourglass energy, damping energy and sliding energy for case 1 is given in Figure 38. Impact

ended in 4.5 ms. Hourglass energy remained 0 for 4.5 ms. For sliding energy, peak did not

occur.
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Figure 38 Hourglass, Damping and Sliding Energies Variation of Case 1
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Hourglass energy, damping energy and sliding energy for case 2 is given in Figure 40. Impact

ended in 4.0 ms. Hourglass energy remained O for 4.0 ms. For sliding energy, peak occurred

after the contact between impactor and target ended.
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Figure 40 Hourglass, Damping and Sliding Energies Variation of Case 2
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Figure 41 Bird Impact at 4 ms for Case 2
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Hourglass energy, damping energy and sliding energy for case 3 is given in Figure 42. Impact

ended in 4.4 ms. Hourglass energy remained O for 4.4 ms. For sliding energy, peak did not

occur.
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Figure 42 Hourglass, Damping and Sliding Energies Variation of Case 3
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Figure 43 Bird Impact at 4 ms for Case 3

Hourglass energy, damping energy and sliding energy for case 4 is given in Figure 44. Impact
ended in 4.5 ms. Hourglass energy remained O for 4.5 ms. For sliding energy, peak did not
occur.
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Figure 44 Hourglass, Damping and Sliding Energies Variation of Case 4

Figure 45 Bird Impact at 4 ms for Case 4

Analysis Results for Position 2
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An overview of the impact simulation for the position 2 was given for the general

understanding. The time history was presented as a series of time step plots with explanations.

The plots in Figure 46 to Figure 65 show the simulation run in several steps. Total simulation

time was set to 5 ms and plots were saved in the intervals of 0.5ms.
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Displacement results at 0.5 ms for impactor position 2 is shown in Figure 46.

CASE 5 CASE 6

Total Displacement (mm)

Total Displacement (mm)

9.122+00 8.373e+00
s.z1oe+oo:H 7.536e+00:!
7.208e+00 _ 6.608+00_t
6.386+00 _ 5.861e+00
5.473e+00 _ 5024400 _
4.561e+00 __ 4.187e+00 _
3.649e+00 _ 3.349e+00 _
2.737e+00 _ 2.512e+00 _
1.824e+00 1.675e+00
9.122¢-01 ] 8.373¢-01 ]
0.000e+00 _|

0.000e+00 _|
CASE 7 CASE 8

Total Displacement (mm) Total Displacement (mm)

9.100e+00 8.683e+00
8.190e+00 7.814+00 a
7.280e+00 1" 6.946e+00 "
6.370e+400 _ 6.078e+00 _
5.460e+00 _ 5.210e+00 _
45500400 _ 4.341e+00 _
3.640e+00 _ 3.473e+00 _
2.730e400 _ 2.605e+00 _
1.820e+00 1.737e400
9.100e-01 ] 8.683e-01 ]
0.000e+00 _ 0.000e+00

Figure 46 Displacement Results (mm) at 0.5 ms for Impactor Position 2

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 1.0 ms for impactor position 2 is shown in Figure 47.
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CASE 5

Total Displacement (mm)
2.455e+01

CASE 7

Total Displacement (mm)

CASE 8

Total Displacement (mm)

2.254e+01

2.210e+01 % 2.029e+01
1.964e+01 _ 1.803e+01 _|
1.719e+01 _ 1.578e+01 _
1.473e+01 _ 1.353e+01 _
1.228e+01 _ 1.127e+01 _
9.820e+00 _ 9.017e+00 _
7.365e+00 _ 6.763e+00 _
4.910e+00 4.508e+00
2.455e+00 :I 2.254e+00 ]
0.000e+00 _| 0.000e+00

Total Displacement (mm)

2.363e+01

2.460e+01

2.214e+01 % 2127e+01 ﬂ
1.968e+01 | 1.891e+01 _|
1.722e401 _ 1.654e+01 _
14766401 _ 1.418e+01 _
1.230e401 _ 1.182e+01 _
9.840e+00 _ 9.454e400 _
7.380e+00 _ 7.090e+00
4.920+00 47276400 _
2"“5"°“"°:I 2.363e+00:l
40000200, 0.000e+00

Figure 47 Displacement Results (mm) at 1.0 ms for Impactor Position 2

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 1.5 ms for impactor position 2 is shown in Figure 48.
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CASE 5 CASE 6

Total Displacement (mm) Total Displacement (mm)

3.761e+01 3.499e+01
3.385e+01 :! 3.149e+01
3.009e+01 _ 2.799e+01 _
2.633e+01 _ 2.449e401 _
2.257e+01 _ 2.099e+01 _
1.881e+01 _ 1.749e+01 _
1.504e+01 _ 1.399e+01 _
1.128e+01 _ 1.050e+01 _
7.522e+00 6.997e+00
3.761e+00 ] 3.499e+00 ]
0.000e+00 _| 0.000e+00 _|

CASE 7 CASE 8

Total Displacement (mm)
3.776e+01
3.398e+01 {
3.021e+01 _
2.643e+01 _
2.266e+01 _
1.888e+01 _
1.510e+01 _
1.133e401 _
7.552e+00
3.776e+00 ]
0.000e+00

Total Displacement (mm)

3.654e+01
3.289e+01
2.923e+01 _
2.558e+01 _
2.192e+01 _
1.827e+01 _
1.462e+01 _
1.096e+01 _
7.308e+00
3.654e+00 ]
0.000e+00

Figure 48 Displacement Results (mm) at 1.5 ms for Impactor Position 2

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 2.0 ms for impactor position 2 is shown in Figure 49.
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CASE 5

Total Displacement (mm)

CASE 7

Total Displacement (mm)

Figure 49 Displacement Results (mm) at 2.0 ms for Impactor Position 2

CASE 6

CASE 8

Total Displacement (mm)

4.6;4e+o1 4.366e+01
4.225e+01 3.929e+01 :I
3.755e+01 _| 3.492e+01 _
3.286e+01 _ 3.056e+01 _
2.816e+01 _ 2.619e+01 _
2.347e+01 _ 2.183e+01 _
1.878e+01 _ 1.746e+01 _
1.408e+01 _ 1.310e+01
9.388e+00 8.731e+00 ]
4-6949"00:' 4.366e+00:l
0.000e+00 _| 0.000e+00

Total Displacement (mm)

4.722e+01
4.250e+01 ] 4.566e+01
3.778e+01 _ 4.110e+01
3.305e+01 _ 3.653e+01 _
2.833e+01 _ 3.196e+01 _
2.361e+01 _ 2.740e+01 _
1.889e+01 _ 2.283e+01 _
1.417e+01 _ 1.826e+01 _
9.444e+00 1.370e+01 _
4.722e+00 ] 9.132e+00
0.000e+00 _| 4.566e+00 ]
0.000e+00

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 2.5 ms for impactor position 2 is shown in Figure 50.
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CASE 5 CASE 6

Total Displacement (mm) Total Displacement (mm)

5.284e+01 4.907e+01
4.756e+01 ] 4.417e+01
4.227e+01 _ 3.926e+01 _|
3.699e+01 _ 3.435e+01 _
3.170e+01 _ 2.944e+01 _
2.642e+01 _ 2.454e+01 _
2.114e+01 _ 1.963e+01 __
1.585e+01 _ 1.472e+01 _
1.057e+01 9.814e+00
5.284e+00 :I 4.907e+00 ]
0.000e+00 _| 0.000e+00 _|
CASE 7 CASE 8

Total Displacement (mm)

Total Displacement (mm)
5.327e+01

47940401 ] 5.125e+01
4.261e401 _ 4.613e+01 :I
3.729e+01 _ 4.100e+01 _|
3196401 _ :.:::e+21 |
075e+01
2.663e401 _| e+01 _
2.563e+01
2131e401 _ J
2.050e+01 _
1.508e401 _
1.065e401 1.538e+01 _
o 1.025e+01
5327€%00 5.125e+00:|
0.0000%00.. 0.000e+00

Figure 50 Displacement Results (mm) at 2.5 ms for Impactor Position 2

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 3.0 ms for impactor position 2 is shown in Figure 51.
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CASE 5

CASE 7

Total Displacement (mm)
5.673e+01
5.106e+01
4.539e+01 _
3.971e+01 _
3.404e+01 _
2.837e+01 _
2.269e+01 _|
1.702e+01 _
1.135e+01
5.673e+00 ]
0.000e+00

Total Displacement (mm)
5.740e+01
5.166e+01 ]
4.592e+01 _
4.018e+01 _
3.444e+01 _
2.870e+01 _
2.296e+01 _
1.722e+01 _
1.148e+01
5.740e+00 ]
0.000e+00

CASE 6

CASE 8

Figure 51 Displacement Results (mm) at 3.0 ms for Impactor Position 2

Total Displacement (mm)
5.140e+01
4.626e+01 :l
4.112e+01 _
3.598e+01 _
3.084e+01 _
2.570e+01 _|
2.056e+01 _
1.542e+01 _
1.028e+01
5.140e+00 :I
0.000e+00

Total Displacement (mm)
5.423e+01
4.881e+01
4.338e+01 _
3.796e+01 _
3.254e+01 _
2.711e+01 _
2.169e+01 _|
1.627e+01 _
1.085e+01
5.423e+00 :I
0.000e+00

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 3.5 ms for impactor position 2 is shown in Figure 52.
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CASE 5 CASE 6

Total Displacement (mm)

Total Displacement (mm)
5.912e+01

{ +
5.321e401 ] j ::e,z:
47306401 _ sy

4.048e+01 _
4139e401 _
35420401 _
3.547e+01
J 3.036e+01 _
2956401 _|
s 2530401 |
by 20248401
1.774e401 _ 15186401 _
1.182e+01 1.012e+01
5.912e+00 ] 5.060e+00 ]
0.000+00 _| 0.000e+00 _

Total Displacement (mm) o Dnessmart o)

6.013e+01
5.412e+01 ] 5.491e+01
4.811e+01 4.942e+01 :I
42000401 _ 4.393e+01 _
3.608e+01 : 3.844e+01 _
3.007e+01 3.295e+01 _
2.405e401 | 2.745e+01 _
1.804e401_ 2.196e+01 _|
1.203e401_ 1.647e+01 _
6.013e+00 ] 1.098e+01
0.000e+00 5.491e+00 ]
) 0.000e+00

Figure 52 Displacement Results (mm) at 3.5 ms for Impactor Position 2

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to
Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 4.0 ms for impactor position 2 is shown in Figure 53.
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CASE 5 CASE 6

Total Displacement (mm) Total Displacement (mm)

6.061e+01 4.655e+01
5.455e+401 4189e+01 ]
4.849e401 _ 3724401 _
4243401 _ 3.2580401 _
3.637e+401 _ 2793401 _
3.030e+01 2.327e+01 _|
2.424e401 :l 1.862e+01 _
1.818e+401 _ 1.306e+01_
1.212e+01 9.300e+00 __
s.os1e+oo] 4.555e+oo]
0.000e+00 _ 0.000e+00 _|

CASE 7 CASE 8

ot Replacarent () Total Displacement (mm)

6.182e+01 5.373e+01
5.564e+01 :l 4.835e+01
4.946e+01 _| 4.298e+01 _
4.327e+01 _ 3.761e+01 _
3.709e+01 __ 3.224e+01 _
3.091e+01 2.686e+01
2.473e+01 ] 2.149e+01 _|
1.855e+01 _ 1.612e+01 _
1236401 _| 1.075e401
6-182e*°0:I 5.373e+00]
0.000e+00 _ 0.000e+00

Figure 53 Displacement Results (mm) at 4.0 ms for Impactor Position 2

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 4.5 ms for impactor position 2 is shown in Figure 54.
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CASE 5 CASE 6

Total Displacement (mm) Total Displacement (mm)

6.079e+01 3.949e+01
5.471e+01 ] 3.554e+01 :I
4.863e+01 _| 3.159e+01 _|
4.255e+01 _ 2.764e+01 _
3.647e+01 _ 2.369e+01
3.039e+01 ‘W 1.974e+01 ﬂ
2.432e+01 _ 1.580e+01 :l
1.824e+01 _ 1.185e+01
1.216e+01 7.898e+00
6.079e+00 3.949e+00
0.000e+00 _| 0.000e+00 _|
CASE 7 CASE 8

Ioal Displacemfe i) Total Displacement (mm)

6.216e+01 5.107e+01
5.594e+01 ] 4.596e+01 :l
4.973e401 _ 4.086e+01 __
4.351e401 _ 3.575e+01
3.730e+01 __ 3.064e401 _
3.108e+01 2.553e+01
2.486e+01 _ 2.043e+01 _
1.865e+01 1.532e+01
1.243e+01 1.021e+01
6.216e+00 5.107e+00
0.000e+00 _|

0.000e+00 _|

Figure 54 Displacement Results (mm) at 4.5 ms for Impactor Position 2

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 5.0 ms for impactor position 2 is shown in Figure 55.
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CASE 5 CASE 6

Total Displacement (mm)

Total Displacement (mm)

sassel 3.123e+01

5.333e+01

ATHeV01 2.811e+01

3 e

4148¢401 il 2.498e+01 _|

3.5563’01 7 2.186e+01 N

2.963e+01 1.874e+01

2.370e+01 1.561e+01

1.778e+01 1.249e+01 _©

1.185e+01 9.369e+00

5.926e+00 6.246e+00

0.000e+00 _| 3.123e+00
0.000e+00 _|

Total Displacement (mm) Total Displacement (mm)

4.563e+01
4.106e+01
3.650+01 _
3.104e401 _
2.738e+01
2.281e+01
1.825e+01 |
1.369e401 _|
9.125€+00
4.563e+00
0.000e+00 _|

6.057e+01
5.451e+01 :I
4.845e+01 _
4.240e+01 _
3.634e+01
3.028e+01 :I
2.423e+01 _
1.817e+01 d
1.211e+01
6.057e+00
0.000e+00 _|

Figure 55 Displacement Results (mm) at 5.0 ms for Impactor Position 2

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to
Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model

which is an expected result because of low strain rates. Impact ended in 5.0 ms.
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For position 2, displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values
according to Piecewise Linear Plasticity material model are also similar to Johnson Cook

Material model.

After impact, screen shots were taken at 0.5ms intervals and the stresses were compared. Since

the contact of the bird ended before 5 ms in general, the images were limited to this time period.

Von Misses Stress results at 0.5 ms for impactor position 2 is shown in Figure 56.

CASE 5 CASE 6

Von Misses Stress (MPa)

Von Misses Stress (MPa)

4.195e+02
3.776e+02 6.463e+02
3.356e+02 _| 5.817e+02 %
2.937e+02 _ 5.170e+02 _|
2.517e+02 _ 4.524e+02 _
2.098e+02 _ 3.878e+02 _
1.678e+02 _ 3.231e+02 _
1.259e+02 _ 2.585e+02 _
8.390e+01 1.939e+02 _
4.195e+01 ] 1.293e+02
0.000e+00 _| 6.463e+01]
0.000e+00 _|
CASE 8
CASE 7
Von Misses Stress (MPa)
Von Misses Stres§ (MPa) 85040402
4.189e+02 4.9546402
ki :I 4.403e+02 _
3.352e+02

3.853e+02 _

2.933e+02 _
25140402 _ 3.302e402
2.005¢402 2.752e+02 _
1.676e+02 _ 2.202e+02 _
1.257e+02 _ 1.651e+02 _
8.379e+01 1.101e+02
4.189e+01 ] 5.504e+01
00008400 0.000e+00

Figure 56 Von Misses Stress Results (MPa) at 0.5 ms for Impactor Position 2
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EFT skin began to deform plastically at 0.5ms as shown in Figure 56. Tearing or penetration
did not occur on the skin of EFT. The stress distributions and effective stresses on skin are

similar for Piecewise Linear Plasticity material model and Johnson Cook Material model.

Von Misses Stress results at 1.0 ms for impactor position 2 is shown in Figure 57.

CASE 5 CASE 6

Von Misses Stress (MPa)

Von Misses Stress (MPa)

4.249e+02 6.450e+02

3.825e+02 5.805e+02
3.400e402 _ 51606402
i 45156402 _
ah50ee02 3.870e+02 _
2125e+02
0 3.225e402_
1.700e+02
. 2.580e+02 _|
1.275e+02 _
1.935e+02 _
8.499e+01
+
4_24ge+01] 1.290e+02
0.000€+00 _ 6.4300401 ]
0.000e+00 |
Von Misses Stress (MPa)
Von Misses Stress (MPa) S
¥ +
4.147e+02 50100102
3.733402 5.057e+02
33186402 4.495¢+02 _|
2.903e+02 _ 3.934e+02 _
2.488e+02 _ 3.372e+02 _
2.074e+02 _ 2.810e+02 _|
1659402 _ 2.248e+02 _
1.244e+02 _ 1.686e+02 _
gpiitnd 1.124e+02
4.147e+01 :I 5.619e+01 ]
¥ +
i 0.000e+00

Figure 57 Von Misses Stress Results (MPa) at 1.0 ms for Impactor Position 2
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Tearing or penetration did not occur on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model.

Von Misses Stress results at 1.5 ms for impactor position 2 is shown in Figure 58.

CASE 5 CASE 6

Von Misses Stress (MPa)
4.270e+02

Von Misses Stress (MPa)

6.387e+02
3.843e+02 5.748e+02
3.416e+02 _| 5.110e+02 _
2.989e+02 _ 4.471e+02 _
2.562e+02 _ 3.832e+02 _
2135e+02 _| 3.194e+02 _|
1.708e+02 _ 2.555e+02 _
1.281e+02 _ 1.916e+02 _
8.540e+01 1.277e+02
4.270e+01 ] 6.387e+01 ]
0.000e+00 _| 0.000e+00 _|

CASE 8
CASE 7
Von Misses Stress (MPa)
Von Misses Stress (MPa)

g 4.833e+02
37676402 4.349e+02
3.348e402 _ 3.866e+02 _|
2.930e402 _ 3.383e+02 _
2.511e+02 _ 2.900e+02 _
2.093e+02 _| 2.416e+02 _
1.674e+02 _ 1.933e+02 _
1.256e+02 _ 1.450e+02 _
8.371e+01 9.665e+01
4.186e+01 :I 4.833e+01 ]
0.000e+00 _| 0.000e+00

Figure 58 Von Misses Stress Results (MPa) at 1.5 ms for Impactor Position 2
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Tearing or penetration did not occur on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook
Material model.

Von Misses Stress results at 2.0 ms for impactor position 2 is shown in Figure 59.

CASE 5 CASE 6

Von Misses Stress (MPa)

Von Misses Stress (MPa)

4.211e+02 6.322e+02
3.790e+02 5.689e+02
3.369e+02 _| 5.057e+02 _
2.948e+02 _ 4.425e+02 _
2.527e+02 _ 3.793e+02 _
2.105e+02 _ 3.161e+02 _
1.684e+02 2.529e+02 _\
1.263e+02 _ 1.896e+02 _
8.422e+01 1.264e+02
4.211e+01 :l 6.322e+01 ]
0.000e+00 _| 0.000e+00 _|
CASE 7
CASE 8
Von Misses Stress (MPa)
4.0606402 Von Misses Stress (MPa)
3.6546402 4.854e+02
3.248e+02 | 4.369e+02
2.8426402 3.883e+02 _|
24386402 7 3.398e+02 _
2.030e+02 i 2.912e402_
e _[' ‘ 2.427e+02 5
1.218e+02 19420002 |
8.119e+01 e e
O 9.708e+01
0.000e+00 ] 85de0n ]
0.000e+00

Figure 59 Von Misses Stress Results (MPa) at 2.0 ms for Impactor Position 2
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Tearing or penetration did not occur on the skin of EFT. The stress distributions and effective

stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model.

Von Misses Stress results at 2.5 ms for impactor position 2 is shown in Figure 60.

CASE 5 CASE 6

Von Misses Stress (MPa)
4.193e+02

3.774e+02 ]
3.354e402 _
2.935e402 _
2.516e402 _
2.007e+02 _|
1.677e+02 _
1.258+02 _
8.386e+01
4.193e+01 ]
0.000e+00

CASE 7 CASE 8

Von Misses Stress (MPa)
4.189e+02
3.771e+02 :I
3.352e+02 _
2.933e+02 _
2.514e+02 _
2.095e+02 _
1.676e+02 _
1.257e+02 _
8.379e+01
4.189e+01 :I
0.000e+00

Figure 60 Von Misses Stress Results (MPa) at 2.5 ms for Impactor Position 2
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Von Misses Stress (MPa)

6.242e+02
5.618e+02
4.993e402 __
4.369e402 _
3.745e402 _
3121402 _
2.497e+02 _
1.873e+02 _
1.248e+02
6.242e+01 ]
0.000e+00

Von Misses Stress (MPa)

4.839e+02
4.355e+02
3.871e+02 _
3.387e+02 _
2.903e+02 _
2.419e+02 _
1.935e+02 _
1.452e+02 _
9.677e+01
4.839e+01 ]
0.000e+00



Tearing or penetration did not occur on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model.

Von Misses Stress results at 3.0 ms for impactor position 2 is shown in Figure 61.

CASE 5 CASE 6

Von Misses Stress (MPa)

Von Misses Stress (MPa)

4.247e+02 6.109e+02
3.823e+02 ] 5.498e+02 :I
3.398e+02 _| 4.887e+02
2.973e+02 _ 4.276e+02
2.548e+02 _ 3.665e+02 _
2.124e+02 3.055e+02
1.699e+02 ] 2.444e+02 1
1.274e+02 _ | 1.833e+02 _
8.495e+01 __ 1.222e+02
4.247e+01 6.109e+01
0.000e+00 ] 0.000e+00 ]
CASE 7 CASES
Von Misses Stress (MPa) Von Misses Stress (MPa)
41108402 4.910e+02
3.699e+02 4.419e+02 ]
3.288e+02 _| 3.928e+02 _|
2.877e+02 _ 3.437e+02 _
2.466e+02 _ 2.946e+02 _
2.055e+02 2.455e+02
1.644e+02 _| 1.964e+02 :I
1.233e+02 _ 1.473e+02 _
8.220e+01 9.820e+01 [
4.110e+01 4.910e+01 ]
0.000e+00 _| 0.000e+00

Figure 61 Von Misses Stress Results (MPa) at 3.0 ms for Impactor Position 2
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Tearing or penetration did not occur on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model.

Von Misses Stress results at 3.5 ms for impactor position 2 is shown in Figure 62.

CASE 5 CASE 6

Von Misses Stress (MPa)

Von Misses Stress (MPa)

4.249e+02 6.140e+02
3.824e+02 5.526e+02 ]
3.399e+02 _| 4.912e+02 _
2.974e+02 _ 4.298e+02 _
2.549e+02 . 3.684e+02 _
2125402 1 3.070e+02 _
1.700e+02 _ 2.456e+02 ]
1.275e+02 3 1.842e+02 _
8.498e+01__ 1.228e402__
4.249e+01 ] 6.140e+01 ]
0.000e+00 | 0.000e+00 _|
CASE 7
CASE 8
Von Misses Stress (MPa) ‘
Von Misses Stress (MPa)
4.140e+02
3.726e+02] oo
4.422e+02
3.312e+02 _ :I
3.930e+02 _|
2.898e+02 _ 3.439e+02 _
2.484e+02 _ | 2.948e+02 _
2.070e+02 _I 2.45Te+02
1.656e+02 _ 1.965e+02]
1.242e402 1.474e402 _
8.280e+01 | 9.826e401 __
4.140e+01 ] 4.913e+01 :I
0.000e+00 0.000e+00

Figure 62 Von Misses Stress Results (MPa) at 3.5 ms for Impactor Position 2
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Tearing or penetration did not occur on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model.

Von Misses Stress results at 4.0 ms for impactor position 2 is shown in Figure 63.

CASE 5 CASE 6

Von Misses Stress (MPa)

Von Misses Stress (MPa)

4.253e+02 6.141e+02
3.828e+02 ] 5.527e+02 ]
3.403e+02 _| 4.912e402 _
2077e402_ 42986402 _
25520002 3 3.684e+02 _
SAeletiz . 3.070e402 i
1.701e+02 _| 24566402 |
1.276e+02
8.507e+01 ] Wi 3
4.253e+01 ] NS00
0.000e+00 | SAdterd
0.000e+00 _
Von Misses Stress (MPa)
4.154e+02 Von Misses Stress (MPa)
3.739e+02 :l 4.841e+02
3.324e+02 _| 4-3579"02:'
2.908e+02 _ HoTer02
2.493e402 _ 3asae02 2
2077402 | aaieic
2.421e+02 _
1.662e+02 ] o O3 ]
1.246e+02 ) 1.452e+02 _
8.300e+01 0.682e+01 __
41548401 ] 4.841e+01 ]
0.000e+00 0.000e+00 _|

Figure 63 Von Misses Stress Results (MPa) at 4.0 ms for Impactor Position 2
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Tearing or penetration did not occur on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model.

\on Misses Stress results at 4.5 ms for impactor position 2 is shown in Figure 64.

CASE 5 CASE 6

Von Misses Stress (MPa)

Von Misses Stress (MPa)

4.147e+02
3.732ew2:l Sd10er0e
33186402 | 5.499e+02:l
2.903e+02 _ :.:::ewz g
+i
2.488e+02 _ ki
| 3.666e+02 _
2.073e+02 i
3.055e+02
1.659e+02 _ 2dihetin
120l 1.833e+02_
82060001 1.222e+02
4.147e+01 6.110e+01 ]
0.000e+00 _{ 0.000e+00 _|
Von Misses Stress (MPa)
3.021e402 Von Misses Stress (MPa)
3.520e+02 :I RB0SeH02
3437€402 4.325e+02 :I
2745e402_ 3.844e+02 _|
3.364e+02 _
2.353e+02 __
bkt | 2.883e+02 __
: i 2.403e+02 _i
1.568e+02 _ 1.922e+02 _|
1.176e+02 =1 1.442e+02
7.842e+01 9.610e+01 —ﬂ
3.921e+01 ] 4.805e+01 ]
0.000e+00 0.000e+00

Figure 64 Von Misses Stress Results (MPa) at 4.5 ms for Impactor Position 2

81



Tearing or penetration did not occur on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model.

Von Misses Stress results at 5.0 ms for impactor position 2 is shown in Figure 65.

CASE 5 CASE®

Von Misses Stress (MPa) Von Misses Stress (MPa)

4.2:50e+02 6.126e+02
3.834ew2:l 5.514e+02:l
3.408e+02 _ 4.901e402 _|
2.982e+02 _ 4288402 _
25560402 _ 3.676e+02 _
2130e402 _ 3.063e+02
17048402 | 24516402
1.278e+02 _ 1.838e+02 _
8.521e+01 l[' 1.225e402 |H
4.260e+01 ] 6126401 ]
0.000e+00 _| 0.000e400 |
CASE 7 CASE 8
Von Misses Stress (MPa)
42036402 Von Misses Stress (MPa)
3.783e+02:l Arae
3.363402 s
SRy 3.780e+02 _
- 3.307e+02 _
A2k 1 2.835e+02 __
f';gfzzz 2.362e402 _
12616402 oy
8.407e+01 Il 9.450e+01 _“1
4.203e+01 ] 4.725e+01
0.000e400 0.000e+00 _|

Figure 65 Von Misses Stress Results (MPa) at 5.0 ms for Impactor Position 2
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Tearing or penetration did not occur on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook
Material model. Impact ended at 5.0 ms.

The stresses and displacements on EFT skin are shown in Figure 46 to Figure 65. EFT skin
began to deform plastically at 0.5ms as shown in Figure 56. Tearing or penetration did not occur
on the skin of EFT. The stress distributions and effective stresses on skin are similar for

Piecewise Linear Plasticity material model and Johnson Cook Material model.

Maximum stress on EFT skin was 427MPa for Case 5, 646MPa for Case 6, 420MPa for Case
7, 562 MPa for Case 8.

Energy variations for Position 2 (for case 5,6,7 and 8) is given in Figure 66. While kinetic

energy decreased, internal energy increased. For position 2, total energy increased slightly.
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Figure 66 Energy Variation of Position 2
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Energy ratios for Position 2 is given in Figure 67. Energy ratios for position 2 remained within

the acceptable limits as shown.
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Figure 67 Energy Ratio of Position 2
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Hourglass energy, damping energy and sliding energy for case 5 is given in Figure 68. Impact
ended in 5.0 ms. Hourglass energy remained almost 0 for 5.0 ms. For sliding energy, peak did

not occur.

Case #5

+ A Hourglass Energy
B Damping Energy
C sliding Energy

=3

+

w

=3
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= 0.1
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> L
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2 ;;/
w 0.05

L x)_j_j__/{/
0 J/\A’,ﬁﬂ/_\/_,> A A
0 ] 2 3 4
Time (E-03)

Figure 68 Hourglass, Damping and Sliding Energies Variation of Case 5
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Figure 69 Bird Impact at 4 ms for Case 5
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Hourglass energy, damping energy and sliding energy for case 6 is given in Figure 70. Impact

ended in 5.0 ms. Hourglass energy remained almost 0 for 5.0 ms. For sliding energy, peak did

not occur.

Case#6

A _Hourglass Energy
| B Damping Energy
| T ¢ sliding Energy

0.1

Energy (kJ) (E+6)
T

0.05

A

;_J'#,

Time (s) (E-03)

Figure 70 Hourglass, Damping and Sliding Energies Variation of Case 6

Figure 71 Bird Impact at 4 ms for Case 6
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Hourglass energy, damping energy and sliding energy for case 7 is given in Figure 72. Impact

ended in 5.0 ms. Hourglass energy remained almost 0 for 5.0 ms. For sliding energy, peak did

not occur.
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Figure 72 Hourglass, Damping and Sliding Energies Variation of Case 7
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Figure 73 Bird Impact at 4 ms for Case 7

Hourglass energy, damping energy and sliding energy for case 8 is given in Figure 74. Impact

ended in 5.0 ms. Hourglass energy remained almost O for 5.0 ms. For sliding energy, peak did

not occur.
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Figure 74 Hourglass, Damping and Sliding Energies Variation of Case 8
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Figure 75 Bird Impact at 4 ms for Case 8

Analysis Results for Position 3

An overview of the impact simulation for the position 3 was given for the general
understanding. The time history was presented as a series of time step plots with explanations.
The plots in Figure 76 to Figure 95 show the simulation run in several steps. Total simulation

time was set to 5 ms and plots were saved in the intervals of 0.5ms.
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Displacement results at 0.5 ms for impactor position 3 is shown in Figure 76.

CASE 9 CASE 10

Total Displacement (mm)

Total Displacement (mm)

6.858e+00 6.235e+00
6.172e+00 ! 5.612e+00
5.487e400 I 4.988¢+00 1|
4.801e+00 _ 4.365e+00 _
41156400 _ 3.741e+00 _
3.429e+00 3.118e+00 _
2.743e+00 ] 2.494e+00 _
2.057e+00 : 1.871e+00 _
1.372e+00 1.247e+00
6.858e-01 ] 6.235e-01 ]
0.000e+00 _| 0.000e+00 _|
CASE 11 CASE 12

Total Displacement (mm)
Total Displacement (mm)

6.523e+00 6.861e+00
5.871e+00 6.175e+00 _&
5.218e+00 i’ 5.489e+00 EH
4.566e+00 _ 4.803e+00 _
3.914e+00 _ 117400 _
3.261e+00 _ 3.431e+00 _
2.609e+00 _ 2.745e+00 _
1.957e+00 _ 2.058e400 _
1.305e+00 1.5726400
6.523e-01 ] P ]
0.000e+00

& 0.000e+00

Figure 76 Displacement Results (mm) at 0.5 ms for Impactor Position 3

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 1.0 ms for impactor position 3 is shown in Figure 77.
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CASE 9 CASE 10

Total Displacement (mm) Total Displacement (mm)

2.079e+01 1.877e+01
1.871e+01 1.690e+01 _§
1.664e+01 % 1.502e+01 _
1.456e+01 | 1.314e+01 _
1.248e+01 ] 1.126e+01 _
1.040e+01 ] 9.387e+00 _
8.318e+00 __ 7.510e+00 _
6.238e+00 5.632e+00 _
4.159e+00 ] 3.755e+00
2.079e+00 :I 1.877e+00]
0.000e+00 0.000e+00 _|

CASE 12
CASE 11

Total Displacement (mm)
Total Displacement (mm)

2.089e+01
1.997e+01 1.880e+01
1.798e+01 :E 1.671e+01 _
b 1.462e+01 _
1. +01
progiies 1.253e+01 _
1.198e+01
il 1.044e+01
9.987e+00 _ -
7.990e+00 _ 8.355e+00 _
5.992e+00 _ 6.266e+00 _
3.995e+00 4.177e+00
1‘997e+00:| 2.089e+00 :I
0.000e+00 0.000e+00

Figure 77 Displacement Results (mm) at 1.0 ms for Impactor Position 3

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 1.5 ms for impactor position 3 is shown in Figure 78.
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CASE 9

Total Displacement (mm)

3.257e+01
2.932e+01
2.606e+01
2.280e+01
1.954e+01
1.629e+01
1.303e+01
9.772e+00
6.515e+00
3.257e+00
0.000e+00

CASE 11

3.131e+01
2.818e+01
2.505e+01

2.192e+01

1.878e+01
1.565e+01
1.252e+01

9.392e+00

i

6.262e+00
3.131e+00
0.000e+00

i

Total Displacement (mm)

CASE 10

Total Displacement (mm)
2.918e+01
2.626e+01
2.334e401 _
2.042e+01 _
1.751e401 _
1.459e+01 _
1.167e+01 _
8753400 _
5.836e+00
2.918e+00 ]
0.000e+00

CASE 12

Total Displacement (mm)
3.279e+01
2.951e+01
2.623e+01 _
2.295e+01 _
1.968e+01 _
1.640e+01 _
1.312e+01 _
9.838e+00 _
6.558e+00
3.279e+00 :I
0.000e+00

Figure 78 Displacement Results (mm) at 1.5 ms for Impactor Position 3

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 2.0 ms for impactor position 3 is shown in Figure 79.
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CASE 9 CASE 10

) Total Displacement (mm)
Total Displacement (mm)

3.598e+01
4 +
4.070e+01 3.238e+01
4 +
3.663e °: 2.879e+01 _
;-25292 - 2.519e+01 _
.849e+01 _ 2.159e+01 _
2.442e+01
- 1.799e+01 _
2.035e+01
- 1.439e+01 _
1.628e+01
i 1.079e+01 _
1.221e+01 _
7.196e+00
8.139e+00
3.598e+00
4.070e+00
0.000e+00 _|
0.000e+00 _|
Total Displacement (mm) Total Displacement (mm)
3.909e+01 4.100e+01
3.519e+01 1 3.690e+01
3.128e+01 _ 3.280e+01
2.737e+01 _ 2.870e+01
2.346e+01 _ 460e+01 _
1.955e+01 _ 2.050e+01 _
+
1.564e+01 _ 1.640e+01 _
1.173e+01 _
1.230e+01
7.819e+00 i
% +
3.909e+00:I el o
00006400 | 4.100e+00
0.000e+00

Figure 79 Displacement Results (mm) at 2.0 ms for Impactor Position 3

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 2.5 ms for impactor position 3 is shown in Figure 80.
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CASE 9 CASE 10

) Total Displacement (mm)
Total Displacement (mm)

4.490e+01 3.875e+01
4.041e+01 3.488e+01 ]
3.592e+01 3.100e+01 _
3.143e+01 2.713e+01 _
2.694e+01 2.325e+01 _
2.245e+01 1.938e401 _
1.796e+01 1.550e+01 _
1.347e401_ 1.163e+01 _
8.979¢400 _ 7.751e+00
4.490e+oo] 3.875e+00]
0.000e+00 _| 0.000e+00 _|
CASE 11
CASE 12

Total Displacement (mm) Total Displacement (mm)

4.539e+01
4.085¢+01
3.631e+01 _
3.177e+01 _
723e+01 _
2.269e+01 _

4.288e+01

3.859e+01 :I
3.430e+01 _
3.001e+01 _
2.573e+01 _

2.144e+01 _

1.715e+01 _ 1.816e+01 _
1.286e+01 _ 1.362e+01
8.575e+00 9.078e+00
4.288e+00 ] 4.539e+00]
0.000e+00 _! 0.000e+00

Figure 80 Displacement Results (mm) at 2.5 ms for Impactor Position 3

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 3.0 ms for impactor position 3 is shown in Figure 81.
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CASE 9 CASE 10

Total Displacement (mm) Total Displacement (mm)

3.738e+01
4.614e+01 S ]
4.152e+01 ] Pt
A +
josieiity 2.616e+01 _
3.230e401 _
2.243e401 _
2.768e+01
T 1.869e+01
2.307e+01 _ L
1.495e+01
1.845e+01 _ povistiy
1.384e+01 _ 121e401 _
9.227e+00 7.476e+00
4.614e+00 ] 3.738e+00
0.000e+00 0.000e+00 _

CASE 12
CASE 11

Total Displacement (mm)
4.693e+01
4.224e+01
3.754e+01 _|
3.285e+01 _
.816e+01 _
2.347e+01 _

Total Displacement (mm)
4.319e+01
3.887e+01 :l
3.455e+01 _|
3.024e+01 _
2.592e+01 _

2.160e+01 _ 1.877e+01 —\
1.728e+01 _ o
1.296e+01 _

i 9.386e+00
4510000 :I 4.693e+00 ]
0.000€+00 0.000e+00 |

Figure 81 Displacement Results (mm) at 3.0 ms for Impactor Position 3

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 3.5 ms for impactor position 3 is shown in Figure 82.
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CASE 9 CASE 10

Total Displacement (mm) Total Displacement (mm)

4.589e+01 3.149e+01
4.130e+01 2.834e+01
3.671e+01 _ 2.519e+01 _
3.212e+01 _ 2.204e+01 _
2.753e+01 _ 1.889e+01 _
2.294e+01 _ 1.574e+01 _
1.836e+01_| 12606401 |
1.377e+01 _ 9.447e+00 _
9.178e+00 6.298e+00
4.589e+00 ] 3.149e+00 :I
0.000e+00 _| 0.000e+00

CASE 12
CASE 11

Total Displacement (mm)
4.699e+01
4.229e+01 ]
3.760e+01 _
3.290e+01 _
.820e+01 _
2.350e+01 .

1.880e+01 :ﬁlﬂ

Total Displacement (mm)
4.087e+01
3.678e+01 :l
3.270e+01 _
2.861e+01 _
2.452e+01 _
2.043e+01

1.635e+01 ]fﬂ

1226401 1.410e+01 _
8.174e+00 9.399e+00
4.087e+00 :I 4.699e+00 ]
0.000e+00 _| 0.000e+00

Figure 82 Displacement Results (mm) at 3.5 ms for Impactor Position 3

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 4.0 ms for impactor position 3 is shown in Figure 83.
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CASE 9 CASE 10

Total Displacement (mm)

Total Displacement (mm)

4.449e+01 2.302e+01
4.004e+01 ] 2.153e+01
3550401 _ 1.914e+01 _|
3114e401 _ 1.675e+401 _
2.669e401 __ 14356401 __
22240401 | 1.196e+01 _
1.780e+01 ] 0.560e+00 _
1.335e+01 7.477e+00
8.808+00 47850400 |8
4.449+00 2.392e+00
0.000€+00 0.000e+00 _

CASE 11 CASE 12

Total Displacement (mm)

4.594e+01
4.135e+01
3.675e+01 _
3.216e+01 _
756e+01 _
2.297e+01

[
1838e401 |

1.378e+01
9.188e+00
4.594e+00
0.000e+00 _|

Total Displacement (mm)
3.606e+01
3.246e+01 :I
2.885e+01 _
2.524e+01 _
2.164e+01 -
1.803e+01 _
1.442e+01 :.
1.082e+01 _
7.212e+00
3.606e+00 :l
0.000e+00

Figure 83 Displacement Results (mm) at 4.0 ms for Impactor Position 3

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 4.5 ms for impactor position 3 is shown in Figure 84.
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CASE 9 CASE 10

Total Displacement (mm)

Total Displacement (mm)

4.266e+01 1.648e+01
3.839e+01 :I 1.483e+01
3.413e+01 _ 1.318e+01 _|
2.986e+01 _ 11536401 _
2.550e+01 9.886e+00
2.133e+01 8.238e+00
1.706e+01 _ 6.591e+00 _

4.943e+00
3.295e+00
1.648e+00
0.000e+00 _|

1.280e+01 _
8.532e+00
4.266e+00
0.000e+00 _|

CASE 11 CASE 12

. Total Displacement (mm)
Total Displacement (mm)

4.404e+01
2.604e+01 + 9640401 :l
e 3523401 _
2.083e+01 _
18236401 | 3.083e+01 _
1.562e+01 _ 2.642e+01
1.302e+01 2.202e+01
1.041e+01 1.762e+01 __
7811e400 | 1.321e+01 _
5.207e+00 8.808e+00
sagadsd 4.404+00
00000799 0.000e+00

Figure 84 Displacement Results (mm) at 4.5 ms for Impactor Position 3

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to
Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Impact ended in 4.4 ms.

Displacement results at 5.0 ms for impactor position 3 is shown in Figure 85.
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CASE 9 CASE 10

Total Displacement (mm)

Total Displacement (mm)

1.148e+01
1.033e+01
9.181e+00 __
8.033e+00 _
6.886€+00
5.738e+00
4.590e+00
3.443e+00
2.295€+00
1.148e+00
0.000e+00 _

3.952e+01

3.557e+01 :I
3.162e+01_|
2.766e+01 _
2.371e+01
1.976e+01
1.581e+01
1.186e+01
7.904e+00
3.952e+00

0.000e+00 _

CASE 11 CASE 12

Total Displacement (mm)
4.117e+01
3.705e+01
3.293e+01 _
1.142e+01 : 2.882e+01 _
9.790e+00 2.470e+01
8.159e+00 2.058e+01

Total Displacement (mm)

1.632e+01

1.469e+01 ]
1.305e+01

6.527e+00 1.647e+01
4.895e+00 1.235e+01
3.263e+00 8.234e+00
;-z:ze:: 4.117e+00

bdaias” 0.000e+00

Figure 85 Displacement Results (mm) at 5.0 ms for Impactor Position 3

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to
Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model

which is an expected result because of low strain rates. Impact ended in 4.4 ms.
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For position 3, displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values
according to Piecewise Linear Plasticity material model are also similar to Johnson Cook

Material model.

After impact, screen shots were taken at 0.5ms intervals and the stresses are compared. Since

the contact of the bird ended before 5 ms in general, the images were limited to this time period.

VVon Misses Stress results at 0.5 ms for impactor position 3 is shown in Figure 86.

CASE 9 CASE 10

Von Misses Stress (MPa)

Von Misses Stress (MPa)

4.215e+02 6.326e+02
3.793e+02 ] 5.693e+02
3.372e+02 _| 5.061e+02 _|
2.950e+02 _ 4.428e+02 _
2.529e+02 _ 3.796e+02 _
2.107e+02 _ 3.163e+02 _
1.686e+02 _ 2.530e+02 _
1.264e+02 _ 1.898e+02 _
8.430e+01 1.265e+02
4.215e+01 ] 6.326e+01 ]
0.000e+00 _ 0.000e+00 _|
CASE 11 CASE 12
Von Misses Stress (MPa)
Von Misses Stress (MPa)
4.134e+02

5.041e+02

4.537e+02 ]
4033402 _
3.529e+02 _
3.025e+02 _

2.520e+02 _

3.720e+02
3.307e+02
2.894e+02
.480e+02
2.067e+02

2.016e+02 _ 1.653e+02
1.512e+02 _ 1.240e+02
1.008e+02 8.267e+01
5.041e+01 :I 4.134e+01
0.000e+00 _ 0.000e+00

Figure 86 Von Misses Stress Results (MPa) at 0.5 ms for Impactor Position 3
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The plastic deformation began at 0.5ms as shown in Figure 86. There was no tear up or
penetration on the skin of EFT. The stress distributions and effective stresses on skin are similar

for Piecewise Linear Plasticity material model and Johnson Cook Material model.

Von Misses Stress results at 1.0 ms for impactor position 3 is shown in Figure 87.

CASE 9 CASE 10

Von Misses Stress (MPa)

Von Misses Stress (MPa)

4.198e+02 6.434e+02
3.779e+02 5.791e+02 :I
3.359e+02 _| 5.147e+02
2.939e+02 _ 4.504e+02 |
2.519e+02 _ 3.861e+02 i
2.099e+02 _ 3.217e+02 |
1.679e+02 _ 2.574e+02 |
1.260e+02 _ 1.930e+02 i
8.397e+01 1.287e+02 i
4.198e+01 :I 6.434e+01 ]
0.000e+00 _| 0.000e+00 _|
CASE 11 CASE 12
Von Misses Stress (MPa) il

4.890e+02 4.171e+02
4.401e+02 3.754e+02 ]
3.912e+02 _ 3.337e+02 _
3.423e+02 _ 2.920e+02 _
2.934e+02 _ .502e+02 _
2.445e+02 _ 2.085e+02 _
1.956e+02 _ 1.668e+02
1.467e+02 | 1.251e+02 _
9.780e+01 8.342e+01
4.890e+01

] 4.171e+01 :I
0.000e+00 _|

0.000e+00

Figure 87 Von Misses Stress Results (MPa) at 1.0 ms for Impactor Position 3

101



There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook
Material model.

Von Misses Stress results at 1.5 ms for impactor position 3 is shown in Figure 88.

CASE 9 CASE 10

Von Misses Stress (MPa)
4.246e+02

Von Misses Stress (MPa)

6.379e+02
Sa2tere :I 5.741e+02
S 5.103e+02_
2972402 _ 4.465e402 _
2.547e+02 _ 3.827e+02 _
2.123e+02 _ 3.189e+02 _
1.698e+02 _ 2.552e+02 _|
1.274e+02 _ 1.914e+02 _
8.492e+01 1.276e+02
4.246e+01 ] 6.379e+01 :I
0.000e+00 _| 0.000e+00 _|
Von Misses Stress (MPa) 4
4.9186402 Von Misses Stress (MPa)
.918e

4.173e+02
4.426e+02

3.756e+02
3.934e+02 _

3.338e+02
3.442e+02 _ -

921e+

2.951e402 _ 2.921e+02_
2.450e+02 504e+02 _
1.967e+02 _| 2.086e+02 _ ‘
1.475e+02 _ 1.669e+02
9.836e+01 1.252e+02 _
4.918e+01 8.346e+01
0.000e+00 4.173e+01 ]

0.000e+00

Figure 88 Von Misses Stress Results (MPa) at 1.5 ms for Impactor Position 3
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There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model.

Von Misses Stress results at 2.0 ms for impactor position 3 is shown in Figure 89.

CASE 9 CASE 10

Von Misses Stress (MPa)

Von Misses Stress (MPa)

4.263e+02 6.271e+02
3.837e+02 :l 5.644e+02
3.410e+02 _ 5.016e+02 _
2.984e+02 _ 4.389e+02 _
2.558e+02 _ 3.762e402 _
2.131e+02 _ 3.135e+02 _
1.705e+02 _l | 2.508e+02 _
1.279e+02 _ 1.881e+02 _
8.526e+01 1.254e+02
4.263e+01 :I 6.271e+01 ]
0.000e+00 _| 0.000e+00 _|
Von Misses Stress (MPa)
Von Misses Stress (MPa)
4.093e+02
4.873e+02
43866402 :I 3.683e+02 :I
3.808e402 _ 3.274e+02
3.411e+02 _ 2.865e+02 _
2.924e+02 _ .456e+02 _
2.437e+02 _ 2.046e+02
| “=
1.949e+02 1.637e402_|
1.462e+02 _ 1.228e+02
9.746e+01
] 8.185e+01
4.873e+01
0.000e+00 _| 4.0030201 ]
0.000e+00

Figure 89 Von Misses Stress Results (MPa) at 2.0 ms for Impactor Position 3
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There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook
Material model.

Von Misses Stress results at 2.5 ms for impactor position 3 is shown in Figure 90.

CASE 9 CASE 10

Von Misses Stress (MPa)
4.244e+02

3.820e+02 ]
3.395e402 __
2.971e402 _
2.547e+02 _
2122e402 _
1.698e+02 _| |
1.273e402 _
8.488e+01
4.244e+01 ]
0.000e+00

Von Misses Stress (MPa)
6.118e+02
5.506e+02
4.894e+02 _|
4.283e+02 _
3.671e+02 _
3.059e+02 _
2447e402
1.835e+02 _
1.224e+02
6.118e+01 ]
0.000e+00

CASE 11 CASE 12

Von Misses Stress (MPa)
3.980e+02

3.582e+02
3.184e+02 _
2.786e+02 _
388402 _
1.990e402 _

Von Misses Stress (MPa)
4.790e+02
4.311e+02 ]
3.832e+02 _
3.353e+02 _
2.874e+02 _

2.395e+02 4

1.916e+02 _ 1.592e+02 _
1.437e+02 : 1.194e+02 _
9.580e+01 7.961e+01
4.790e+01 ] 3.980e+01 ]
0.000e+00 _| 0.000e+00

Figure 90 Von Misses Stress Results (MPa) at 2.5 ms for Impactor Position 3
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There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook
Material model.

Von Misses Stress results at 3.0 ms for impactor position 3 is shown in Figure 91.

CASE 9 CASE 10

Von Misses Stress (MPa)

Von Misses Stress (MPa)

4.245e+02 6.123e+02
3.821e+02 ] 5.511e+02
3.396e+02 _| 4.898e+02 _
2.972e+02 _ 4.286e+02 _
2.547e+02 _ 3.674e+02 _
2.123e+02 _ 3.061e+02 _
16986402 | 2.449e+02 ||
1.274e+02 _ 1.837e+02 _
8.490e+01 1.225e+02
4.245e+01 ] 6.123e+01 ]
0.000e+00 _| 0.000e+00 _|
CASE 11
Von Misses Stress (MPa) C AS E 1 2
4.990e+02 Von Misses Stress (MPa)
4-491‘3"02] 4.048e+02
3.992e+02 _ 3.643e+02
3.493e+02 _ 3.238e+02 _
2.994e+02 _ 2.833e+02 _
2.495e+02 _ 429e+02 _
1.996e+02 _l‘ 2.024e402_
1.497e+02 _ 1.619e+02 _
9.980e+01 1.214e+02 _
8.096e+01

4.990e+01 ]
0.000e+00

4.048e+01
0.000e+00

Figure 91 Von Misses Stress Results (MPa) at 3.0 ms for Impactor Position 3
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There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model.

Von Misses Stress results at 3.5 ms for impactor position 3 is shown in Figure 92.

CASE 9 CASE 10

Von Misses Stress (MPa)
4.248e+02

3.823e+02 ]
3.398e+02_|
2.973e+02 _
2549402 _
21240402 _|
1.699e+02 _H
1274402 _
8.496e+01
4.248e+01 ]
0.000e+00

Von Misses Stress (MPa)

6.100e+02
5.490e+02
4.880e+02 _
4.270e+02 _
3.660e+02 _
3.050e+02 _|
2.440e402 |
1.830e+02 _
1.220e+02
6.100e+01 ]
0.000e+00

CASE 11 CASE 12

Von Misses Stress (MPa)
4.910e+02
4.419e+02 ]
3.928e+02 _|
3.437e+02 _
2.946e+02 _
2.455e+02 _
1.964e+02 _|
1.473e+02 _
9.819e+01
4.910e+01 ]
0.000e+00

Von Misses Stress (MPa)

4.113e+02
3.701e+02
3.290e+02 _
2.879e+02 _
468e+02 _
2.056e+02 _
1.645e+02
1.234e+02 _
8.225e+01
4.113e+01 ]
0.000e+00

Figure 92 Von Misses Stress Results (MPa) at 3.5 ms for Impactor Position 3
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There was no tear up or penetration on the skin of EFT. The stress distributions and effective

stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model.

Von Misses Stress results at 4.0 ms for impactor position 3 is shown in Figure 93.

CASE 9

Von Misses Stress (MPa)
4.232e+02
3.809e+02 ]
3.386e+02 _
2.963e+02 _
2.539e+02 _
2.116e+02 _
1.603e+02 _!'.'HI
1.270e+02 _
8.464e+01
4.232e+01

0.000e+00 ]

CASE 11

Von Misses Stress (MPa)
4.874e+02

4.387e+02 ]
3.899e+02 _
3.412e402 _
2.925e+02 _
2.437e402 _
1.950e+02 _f .
1.462e402 _
9.748e+01
4.874e+01

0.000e+00 ]

CASE 10

Von Misses Stress (MPa)
6.243e+02

5.619e+02 :I
4.994e+02 _|
4.370e402 _
3.746e402 _
3421e402 _
2497402 |
1.873e402 _
1.249¢+02
6.243e+01

0.000e+00 ]

CASE 12

Von Misses Stress (MPa)

3.831e+02
3.448e+02
3.065e+02 _
2.682e+02 _
200402 _
1916402 __
1.533e402
1.149e+02 _
7.663e+01
3.831e+01 ]
0.000e+00

Figure 93 Von Misses Stress Results (MPa) at 4.0 ms for Impactor Position 3
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There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model.

Von Misses Stress results at 4.5 ms for impactor position 3 is shown in Figure 94.

CASE 9 CASE 10

Von Misses Stress (MPa)

Von Misses Stress (MPa)

4.207e+02 5.756e+02
3.787e+02 5.180e+02
3.366e+02 _ 4.605e+02 _|
2.945e+02 _ 4.029e+02 _
2.524e+02 _ 3.453e+02 _
2.104e+02 2.878e+02
1683402 2.302e402 _|
1.262e+02 _ 1.727e+02 _
8.415e+01 1.151e+02
4.207e+01 ] 5.756e+01 ]
0.000e+00 _ 0.000e+00 |
CASE 12
CAS E 1 1 Von Misses Stress (MPa)

Von Misses Stress (MPa) 4.192e+02
4.9240+02 3.773e+02
4.432e+02:| 3.354e402 _
3.9300+02 _ 2.935e+02 _

3.447e+02 _ 2.515e+02 _

2954e+02_ 2.006e+02 |
2.462+02 _ i
| 1.677e+02 |
1.970e+02 | -
1.477+02 _ 1.258e+02 _
9.848e+01 8.385e+01
4.924e+01 ] 4.192e+01 ]
0.000e+00 0.000e+00

Figure 94 Von Misses Stress Results (MPa) at 4.5 ms for Impactor Position 3
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There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook
Material model. Impact ended in 4.4 ms.

Von Misses Stress results at 5.0 ms for impactor position 3 is shown in Figure 95.

CASE 9 CASE 10

Von Misses Stress (MPa)
4.114e+02

Von Misses Stress (MPa)
5.295e+02

3.703e+02 ] 4.765e+02 ]
3.291e+02 _| 4.236e+02 _
2.880e+02 _ 3.706e+02
2.468e+02 _ 34776402
2.057e+02 2.647e+oz_,
1.646e+02 2.118e+02 :ﬂ”
1.234e402 _ 1.588e+02 _
8.228e+01 1.059e+02
4.114e+01 ] 5.295e+01 ]
0.000e+00 _ 0.000e+00 _|
CASE 11 CASE 12

Von Misses Stress (MPa) Von Misses Stress (MPa)
v 4.024e+02
4'503”02] 3.621e+02
40036402 3.219e+02 _
3_503e,,02: 2.817e+02 _
3.002e+02 _ 2.414e+02 _
2.502e+02 _ 2.012e+02 |
2001402 | 16106402 18
1.501e+02 _ 1.207e+02 _
1.001e+02 8.048e+01
5.004e+01 ] 4.024e+01 :I
0.000e+00 _| 0.000e+00

Figure 95 Von Misses Stress Results (MPa) at 5.0 ms for Impactor Position 3
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There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model. Impact ended in 4.4 ms.

The stresses and displacements on EFT skin are shown in Figure 76 to Figure 95. The plastic
deformation began at 0.5ms as shown in Figure 86. There was no tear up or penetration on the
skin of EFT. The stress distributions and effective stresses on skin are similar for Piecewise

Linear Plasticity material model and Johnson Cook Material model.

Maximum stress on EFT skin was 436 MPa for Case 9, 643 MPa for Case 10, 504 MPa for
Case 11, 419 MPa for Case 12.

Energy variations for Position 3 is given in Figure 96. While kinetic energy decreased, internal
energy increased. For case 9, case 11 and case 12, total energy remained almost constant. For
case 10, total energy increased after 4ms. This is because of the peak which occurred after the

contact between impactor and target ended.
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Figure 96 Energy Variation of Position 3
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Energy ratios for Position 3 is given in Figure 97. Energy ratios for position 3 remained within
the acceptable limits as shown for 4ms. For case 10, Energy ratio increased after 4ms. However,

since the contact between impactor and target ended after 4 ms, these increase should not be

taken into account.
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Figure 97 Energy Ratio of Position 3
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Hourglass energy, damping energy and sliding energy for case 9 is given in Figure 98. Impact

ended in 4.4 ms. Hourglass energy remained almost O for 4.4 ms. For sliding energy, peak did

not occur.

Case #9

A Hourglass Energy
| _B_Damping Energy
I _C sliding Energy

0.1

Energy (kJ) (E+6)
T

Time (s) (E-03)

Figure 98 Hourglass, Damping and Sliding Energies Variation of Case 9
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Figure 99 Bird Impact at 4 ms for Case 9
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Hourglass energy, damping energy and sliding energy for case 10 is given in Figure 100. Impact
ended in 4.4 ms. Hourglass energy remained almost 0 for 4.4 ms. For sliding energy, peak
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occurred after the contact between impactor and target ended; however the increase is in the

acceptable limit.
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Figure 100 Hourglass, Damping and Sliding Energies Variation of Case 10

Figure 101 Bird Impact at 4 ms for Case 10
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Hourglass energy, damping energy and sliding energy for case 11 is given in Figure 101. Impact

ended in 4.3 ms. Hourglass energy remained almost 0 for 4.3 ms. For sliding energy, peak did

not occur.
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Figure 102 Hourglass, Damping and Sliding Energies Variation of Case 11
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Figure 103 Bird Impact at 4 ms for Case 11

Hourglass energy, damping energy and sliding energy for case 12 is given in Figure 104. Impact
ended in 4.4 ms. Hourglass energy remained almost O for 4.4 ms. For sliding energy, peak did
not occur.
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Figure 104 Hourglass, Damping and Sliding Energies Variation of Case 12
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Figure 105 Bird Impact at 4 ms for Case 12

Analysis Results for Position 4

An overview of the impact simulation for the position 4 was given for the general

understanding. The time history was presented as a series of time step plots with explanations.

The plots in Figure 106 to Figure 125 show the simulation run in several steps. Total simulation

time was set to 5 ms and plots are saved in the intervals of 0.5ms.
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Displacement results at 0.5 ms for impactor position 4 is shown in Figure 106.

CASE 13 CASE 14

Total Displacement (mm)

7.120e+00
6.408e+00 &
5,606+00 |
4.984e+00 _
4.272e+00 _
3.560e+00 _

Total Displacement (mm)
6.497e+00
5.847e+00!
5.197e+00 j
4.548e+00 _

3.898e+00 _
3.248e400 _

2.848e+00 _ 2.599e+00 _

2.136e+00 _ 1.949e+00 _

1.424e+00 1.299e+00

7.120e-01 ] 6.497€-01 ]

0.000e+00 _| 0.000e+00 _|
CASE 15 CASE 16

Total Displacement (mm) Total Displacement (mm)

7.108e+00 6.757e+00
6.397e+00 6.081e+00 |
5.686e+00 _| 5.406e+00 _
4.975€+00 _ 47306400 _
4.265e400 _ 4.054e400 _
3.554e+00 _ 3379400 _
2.843e+00 _ 2.703e400 _
2.132e+00 _ 2.027e400 _
1.422¢+00 1351400
7.108e-01 6.757¢-01 ]
0.000e+00 _| 0.000+00 _

Figure 106 Displacement Results (mm) at 0.5 ms for Impactor Position 4

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to
Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 1.0 ms for impactor position 4 is shown in Figure 107.

118



CASE 13 CASE 14

Total Displacement (mm)
2.279e+01
2.051e+01
1.823e+01 _|
1.595e+01 _
1.367e+01 _
1.139e+01 _
9.115e+00 _
6.837e+00 _
4.558e+00
2.279e+00 ]
0.000e+00

CASE 15 CASE 16

Total Displacement (mm)
. 2.198e+01

2.283e+01

2.055e+01 % 1.978e+01
1.827e+01 _ 1.758e+01
1.598e+01 _ 1.538e+01
1.370e+01 _ 1.319e+01
1.142e+01 _ 1.099e+01
9.134e+00 _ 8.791e+00
6.850e+00 _ 6.593e+00
4.567e+00 4.395e+00
2.283e+00:I 2.198e+00
0.000e+00 0.000e+00

Figure 107 Displacement Results (mm) at 1.0 ms for Impactor Position 4

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 1.5 ms for impactor position 4 is shown in Figure 108.
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Total Displacement (mm)
2.085e+01

1.876e+01 :ﬁ
1.668e+01 |

1.450e401 _
1.251e401 _
1.042e401 _
8.339e+00 _
6.254e+00 _
4.169e+00

2.085e+00]
0.000e+00

Total Displacement (mm)
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CASE 13 CASE 14

Total Displacement (mm)

3.311e+01
2.979e+01
2.648e+01
2.317e+01
1.986e+01
1.655e+01

3.613e+01

3.252e+01 {
2.890e+01 _
2.529e+01 _
2.168e+01 _

1.806e+01 _

1.445e+01 _| 1.324e+01

1.084e+01 _ 9.932e+00

7.226e+00 6.621e+00

3.613e+00 3.311e+00

0.000e+00] 0.000e+00
CASE 15 CASE 16

Total Displacement (mm)

3.626e+01 3.495e+01
3.263e+01 3.145e+01
2.901e+01 _| 2.796e+01
2.538e+01 _ 2.446e+01
2.175e+01 _ 2.097e+01
1.813e+01 _| 1.747e+01
1.450e+01 _ 1.398e+01
1.088e+01 _ 1.048e+01
7.251e+00 6.990e+00

3.495e+00

3.626e+00 :I
0.000e+00 0.000e+00

Figure 108 Displacement Results (mm) at 1.5 ms for Impactor Position 4

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 2.0 ms for impactor position 4 is shown in Figure 109.
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Total Displacement (mm)

]

]

Total Displacement (mm)
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CASE 13 CASE 14

Total Displacement (mm)

Total Displacement (mm)

4.576e+01 4.159e+01
4.118e+01 :l 3.744e+01 _|
3.660e+01 _ 3.328e+01
3.203e+01 _ 29126401 _
2.745e+01 _ 2.496e+01
2.288e+01 _ 2.080e+01
1.830e+01 _| 1.6646+01
1.373e401 _ o
9.151e+00 q
5700800 :I 8.319e+00
0.000e+00 _ 4.159e+00 ]

0.000e+00 _|

CASE 15 CASE 16

Total Displacement (mm)
Total Displacement (mm)
4.605e+01

5e+0 4.415e+01
4.145e+01
) ] 3.973e+01 ]
3.684e+01

h 3.532e+01 __
3.224e+01 _

3.090e+01

2.763e+01 _ ooy
2.303e+01 _ .649e+01 _

& +
1.842e+01 _| 2.207e+01 _
1.382e401 _ 1.766e+01 _
9.210e+00 1.324e+01 _
4.605e+00 ] 8.829e+00
0.000e+00 _| 4.415e+00 ]

0.000e+00

Figure 109 Displacement Results (mm) at 2.0 ms for Impactor Position 4

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 2.5 ms for impactor position 4 is shown in Figure 110.
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CASE 14

CASE 13

Total Displacement (mm)

5.175e+01 :I

4.658e+01

4.140e+01 _
3.623e+01 _
3.105e+01 _
2.588e+01 _
2.070e+01 _
1.553e+01 _
1.035e+01

5.175e+00:|
0.000e+00 _|

CASE 15
CASE 16

Total Displacement (mm)

5.223e+01 ]

4.701e+01

4.178e+01 _|
3.656e+01 _
3.134e+01 _
2.612e+01 _
2.089e+01 _|
1.567e+01 _
1.045e+01

5.223e+00 ]
0.000e+00 |

Figure 110 Displacement Results (mm) at 2.5 ms for Impactor Position 4

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 3.0 ms for impactor position 4 is shown in Figure 111.
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Total Displacement (mm)

4.725e+01
4.253e+01 :I
3.780e+01 _
3.308e+01 _
2.835e401 _
2.363e401 _
1.890e+01 _|
1.418e+01 _
9.451e+00
4.725e+oo:l
0.000e+00 _|

Total Displacement (mm)

4.989e+01
4.490e+01
3.991e+01 _
3.492e+01 _
2.993e+01 _
2.495e+01 _|
1.996e+01 _
1.497e+01 _
9.978e+00
4.989e+00]
0.000e+00 _|



CASE 13 CASE 14

Total Displacement (mm)

Total Displacement (mm)

5.565e+01 e
5.008e+01
s 4.457e+01

4.452e+01 _

3.962e+01 __
3.895e+01 _

3.467e+01
3.339e+01 _ 4

. +
2.782e+01 _ 2.972e+01 _

l +
2.226e+01 _| 2.476e+01 _
1.669e+01 1.981e+01 _
11136401 | 1.486e+01 _
5.565e+00 9.906e+00
0.000e+00 4.953e+oo]

0.000e+00

CASE 15 CASE 16

Total Displacement (mm)
5.305e+01
4.774e+01
4.244e+01 _
3.713e+01 _
3.183e+01 _
2.652e+01 _
2.122e+01 _
1.591e+01 _
1.061e+01
5.305e+00
0.000e+00 _|

Total Displacement (mm)

5.635e+01
5.071e+01
4.508e+01 _
3.944e401 _
3.381e+01 _
2.817e+01 _
2.254e+01 _
1.690e+01 _
1.127e+01
5.635e+00 ]
0.000e+00

Figure 111 Displacement Results (mm) at 3.0 ms for Impactor Position 4

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 3.5 ms for impactor position 4 is shown in Figure 112.
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CASE 13

5.814e+01
5.232e+01

1.163e+01

CASE 15

5.907e+01

4.135e401 _
3.544e+01 _

2.363e+01 _

1.181e+01

Figure 112 Displacement Results (mm) at 3.5 ms for Impactor Position 4

CASE 14

Total Displacement (mm)

4.651e401 _
4.070e401 _
3.488e401 _
2.907e+01_
2.326e401 _
1.744e+01 _

5.814e+00 ]
0.000e+00

CASE 16

Total Displacement (mm)
5.317e+01 :l
4.726e+01
2.954e+01 _

1.772e401 _

5.907e+00 ]
0.000e+00

Total Displacement (mm)
4.878e+01

4.390e+01 ]
3.902e+01 _
3.415e+01 _
2927401 _
2.439e+01 _
1.951e+01 __ |
1.463e+01 _
9.756e+00
4.878e+00 ]
0.000e+00

Total Displacement (mm)

5.418e+01
4.876e+01 ]
4.334e401 _
3.793e+01 _
3.251e+01 _
2.700e+01 _
2167e+01 _
1.625e+01 _
1.084e+01
5.418e+00 ]
0.000e+00

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 4.0 ms for impactor position 4 is shown in Figure 113.
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CASE 13 CASE 14

Total Displacement (mm)

Total Displacement (mm)

5.966e+01 4.448e+01
5.369e+01 ] 4.003e+01
4.772e+01 _ 3.550e+01
4.176e+01 _ ]

3114401 _
2.669e+01 _
2.224e401
1.779e+01 ]

3.579e401 _
2.983e+01
2.386e+01 ]
1.790e+01 _

1.334e401_
1.193e+01__ :
8.897e+00
5.966e+00 M
v +
0.000e+00 _| .
0.000e+00

CASE 15 CASE 16

Total Displacement (mm)

Total Displacement (mm) 5.367e+01

6.073e+01 4.830e+01 :I
SaS_ 4.204e+01 _
45590201 3.757e+01 _
4.251e+01

- 3.220e+01 _
3.644e+01 _ il
3.037€+01 e
2.420e+01 I} 2147e+01 _|
1.822e+01 _ 1.610e+01 _
1.215e+01 1.073e+01
6.073e+00] 5.367e+00]
0.000e+00 _ 0.000e+00

Figure 113 Displacement Results (mm) at 4.0 ms for Impactor Position 4

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 4.5 ms for impactor position 4 is shown in Figure 114.
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CASE 13 CASE 14

Total Displacement (mm)

Total Displacement (mm)

5.987e+01 3.676e+01
5.388e+01 :I 3.308e+01 ]
4.790e+01 2.941e+01
4.191e+01 _ 2.573e+01 j
3.592e+01 2.206e+01 : :
2.994e+01 :H 1.838e+01 ‘i
2.395e+01 1.470e+01
1.796e+01 1.103e+01 |
1.197e+01 7.352e+00
5.987e+00 3.676e+00
0.000e+00 _|

0.000e+00 _|

CASE 15
CASE 16

Total Displacement (mm)
6.099e+01
5.490e+01
4.880e+01 _
4.270e+01 _
3.660e+01 _
3.050e+01 _|
2.440e+01 _|
1.830e+01
1.220e+01
6.099e+00
0.000e+00 _|

Total Displacement (mm)
5.128e+01
4.615e+01 ]
4.103e+01 _|
3.590e+01 _
3.077e+01 _
2.564e+01
2.051e+01 _|
1.538e+01 _|
1.026e+01

5.128e+00
0.000e+00 _

Figure 114 Displacement Results (mm) at 4.5 ms for Impactor Position 4

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to
Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.
Impact ended in 4.4 ms.

Displacement results at 5.0 ms for impactor position 4 is shown in Figure 115.
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CASE 13 CASE 14

Total Displacement (mm) Total Displacement (mm)

5.825e+01 2.877e+01
5.242e+01 :I 2.589e+01 :l
4.660e+01 _ 2.301e+01
4.077e+01 _ 2.014e+01 _
3.495e+01 1.726e+01
2.912e+01 1.438e+01 ‘W
2.330e+01 _ 1.151e+01
1.747e+01 8.630e+00 ]
1.165e+01 5.753e+00
5.825e+00 2.877e+00
0.000e+00 _| 0.000e+00 _|

CASE 15
Total Displacement (mm) CASE 16

5.935e+01 Total Displacement (mm)
5.342e+01 ] 4.664e+01
4.748e+01 4.198e+01 ]
4.155e+01 _ 3.731e+01
3.561e+01 3.265e+01 _
2.068e+01 A0l
2.374e401 2.332e+01 i
17816401 —‘ | 1.866e+01
41870401 1.399e+01
" 1 9.328e+00

4.664e+00
0.000e+00

0.000e+00 _|

Figure 115 Displacement Results (mm) at 5.0 ms for Impactor Position 4

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to
Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model
which is an expected result because of low strain rates. Impact ended in 4.4 ms.
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For position 4, displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values
according to Piecewise Linear Plasticity material model are also similar to Johnson Cook

Material model.

After impact, screen shots were taken at 0.5ms intervals and the stresses are compared. Since

the contact of the bird ended before 5 ms in general, the images were limited to this time period.

VVon Misses Stress results at 0.5 ms for impactor position 4 is shown in Figure 116.

CASE 13 CASE 14

Von Misses Stress (MPa)
4.213e+02

3.792e+02 %
3.370e+02 _
2.949e+02 _
2.528e+02 _

2.106e+02 _

Von Misses Stress (MPa)
6.416e+02
5.774e+02 %
5.133e+02 _
4.491e+02 _
3.849e+02 _
3.208e+02 _

1.685e+02 _ 2.566e+02 _
1.264e+02 _ 1.925e+02 _
8.426e+01 1.283e+02
4.213e+01 ] 6.416e+01 ]
0.000e+00 _| 0.000e+00 _|
Von Misses Stress (MPa) Von Misses Stress (MPa)

4.182e+02

6.648e+02
3.764e+02 5.984e+02
3.346e+02 _ 5.319e+02 %
2.927e+02 _ 4.6546402 _
2.509e+02 _ 3.989¢+02 :
2.091e+02 _ 3.324e402 _
1.673e+02 _ 2.659e+02 _|
1.255e+02 _ 1995402 _
8.364e+01 1.330e+02
4.182e+01 :' 6.648e+01 ]
0.000e+00 0.000e+00

Figure 116 Von Misses Stress Results (MPa) at 0.5 ms for Impactor Position 4
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The plastic deformation began at 0.5ms as shown in Figure 116. There was no tear up or
penetration on the skin of EFT. The stress distributions and effective stresses on skin are similar

for Piecewise Linear Plasticity material model and Johnson Cook Material model.

Von Misses Stress results at 1.0 ms for impactor position 4 is shown in Figure 117

CASE 13

CASE 14

Von Misses Stress (MPa)
4.272e+02

Von Misses Stress (MPa)
6.619e+02

3.845e+02 5.957e+02
3.418e+02 _| 5.295e+02 _
2.991e+02 _

4.633e402 _
3.972e+02 _
3.310e+02 _

2.563e+02 _
2.136e+02 _
1.709e+02 _

2.648e+02 _
1.282e+02 _
1.986e+02 _
8.544e+01
1.324e+02
4.272e+01
6.619e+01
0.000e+00 _|
0.000e+00 _|
Von Misses Stress (MPa)
Von Misses Stress (MPa) 5.727e+02
4.278e+02 5.154e+02
3.850e+02 :I 4.582e+02 _
3.422e402 _ 4.009e+02 _
2.994e+02 _ 3.436e+02 _
2.567e+02 _ 2.864e+02
2.139e+02 _ 2.291e+02
1.711e+02 _ 1.718e+02 _
i 1.145e+02
8.555e+01 YO8 ]
4.278e+01
] 0.000e+00 _|
0.000e+00

Figure 117 Von Misses Stress Results (MPa) at 1.0 ms for Impactor Position 4
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There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model.

Von Misses Stress results at 1.5 ms for impactor position 4 is shown in Figure 118.

Von Misses Stress (MPa)
Von Misses Stress (MPa)
+
4387402 6.387e+02
3.040e+02 5.748e+02 :I
3.510e+02 5.110e+02 _
3.071e+02 4.471e+02 _
2.632e+02 _ 3.832e+02 _
2.194e+02 _ 3.194e+02 _
1.755e+02 _ 2.555e+02 _
1.316e+02 _ 1.916e+02 _
8.774e+01 1.277e+02
$367e401 ] 6.387e+01 :I
0.0000400 0.000e+00 |
Von Misses Stress (MPa)
Von Misses Stress (MPa)
2306402 4.876e+02
4.239%e+
¢ 4.388e+02 :I
3.815e+02
3.901e+02 _|
3.391e+02 _|
2.967e+02 _ SA413e+02_
25436402 _ 2.925e+02 _
2.119e+02 _ 2438402
1.696e+02 1.950e+02 _
1.272e+02 _ 1.463e+02 _
8.478e+01 9.751e+01
4.239e+01 :I 4.876e+01 ]
0.000e+00 0.000e+00

Figure 118 Von Misses Stress Results (MPa) at 1.5 ms for Impactor Position 4
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There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model.

Von Misses Stress results at 2.0 ms for impactor position 4 is shown in Figure 119.

CASE 13 CASE 14

Von Misses Stress (MPa) Von Misses Stress (MPa)
4.269e+02 6.342e+02
3.842e+02 :I 5.708e+02
3.415e+02 _| 5.074e+02 _
2.988e+02 _

4.439e+02 _
3.805e+02 _

3171e+02_
2537402 |

2.562e+02 _
2.135e+02 _
1.708e+02 _

1.281e402 _
1.903e+02 _
8.538e+01 B
4.269e+01] e
+
0.000e+00 | 6.342¢+01
0.000e+00 _|
Von Misses Stress (MPa)
Von Misses Stress (MPa)
4.910e+02
4.148e+02 4.419e+02 ]
pg 3.928e402 _
3.318e+02 _ SASTe402
2.903e+02
. 2.946e+02 _
2.489e+02 _ i
2.074e402 _| R
1.650e402 _| 1.964e+02 _
1.244e+02 _ 1.473e+02 _
8.296e+01 9.819e+01
4.148e+01 ] 4.910e+01 ]
0.000e+00 0.000e+00 _|

Figure 119 Von Misses Stress Results (MPa) at 2.0 ms for Impactor Position 4
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There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model.

Von Misses Stress results at 2.5 ms for impactor position 4 is shown in Figure 120.

CASE 13 CASE 14

Von Misses Stress (MPa)
4.191e+02
3.772e+02 :I
3.353e+02 _
2.934e+02 _
2.515e+02 _
2.096e+02
1.677e+02 jJ

Von Misses Stress (MPa)
6.292e+02

5.662e+02
5033402 _
4.404e402 _
3.775e+02 _
31466402 _
2517e402 |

1.257e+02 _ 1.887e+02 _
8.383e+01 1.258e+02
4.191e+01 ] 6.292e+01 :I
0.000e+00 _| 0.000e+00 _|
CASE 15
CASE 16
Von Misses Stress (MPa) Von Misses Stress (MPa)

4.069e+02
3.662e+02 ]
3.256e+02 _
2.849e+02 _
2.442e+02 _
2.035e402
1.628e402 |
1.221e+02 _
8.139+01
4.069e+01 ]
0.000e+00

4.855e+02
4.370e+02 :I
3.884e+02 _|
3.309e402 _
2.913e+02_
2428402 _
1.942e402 |
1.457e+02 _
9.710e+01
4.855e+01 ]
0.000e+00

Figure 120 Von Misses Stress Results (MPa) at 2.5 ms for Impactor Position 4
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There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model.

Von Misses Stress results at 3.0 ms for impactor position 4 is shown in Figure 121.

Von Misses Stress (MPa)
Von Misses Stress (MPa)

4.292e+02

6.190e+02
3.862e+02 el
3.433e+02 _| TS

.952e+

3.004e+02 _ 4.952e+02 _|
2.575e+02 _ 4.333e+02 _
2.146e+02 3.714e+02 _
1.717e+02 _ 3.095e+02 _I
1.287e+02 _ 2.476e+02 _
8.583e+01 1.857e+02 _
4.292e+01 ] 1.238e+02 __
0.000e+00 _| 6.190e+01 :I

0.000e+00 _|

Von Mi St MP.
onMisses Stress (WFe) Von Misses Stress (MPa)

4.096e+02
3.686e+02 ]
3.277e+02 _
2.867e+02 _
2.458e+02 _
2.048e+02
1.638e+02 :I
1.229e+02 _
8.192e+01
4.096e+01 ]
0.000e+00

4.980e+02
4.482e+02 :l
3.984e+02 _
3.486e+02 _
2.988e+02 _
2.490e+02
1.992e+02 ]
1.494e+02 _
9.961e+01
4.980e+01 :l
0.000e+00

Figure 121 Von Misses Stress Results (MPa) at 3.0 ms for Impactor Position 4
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There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model.

Von Misses Stress results at 3.5 ms for impactor position 4 is shown in Figure 122.

CASE 13 CASE 14

Von Misses Stress (MPa)
4.280e+02
3.852e+02 ]
3.424e+02 _|
2.996e+02 _
2.568e+02 -

Von Misses Stress (MPa)
6.246e+02
5.621e+02 :l
4.996e+02
4.372e+02 _
3.747e+02

2.140e+02 3.123e+02 {
1.712e+02 1 2.498e+02
1.284e+02 _ 1.874e+02 _
8.559e+01 1.249e+02
4.280e+01 ] 6.246e+01 ]
0.000e+00 _| 0.000e+00

CASE 15
Von Misses Stress (MPa) CAS E 1 6

4.148e+02
3.734e402 :I
3.319e402 _|
2.904e402 _
2.489e+02 _
2.074e+02
1.659e+02 1

1.245e+02 _
8.297e+01 |

4.148e+01 ]
0.000e+00 _|

Figure 122 Von Misses Stress Results (MPa) at 3.5 ms for Impactor Position 4

Von Misses Stress (MPa)
5.014e+02
4.512e+02 :l
4.011e+02 _
3.509e+02 _
3.008e+02 _
2.507e+02
2.005e+02 1

1.504e+02 _
1.003e+02 _

5.014e+01 ]
0.000e+00 _|
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There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model.

Von Misses Stress results at 4.0 ms for impactor position 4 is shown in Figure 123.

CASE 13 CASE 14

Von Misses Stress (MPa) Von Misses Stress (MPa)
4.300e+02 6.150e+02
3.870e+02 ] 5.535e+02
3.440e+02 4.920e+02 _

4.305e+02 _
3.690e+02 _
3.075e+02

3.010e+02 _
2.580e+02 _

2.150e+02
1.7zoe+oz] 2.4aoe+oz]
1.200e402 1.845e402
8.500e+01 __ 1.230e+02 __
4.300e+01 ] 6.150e+01 ]
0.000e+00 0.000e+00 _|

CASE 15
Von Misses Stress (MPa) CAS E 1 6

4179402
3.761e+02 :I
3.343e402 |
2.925e402 _
2507402 _
2.000e402_
1.672e402 _
1254402 _
8.358e+01 |
4.179e+01 ]
0.000e+00

Von Misses Stress (MPa)
4.988e+02
4.489e+02
3.990e+02 _
3.491e+02 _
2.993e+02 _
24946402 _
1.995e+02 ]
1.496e+02 _
9.975e+01 h ]
4.988e+01
0.000e+00

Figure 123 Von Misses Stress Results (MPa) at 4.0 ms for Impactor Position 4
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There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model.

Von Misses Stress results at 4.5 ms for impactor position 4 is shown in Figure 124.

CASE 13 CASE 14
Von Misses Stress (MPa) Von Misses Stress (MPa)
4.083e+02 6.069e+02
3.674e+02 5.462e+02 :'
3.266e+02 _| 4.855e+02
2.858e+02 _ 4.248e+02 _
2.450e+02 _ 3.642e+02
2.041e+02 i 3.035e+02 i
1.633e+02 _ 2.428e+02
1.225e+02 _ 1.821e+02 _
81666401 | 12146402 L
4.083e+01 6.069e+01
0.000e+00 _| 0.000e+00 _|
CASE 15
Von Misses Stress (MPa) CAS E 1 6
3.090e+02 Von Misses Stress (MPa)
3.591e+02:l 4.861e+02
3.192e+02 4.375e+02 ]
2793402 _ 3.889e+02 _
23046402 _ 3.403e+02 _
1.995e+02 e
1.596e+02 Jl zaven? 1
-3 1.944e+02
1.197e+02 _‘” 1.458e+02
7.979e+01 __ 9.722e+01
3.990e+01 4.861e+01
0.000e+00 _| 0.000e+00 _|

Figure 124 Von Misses Stress Results (MPa) at 4.5 ms for Impactor Position 4
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There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model. Impact ended in 4.4 ms.

Von Misses Stress results at 5.0 ms for impactor position 4 is shown in Figure 125.

CASE 13 CASE 14

Von Misses Stress (MPa)

Von Misses Stress (MPa)

4.275e+02 6.224e+02
3.847e+02 ] 5.601e+02
3.420e+02 _| 4.979e+02 _
2.992e+02 _ 4.357e+02 _
2.565e+02 _ 3.734e+02 _
2-1376*02_' 3.112e+02
:;; ge:; i 2.490e+02 ]
e 1.867e+02 _
8.550e+01 ‘
1.245e+02
4.275e+01
: +
0.000e+00 _| g
0.000e+00 _|
CASE 16
Von Misses Stress (MPa) Von Misses Stress (MPa)

4.185e+02
3.767e+02
3.348e+02 _
2.930e+02 _
2.511e+02 _
2.093e+02 _
1.674e+02 ]
1.256e+02 _
8.371e+01
4.185e+01 ]
0.000e+00

4.801e+02

4.320e+02 :l
3.840e+02 _|
3.360e+02 _
2.880e+02 _
2.400e402 _
1.920e+02 :.

1.440e+02

i
9.601e+01 _

4.801e+01 :I
0.000e+00

Figure 125 Von Misses Stress Results (MPa) at 5.0 ms for Impactor Position 4
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There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model. Impact ended in 4.4 ms.

The stresses and deformations on EFT skin are shown in Figure 106 to Figure 125. The plastic
deformation began at 0.5ms as shown in Figure 116. There was no tear up or penetration on the
skin of EFT. The stress distributions and effective stresses on skin are similar for Piecewise

Linear Plasticity material model and Johnson Cook Material model.

Maximum stress on EFT skin was 439 MPa for Case 13, 662 MPa for Case 14, 428 MPa for
Case 15, 665 MPa for Case 16.

Energy variations for Position 4 is given in Figure 126. While kinetic energy decreased, internal
energy increased. Total energy increased for case 13, case 14, case 15 and case 16. This is
because of the increase in hourglass energies. Increases in total energies for all cases are in

acceptable limits.
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Figure 126 Energy Variation of Position 4
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Energy ratios for Position 4 is given in Figure 127. Energy ratios for position 4 remained within
the acceptable limits as shown for case 13, casel4 and case 16. For case 15, energy ratio
increased after 2 ms; however, the increase is in tha acceptable limit.
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Figure 127 Energy Ratio of Position 4
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Hourglass energy, damping energy and sliding energy for case 13 is given in Figure 128. Impact
ended in 4.4 ms. Hourglass energy slightly increased after 1.5ms; however, the increase is in
the acceptable limit. For sliding energy, peak did not occur.

Case#13
= A Hourglass Energy
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——— | _€_Sliding Ener
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Figure 128 Hourglass, Damping and Sliding Energies Variation of Case 13
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Figure 129 Bird Impact at 4 ms for Case 13
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Hourglass energy, damping energy and sliding energy for case 14 is given in Figure 130. Impact

ended in 4.3 ms. Hourglass energy slightly increased after 1.5ms; however, the increase is in

the acceptable limit. For sliding energy, peak did not occur.
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Figure 130 Hourglass, Damping and Sliding Energies Variation of Case 14
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Figure 131 Bird Impact at 4 ms for Case 14

Hourglass energy, damping energy and sliding energy for case 15 is given in Figure 132. Impact

ended in 5.0 ms. Hourglass energy slightly increased after 1.5ms; however, the increase is in

the acceptable limit. For sliding energy, peak did not occur.
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Figure 132 Hourglass, Damping and Sliding Energies Variation of Case 15
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Figure 133 Bird Impact at 4 ms for Case 15

Hourglass energy, damping energy and sliding energy for case 16 is given in Figure 134. Impact
ended in 5.0ms. Hourglass energy slightly increased after 1.5ms; however, the increase is in the
acceptable limit. For sliding energy, peak did not occur.

143



Case#16

/—j: _A Hourglass Energy

_ B Damping Energy
045 c C_sliding Energy

0.1

Energy (kJ) (E+6)
T

0.05

-
———)J/
0 | A | | A

Time (s) (E-03)

Figure 134 Hourglass, Damping and Sliding Energies Variation of Case 16
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Figure 135 Bird Impact at 4 ms for Case 16

Analysis Results for Position 5

An overview of the impact simulation for the position 5 was given for the general
understanding. The time history was presented as a series of time step plots with explanations.
The plots in Figure 136 to Figure 155 show the simulation run in several steps. Total simulation
time was set to 5 ms and plots are saved in the intervals of 0.5ms.
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Displacement results at 0.5 ms for impactor position 5 is shown in Figure 136.

CASE 17 CASE 18

Total Displacement (mm) Total Displacement (mm)

9.917e+00 9.354+00
8.9258*00‘1 8.418e+00
7.933e+00 :[ 7.483e400 |
6.942e+00 _ 6.548e+00 _
5.950e+00 _ 5.612e+00 _
4.958e+00 _ 4.677e+00 _
3.967e+00 _ 3.742e+00 _
2.975e+00 _ 2.806e+00 _
1.983e+00 1.871e+00
9.917e-01 :I 9.354e-01 ]
0.000e+00 _ 0.000e+00 _|
CASE 19
Total Displacement (mm) CASE 20

9.913e+00 Total Displacement (mm)
8'922”00{ 9.621e400
7.031e+00_I" 8.659e+00]
6.939e+00 _ 7.607e+00 |
5.948e+00 _ 6.735€+00 _
4.957e+00 _ HT3100 J
3.9656400 | 4.811e+00 _
s
19530400 19246400 _
9.913e-01 9.621e-01
0.000e+00] 0.000e+oo:I

Figure 136 Displacement Results (mm) at 0.5 ms for Impactor Position 5

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 1.0 ms for impactor position 5 is shown in Figure 137.
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CASE 17 CASE 18

Total Displacement (mm) Total Displacement (mm)

2.293e+01 2.186e+01
2.064e+01 ﬁ 1.967e+01
1.835e+01 _ 1.749e+01 _
1.605e+01 _ 1.530e+01 _
1.376e+01 _ 1.311e+01 _
1.147e+01 _ 1.093e+01 _
9.173e+00 _ 8.743e+00 _
6.880e+00 _ 6.557e+00 _
4.586e+00 4.371e+00
2.293e+00] 2.186e+00 ]
0.000e+00 _| 0.000e+00

Total Displacement (mm) Total Displacement (mm)

2.298e+01 2.250e+01
2.068e+01 ﬂ 2.025¢+01
1.838e+01 1.800e+01 __
16086401 _ 1.575e+01 _
13796401 _ 1.350e401 _
11496401 _ 1.125e+01 _
9.1906400 _ 8.999e+00 _
6.893e+00 il 6.749e+00 _
4.595€+00 _ 4.499e+00
2.298e+00 ] 2.2soe+oo]
0.000e+00 0.000e+00 _|

Figure 137 Displacement Results (mm) at 1.0 ms for Impactor Position 5

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 1.5 ms for impactor position 5 is shown in Figure 138.
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CASE 17 CASE 18

Total Displacement (mm)

_ Total Displacement (mm)
3.409e+01

3.256e+01
3.068e+01 2.931e+01 }
2.728e+01 _ 2.605e401 _
2.387e+01 _ 2.280e+01 _
2.046e+01 _ 1.954e+01 _
1.705e+01 _ 1.628e+01 _
1.364e+01 _ 1.303e+01 _
1.023e+01 _ 9.769e+00 _
6.819e+00 6.513e+00
3.400e+00 ] 3.256e+00]
0.000e+00 _ 0.000e+00

Total Displacement (mm) Total Displacement (mm)

3.418e+01

3.352e+01
3.077e+01

3.017e+01
2.735e+01 __ 26826401 |
2.303e401 _ 2.3460+01 _
2.051e+01 _ 20116401 _
1.709e+01 _ 1.676e+01 _
1.367e+01 _ 1.341e401 _
1.026e+01 _ 1.006e+01 _
6.837e+00 6.704e+00
3.418e+00 ] 3.352e+00 :I
0.000e400 0.000e+00 _|

Figure 138 Displacement Results (mm) at 1.5 ms for Impactor Position 5

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 2.0 ms for impactor position 5 is shown in Figure 139.
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CASE 17 CASE 18

Total Displacement (mm)
4.028e+01

Total Displacement (mm)

4.210e+01

3.789e+01 :l 3.625e+01 ]
3.368e+01 _ 3.222e+01 _
2.947e+01 _ 2.820e+01 _
2.526e+01 _ 2.417e+01 _
2.105e+01 _ 2.014e+01 _|
1.684e+01 _ 16116401 _
1.263e+01 _ 1.208e+01 _
8.420e+00 8.056e+00
4.210e+00] 4.028e+00:I
0.000e+00 0.000e+00 _|

CASE 19 CASE 20

et Total Displacement (mm)

4.225e+01 4.165e+01
3.803¢+01 3.748e+01 ]
3.380e401 _ 3.332e401 _
2.958e401 _ 2.915e401 _
25350401 _ 2.400e+01 _
2.113e401 _ 2.082e+01 _
1.690e+01 1.666e+01 _
1.268e+01 _ 12400407
8.450e+00 i
Y +

4.225+00 4105 °°]

0.000e+00 _{
0.000e+00

Figure 139 Displacement Results (mm) at 2.0 ms for Impactor Position 5

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 2.5 ms for impactor position 5 is shown in Figure 140.
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CASE 17 CASE 18

Total Displacement (mm)

Total Displacement (mm)
4.481e+01

4.033e+01 :I
3.584e401 _
3.136e401 _
2.688e+01 _
2240401 _
1.792e+01 _

1.344e+01 _

4.722e+01
4.249e+01
3.777e+01 _
3.305e+01 _
2.833e+01 _
2.361e+01 _
1.889e+01 _
1.416e401 _
9.443e+00 8.961e+00
4.722e+oo] 4.4a1e+oo]
0.000e+00 0.000e+00

CASE 19 CASE 20

Total Displacement (mm) Total Displacement (mm)

4.748e401 4.677e+01
4.273e+01 4.209e+01
3.798e+01 _| 3.742e+01 _|
3.324e+01 _ 3.274e+01 _
2.849e+01 _ 2.806e+01 _
2.374e+01 2.339e+01 _
1.809e401 1.871e+01 _
1.424e+01 _ 1.403e+01 _
9.496e+00 9.354e+00
4748400 ] 4.677e+00
0.0006+00 0.000e+00 _|

Figure 140 Displacement Results (mm) at 2.5 ms for Impactor Position 5

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 3.0 ms for impactor position 5 is shown in Figure 141.
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CASE 17 CASE 18

Total Displacement (mm)

Total Displacement (mm)
4.633e+01
4.169e+01
3.706e+01 _
3.243e+01 _
2.780e+01 _
2.316e+01 _
1.853e+01 _|
1.390e+01 _
9.265e+00
4.633e+00 ]
0.000e+00

4.975e+01
4.478e+01
3.980e+01 __
3.483e+01 _
2.985e+01 _
2.488e+01 _
1.990e+01 _|
1.493e+01 _
9.950e+00
4.975e+00 :l
0.000e+00

CASE 19 CASE 20

Total Displacement (mm) Total Displacement (mm)

5.011e+01 AENZesa)
4.510e+01 ] 44206401 ]
i +
4.009e+01 _| 30200401
3.438e401 _

3.508e+01

- 2.047e+01 _
3.007e401 3 24560401 _
2.506e+01 _ 1.965e+01
2.004e401 _ 1473e401 _
1.503e+01 _ 0.823+00

1.002e+01
5.011e+00 ]
A AnNainn

Figure 141 Displacement Results (mm) at 3.0 ms for Impactor Position 5

4.912e+00 ]
0.000e+00

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 3.5 ms for impactor position 5 is shown in Figure 142.
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CASE 17 CASE 18

Total Displacement (mm)
4.737e+01

Total Displacement (mm)

4.114e+01

4.263e+01 ] 3.702e+01 ]
3.790e+01 _ 3.291e+01
3.316e+01 _ 2.880e+01 i
2.842e+01 _ 2.468e+01 _
2.369e+01 _ 2.057e+01
1.895e+01 _ 1.646e+01 ]
1.421e+01 _ 1.234e+01 i
9.474e+00 8.228e+00
4.737e+00 ] 4.114e+00 :I
0.000e+00 _| 0.000e+00

CASE 19 CASE 20

Total Displacement (mm)
4.788e+01

Total Displacement (mm)

4.559e+01
4.309e+01 ] 4.103e+01
3.830e+01 _ 3.647e+01
3.351e+01 _ 3.191e+01 :
2.873e+01 _ 2.735e+01 _
2.394e+01 _ 2.279e+01 _
1.915e+01 _ 1.823e+01 _
1.436e+01 _ 1.368e+01 _
9.575e+00 9.117e+00
4.788e+00 ] 4.559e+00]
0.000e+00 0.000e+00

Figure 142 Displacement Results (mm) at 3.5 ms for Impactor Position 5

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to
Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Impact ended in 3.4 ms.

Displacement results at 4.0 ms for impactor position 5 is shown in Figure 143.
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CASE 17 CASE 18

Total Displacement (mm)
2.774e+01

Total Displacement (mm)

4.175e+01

3.757e+01 :l 2.497e+01 :I
3.340e+01 _| 2.219e+01 _
2.922e+01 1.942e+01 _
2.505e+01 : 1.665e+01 _
2.087e+01 _| 1.387e+01 _
1.670e+01 ] 1.110e+01 _
1.252e+01 _ 8.323e+00 _
8.350e+00 __ 5.549e+00
4-175e*°°:I 2.774e+00:l
0.000e+00 _| 0.000e+00

CASE 19
CASE 20

Total Displacement (mm)

4.246e+01 Total Displacement (mm)
3.821e+01 3.767e+01
3.397e+01 _ 3.390e+01 ]
2.972e401 _ 3.014e401 _
25480401 _ 2.637e+01 _
——— 2.260e+01 _
‘I 1.884e+01
1.698e+01 _ e ]
1.274e+01 _ 1.130e+01 _
8.492e+00 7.534e400 _|
4.246e+00] 3.767e+00:|
0.000e+00 0.000e+00 _|

Figure 143 Displacement Results (mm) at 4.0 ms for Impactor Position 5

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to
Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Impact ended in 3.4 ms.

Displacement results at 4.5 ms for impactor position 5 is shown in Figure 144.
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CASE 17 CASE 18

Total Displacement (mm) Total Displacement (mm)

3.522e+01 1.606e+01
3.170e+01 :l 1.445€+01 ]
2.818e+01 _| 1.285e+01 _
2.465e+01 _ 1.124e401 _
2.113e+01 9.635e+00 _
1.761e+01 8.020+00_|
1.409e+01 _ 6.423e+00 _
1.057e+01 _ 4.817e+00
7.044e+00 3.212e+00
3.522e+00 1.606e+00
0.000e+00 _| 0.000e+00 _|
CASE 19 CASE 20
Total Displacement (mm) Total Displacement (mm)
3.641e+01 2.560e+01
3.277e+01 2.304e+01
2.913e+01 ] 2.048e+01 ]
2.549e+01 _ 1.792e+01 _
2.185e+01 1.536e+01 __
1,szoe+o1:w 1.280e+01 i
1.456e+01 _ 1.024e+01 _
1.092e+01 7.681e+00
7.282¢+00 Sci2leren
3.641e+00 SR
0.000e+00 _ 00006100 ]

Figure 144 Displacement Results (mm) at 4.5 ms for Impactor Position 5

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to
Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.
Impact ended in 3.4 ms.

Displacement results at 5.0 ms for impactor position 5 is shown in Figure 145.
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CASE 17 CASE 18

Total Displacement (mm)
3.036e+01

Total Displacement (mm)

1.633e+01
2.732e+01
s erour0n 1.470e+01
. < 1.306e+01 _
2.125e+01 _ 1.143e+01 _
1.822e+01 0.797e+00
1.518e+01 8.164e+00
1.214e+01 6.531e+00
9.108e+00 4,898e+00
6.072e+00 3.266e+00
3.036e+00 1.633e+00
0.000e+00 _ 0.000+00 _

CASE 19 CASE 20

I ERR e (I, Total Displacement (mm)

3.219e+01 1.633e+01
2.897e+01 1.470e+01 ]
2.575e+01 _ 1.306e+01 _|
2.253e+01 g 1.143e+01 .
1.931e+01 94810100
1.609e+01 8.164e+00
1.287e+01 _| ponen ]

4.898e+00 _
9.656e+00

3.266e+00
6.437e+00 1.633e+00
3.219e+00 0.000e+00 _|
0.000e+00

Figure 145 Displacement Results (mm) at 5.0 ms for Impactor Position 5

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to
Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model

which is an expected result because of low strain rates. Impact ended in 3.4 ms.
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For position 5, displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values
according to Piecewise Linear Plasticity material model are also similar to Johnson Cook

Material model.

After impact, screen shots were taken at 0.5ms intervals and the stresses are compared. Since

the contact of the bird ended before 5 ms in general, the images were limited to this time period.

VVon Misses Stress results at 0.5 ms for impactor position 5 is shown in Figure 146.
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CASE 17 CASE 18

Von Misses Stress (MPa)
4,062e+02

Von Misses Stress (MPa)
6.349e+02

3.656e+02 5.714e+02 ]
3.249e+02 _ 5.079e+02 _|
2.843e+02 _ 4.444e+02 _
2.437e+02 _ 3.809e+02 _
2.031e+02 _ 3.174e+02 _
1.625e+02 _ 2.539e+02 _
1.219e+02 _ 1.905e+02 _
8.124e+01 1.270e+02
4.062e+01 ] 6.349e+01 ]
0.000e+00 _| 0.000e+00 _!
CASE 19
CASE 20
Von Misses Stress (MPa) Von Misses Stress (MPa)

4.082e+02
3.674e+02
3.266e+02 _
2.858e+02 _
2.449e402 _
2.041e+02 _
1.633e+02 _
1.225e+02 _
8.164e+01
4.082e+01 ]
0.000e+00

5.576e+02

5.018+02 ]
4461402 _

3.903e+02 _
3.345¢402 _
2.788e+02 _
2.230e402 _
1.673e+02 _
1.115e+02

5.576e+01 :I
0.000e+00

Figure 146 Von Misses Stress Results (MPa) at 0.5 ms for Impactor Position 5

The plastic deformation began at 0.5ms as shown in Figure 146. There was no tear up or
penetration on the skin of EFT. The stress distributions and effective stresses on skin are similar

for Piecewise Linear Plasticity material model and Johnson Cook Material model.

VVon Misses Stress results at 1.0 ms for impactor position 5 is shown in Figure 147.
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CASE 17 CASE 18

Von Misses Stress (MPa)

Von Misses Stress (MPa)

4.043e+02 6.175e+02
3.638e+02 5.557e+02
3.234e+02 _ 4.940e+02 _|
2.830e+02 _ 4.322e+02
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Figure 147 Von Misses Stress Results (MPa) at 1.0 ms for Impactor Position 5

There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook
Material model.

Von Misses Stress results at 1.5 ms for impactor position 5 is shown in Figure 148.
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CASE 17 CASE 18

Von Misses Stress (MPa)
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Figure 148 Von Misses Stress Results (MPa) at 1.5 ms for Impactor Position 5

There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model.

VVon Misses Stress results at 2.0 ms for impactor position 5 is shown in Figure 149.
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Von Misses Stress (MPa)

Von Misses Stress (MPa)
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Figure 149 Von Misses Stress Results (MPa) at 2.0 ms for Impactor Position 5

There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model.

Von Misses Stress results at 2.5 ms for impactor position 5 is shown in Figure 150.
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CASE 17 CASE 18

Von Misses Stress (MPa)
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Figure_150 Von Misses Stress Results EMPaj at 2.5 ms for imbactorﬂPo;ition 5

There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model.

VVon Misses Stress results at 3.0 ms for impactor position 5 is shown in Figure 151.
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CASE 17 CASE 18

Von Misses Stress (MPa)

Von Misses Stress (MPa)
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Figure 151 Von Misses Stress Results (MPa) at 3.0 ms for Impactor Position 5

There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook
Material model.

Von Misses Stress results at 3.5 ms for impactor position 5 is shown in Figure 152.

161



CASE 17 CASE 18

Von Misses Stress (MPa)

Von Misses Stress (MPa)
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Figure 152 Von Misses Stress Results (MPa) at 3.5 ms for Impactor Position 5

There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model. Impact ended in 3.4 ms.

Von Misses Stress results at 4.0 ms for impactor position 5 is shown in Figure 153.

162



CASE 17 CASE 18

Von Misses Stress (MPa)
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Figure 153 Von Misses Stress Results (MPa) at 4.0 ms for Impactor Position 5

There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook
Material model. Impact ended in 3.4 ms.

Von Misses Stress results at 4.5 ms for impactor position 5 is shown in Figure 154.
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CASE 17 CASE 18

Von Misses Stress (MPa)

Von Misses Stress (MPa)
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Figure 154 Von Misses Stress Results (MPa) at 4.5 ms for Impactor Position 5

There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook
Material model. Impact ended in 3.4 ms.

Von Misses Stress results at 5.0 ms for impactor position 5 is shown in Figure 155.
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CASE 17 CASE 18

Von Misses Stress (MPa)

Von Misses Stress (MPa)
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Figure 155 Von Misses Stress Results (MPa) at 5.0 ms for Impactor Position 5

There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook
Material model. Impact ended in 3.4 ms.

The stresses and deformations on EFT skin are shown in Figure 136 to Figure 155. The plastic
deformation began at 0.5ms as shown in Figure 146. There was no tear up or penetration on the
skin of EFT. The stress distributions and effective stresses on skin are similar for Piecewise

Linear Plasticity material model and Johnson Cook Material model.
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Maximum stress on EFT skin was 560 MPa for Case 17, 762 MPa for Case 18, 546 MPa for
Case 19, 616 MPa for Case 20.

Energy variations for Position 5 is given in Figure 156. While kinetic energy decreased, internal
energy increased. Total energy remained almost constant for case 18 and case 20. For case 17,
total energy increases after 2ms. This is because of the increase in sliding energy. Total energy
increased after 3.4ms; however, since the impact ended after 3.4ms, the analysis results before

3.4ms shall be taken into account.
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Figure 156 Energy Variation of Position 5
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Energy ratios for Position 5 is given in Figure 157. Energy ratios for position 5 remained within

the acceptable limits as shown.
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Figure 157 Energy Ratio of Position 5
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Hourglass energy, damping energy and sliding energy for case 17 is given in Figure 158. Impact
ended in 3.5 ms. Hourglass energy remained almost 0. Sliding energy increased between 2ms
and 3ms; however, the increase is in the acceptable limit.

03 Case #17

. ¢ | _A Hourglass Energy
0.25 B_Damping Energy
/c/ C sliding Energy

0.2

0.1

Energy (kJ) (E+6)

0.05
- [ T A
0 ZF—I—‘—T_%__J A LA I

Time (s) (E-03)

Figure 158 Hourglass, Damping and Sliding Energies Variation of Case 17
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Figure 159 Bird Impact at 4 ms for Case 17

Hourglass energy, damping energy and sliding energy for case 18 is given in Figure 160. Impact
ended in 3.4 ms. Hourglass energy remained almost 0. Sliding energy increased between 2ms

and 3ms; however, the increase is in the acceptable limit.
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Figure 160 Hourglass, Damping and Sliding Energies Variation of Case 18
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Figure 161 Bird Impact at 4 ms for Case 18

Hourglass energy, damping energy and sliding energy for case 19 is given in Figure 162. Impact
ended in 3.4 ms. Hourglass energy remained almost 0. Sliding energy increased between 2ms

and 3ms.
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Figure 162 Hourglass, Damping and Sliding Energies Variation of Case 19
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Figure 163 Bird Impact at 4 ms for Case 19

Hourglass energy, damping energy and sliding energy for case 20 is given in Figure 164. Impact
ended in 3.4 ms. Hourglass energy remained almost 0. Sliding energy increased between 2ms

and 3ms; however, the increase is in the acceptable limit.
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Figure 164 Hourglass, Damping and Sliding Energies Variation of Case 20
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Figure 165 Bird Impact at 4 ms for Case 20

Analysis Results for Position 6

An overview of the impact simulation for the position 6 was given for the general

[Jeigen  Div: |1 SF: 10

Frst: [ 1]test| 102]mei[  1ltme: 0.00335997 State:

Do A AEP OB Ee

s B o L
16

understanding. The time history was presented as a series of time step plots with explanations.

The plots in Figure 166 to Figure 185 show the simulation run in several steps. Total simulation

time was set to 5 ms and plots are saved in the intervals of 0.5ms.

Displacement results at 0.5 ms for impactor position 6 is shown in Figure 166.
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Figure 166 Displacement Results (mm) at 0.5 ms for Impactor Position 6

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 1.0 ms for impactor position 6 is shown in Figure 167.
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Figure 167 Displacement Results (mm) at 1.0 ms for Impactor Position 6

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 1.5 ms for impactor position 6 is shown in Figure 168.
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Figure 168 Displacement Results (mm) at 1.5 ms for Impactor Position 6

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 2.0 ms for impactor position 6 is shown in Figure 169.
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Total Displacement (mm)
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Figure 169 Displacement Results (mm) at 2.0 ms for Impactor Position 6
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Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 2.5 ms for impactor position 6 is shown in Figure 170.

176



CASE 21 CASE 22

Total Displacement (mm)

Total Displacement (mm)

3.089e+01
21826401
2.780e+01
1.964e+01
2.471e+01
- 1.746e+401 _
2.163e+01 _
e 1.528e+01 _
: e+
it 1.300e+01 _
N +
s 23: 1l 1.091e401 _
P e+
ey 8.729e+00 |
X +
. 179e -y 6.547e400
X +
\ oage " 4.365e400
i +
. oooe " 2.182e400 :I
X +
i 0.000€+00 _

Total Displacement (mm) Total Displacement (mm)

3.154e+01 2.876e+01
2.839e+01 2.588e+01 ]
2.524e+01 2.301e+01 _|
2.208e+01 | 2.013e+01 _
1.893e+01 | 1.726e+01 _
1.577e+01 | 1.438e+01 _
1.262e+01 ] 1.150e+01 _|
9.463e+00 | 8.628e+00 _
6.309e+00 ] 5.752e+00
3.154e+00 ] 2.876e+00]
0.000e+00 0.000e+00 _|

Figure 170 Displacement Results (mm) at 2.5 ms for Impactor Position 6

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 3.0 ms for impactor position 6 is shown in Figure 171.
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CASE 21 CASE 22

Total Displacement (mm)

Total Displacement (mm)

2.726e+01 1.085e+01
2.454e+01 ] 9,768e+00]
2.181e+01 _ 8.682e+00 _|
1.908e+01 _ 7.507e+00 _
1.636e+01 _ 6.512e+00 _
1.363e+01 5.426e+00 _
1.090e+01 ] 4.341e+00 :ﬂ
8.178e+00 _ 3.256e+00 _
5.452e+00 __ 2.171e+00
2.726e+00 :I 1.085e+00 ]
0.000e+00 0.000e+00 _|
CASE 23 CASE 24

Total Displacement (mm) Total Displacement (mm)

2.829e+01 2.303e+01
2.546e+01 2.073e+01 :'
2.263e+01 ] 1.843e+01 _
1.980e+01 1.612e+01 _
1.697e+01 ) 1.382e+01 _
1.414e+01 ] 1.152e+01
1.132e+01 ji 9.214e+00 :I]]
8.487e+00 6.910e+00 _
5.658e+00_: 4.607e+00
2.829e+00 ] 2.303e+00 ]
0.000e+00 0.000e+00

Figure 171 Displacement Results (mm) at 3.0 ms for Impactor Position 6

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to

Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.

Displacement results at 3.5 ms for impactor position 6 is shown in Figure 172.
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CASE 21 CASE 22

Total Displacement (mm)

Total Displacement (mm)
2.229e+01

6.614e+00
2.006e+01 ] 5.952e+00 ]
1.783e+01 _| 5.291e+00 __
1.560e+01 _ 4.629e+00 _
1.337e+01 3.968e+00
1.115e+01 3.307e+00
8.916e+00 _ 2.645e+00
6.687e+00 1.984e+00
4.458e+00 1.323e+00
2.229e+00 6.614e-01
0.000e+00 _| 0.000e+00 _|

CASE 24
CASE 23

Total Displacement (mm) Total Displacement (mm)

2.391e+01 7.032e+00
2.152e+01 ] 6.329e+00 ]
1.913e+01 5.626e+00 _
1.674e+01 4.922e+00 _
1.435e+01 4.219e+00
1.196e+01 3.516e+00
9.565e+00 2.813e+00
7.174e+00 2.110e+00
4.782e+00 1.406e+00
2.391e+00 7.032e-01
0.000e+00 _| 0.000e+00 _|

Figure 172 Displacement Results (mm) at 3.5 ms for Impactor Position 6

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to
Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.
Impact ended in 3.3 ms.

Displacement results at 4.0 ms for impactor position 6 is shown in Figure 173.

179



CASE 21 CASE 22

Total Displacement (mm)

Total Displacement (mm)

1.872e401 7.751e+00
1.685e+01 ] 6.976e+00
1.497e+01 _| 6.201e+00 _
1.310e+01 _ 5.426e+00 _
1.123e+01 4.651e+00
9.358e+00 3.875e+00
7.487e+00 3.100e+00
5.615e+00 2.325e+00
3.743e+00 1.550e+00
1.872e+00 7.751e-01
0.000e+00 _ 900er 0.
CASE 23 CASE 24
Total Displacement (mm) Total Displacement (mm)

2.049e+01 6.113e+00
1.844e+01 :I s.so1e+oo:|
1.639e+01 _ 4.890e+00 _
1.434e+01 _ 4.279e+00 _
1.229e+01 3.668e+00
1.024e+01 3.056e+00
8.194e+00 2.445e+00
6.146e+00 1.834e+00
4.097e+00 1.223e+00
2.049e+00 6.113e-01
0.000e+00 _| 0.000e+00 _|

Figure 173 Displacement Results (mm) at 4.0 ms for Impactor Position 6

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to
Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.
Impact ended in 3.3 ms.

Displacement results at 4.5 ms for impactor position 6 is shown in Figure 174.
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CASE 21 CASE 22

Total Displacement (mm)
1.112e+01

Total Displacement (mm)
8.193e+00

1.001e+01 15746 ,oo:l
8.804e100 6.554e+00 __
7.783e+00 _ 5.735¢+00
6.671e+00 4.916e+00 ]
5.559e+00 4.096e+00
4.447+00 3.277e+00
3.335e+00 2.458e+00
2.224e+00 1.639e+00
1.112e+00 8.193e-01
0.000e+00 _| 0.000e+00 _}

Total Displacement (mm) Total Displacement (mm)

1.293e+01 8.452e+00
1.164e+01 7.607e+00
1.035e+01 ] 6.762e+00]
9.052e+00 _ 5.917e+00 _
7.759e+00 5.071e+00

4.226e+00
3.381e+00
2.536e+00
1.690e+00
8.452e-01

6.466e+00
5.173e+00
3.880e+00
2.586e+00
1.293e+00
0.000e+00 _| 0.000e+00 _|

Figure 174 Displacement Results (mm) at 4.5 ms for Impactor Position 6

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to
Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model.
Impact ended in 3.3 ms.

Displacement results at 5.0 ms for impactor position 6 is shown in Figure 175.
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CASE 21 CASE 22

Total Displacement (mm)

Total Displacement (mm)

§ T8e401 7.967e+00

—— ] 7.17oe+oo:l
6.373e+00 _|

1.100e+01 55776400
9.625e400 4.780e+00
8.250e+00 3.983e+00
6.875e+00 3.187e+00
5.500e+00 2.390e+00
4.125e+00 1.593e+00
2.750e+00 7.967e-01
1.375e+00 0.000e+00 _|
0.000e+00 _|

CASE 23 CASE 24

Total Displacement (mm)

Total Displacement (mm)
9.184e+00
8.265e+00 ]
7.347e+00 _
6.429e+00 _
5.510e+00
4.592e+00
3.674e+00
2.755e+00
1.837e+00

9.184e-01
0.000e+00 _|

1.496e+01
1.347e+01 :l
1.197e+01 _
1.047e+01 _
8.977e+00
7.481e+00
5.985e+00
4.488e+00
2.992e+00

1.496e+00
0.000e+00 _|

Figure 175 Displacement Results (mm) at 5.0 ms for Impactor Position 6

Displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values according to
Piecewise Linear Plasticity material model are also similar to Johnson Cook Material model

which is an expected result because of low strain rates. Impact ended in 3.3 ms.

For position 6, displacements on Al 7075 -T6 and Al 2024-T3 are similar. Displacement values
according to Piecewise Linear Plasticity material model are also similar to Johnson Cook
Material model.
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After impact, screen shots were taken at 0.5ms intervals and the stresses are compared. Since

the contact of the bird ended before 5 ms in general, the images were limited to this time period.

Von Misses Stress results at 0.5 ms for impactor position 6 is shown in Figure 176.

CASE 21 CASE 22

Von Misses Stress (MPa) Von Misses Str6_ss (MPa)

4.124e+02 6.398e+02
3.712e+02 5.758e+02 %
3.200e402 _ 5.118e402 _
2.887e+02 _ 4.479e+02 _
24746402 _ 3.830e402 _
2.062e+02 _ 3.199e402 _
1.650e+02 _ 2.559e+02 _
1.237e+02 _ 1.919e+02 _
8.248e+01 1.280e+02
4.124e+01 :I 6.398e+01 :I
0.000e+00 _ 0.000e+00 _|
CASE 23 CASE 24
Von Misses Stress (MPa) Von Misses Stress (MPa)

4.066e+02 4.719e+02
3.660e+02 4.247e+02 %
3.253e+02 ] 3.775e+02 _
2.847e+02 3.303e+02 _
2.440e+02 : 2.831e402 _
2.033e+02 _ 2.359e+02 _
1.627e+02 _ 1.887e+02 _
1.220e+02 _ 1.416e+02 _
8.133e+01 9.437e+01
4.066e+01 ] 4.719e+01 ]
0.000e+00 0.000e+00

Figure 176 Von Misses Stress Results (MPa) at 0.5 ms for Impactor Position 6

The plastic deformation began at 0.5 ms as shown in Figure 176. There was no tear up or
penetration on the skin of EFT. The stress distributions and effective stresses on skin are similar

for Piecewise Linear Plasticity material model and Johnson Cook Material model.
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VVon Misses Stress results at 1.0 ms for impactor position 6 is shown in Figure 177.

CASE 21 CASE 22

Von Misses Stress (MPa)

Von Misses Stress (MPa)

4.110e+02 6.261e+02
3.699e+02 5.634e+02 :l
3.288e+02 _ 5.008e+02 _
2.877e+02 _ 4.382e+02 _
2.466e+02 _ 3.756e+02 _
2.055e+02 _ 3.130e+02 _
1.644e+02 _ 2.504e+02 _
1.233e+02 _ 1.878e+02 _
8.220e+01 1.252e+02
4.110e+01:| 6.261e+01:|
0.000e+00 _| 0.000e+00 _|
CASE 23 CASE 24
Von Misses Stress (MPa) Von Misses Stress (MPa)

4.041e+02 5.125e+02
3.637e+02 ] 4.613e+02 :I
3.233e+02 _ 4.100e+02 _|
2.828e+02 _ 3.588e+02 _
24246402 _ 3.075e+02 _
2.020e+02 _ 2.563e+02 _
1.616e+02 _ 2.050e+02 _
1.212e402 _ 1.538e+02 _
8.081e+01 1.025e+02
4.041e+01 ] 5.125e+01 ]
0.000e+00 0.000e+00

Figure 177 Von Misses Stress Results (MPa) at 1.0 ms for Impactor Position 6

There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model.

VVon Misses Stress results at 1.5 ms for impactor position 6 is shown in Figure 178.
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Von Misses Stress (MPa)

Von Misses Stress (MPa)

4.097e+02 6.150e+02
3.687e+02 5.535e+02 ]
3.277e+02_| 4.920e+02 _
2.868e+02 _ 43056402 _
2.458e+02 _ 3.690e+02 _
2.048e+02 _ 3.075e+02 _
1.630e+02 _ 2.460e+02 _
1.229e+02 _ 1.845+02 _
8.193e+01 1.230e+02
4.097e+01 ] 6.150e+01 ]
0.000e+00 _| 0.000e+00 _|
CASE 24
CASE 23
Von Misses Stress (MPa) Von Misses Stress (MPa)
3.006e+02 4.733e+02
3.596e+02 4.259e+02 ]
3.197e+02 3.786e+02 _
2.797e+02 3.313e+02 _
2.398e+02 i 2.840e+02 _
1.998€+02_ 2.366e+02 _
1508402 | 1.893e+02 _|
1.199e+02 _ 1.420e+02 _
7.992e+01 9.465e+01
3.996e+01 4.733e+01 ]
0.000e+00 _| 0.000e+00

Figure 178 Von Misses Stress Results (MPa) at 1.5 ms for Impactor Position 6

There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook
Material model.

VVon Misses Stress results at 2.0 ms for impactor position 6 is shown in Figure 179.
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CASE 21 CASE 22

Von Misses Stress (MPa) Von Misses Stress (MPa)

4.048e+02 6.040e+02
3.643e+02 5.436e+02]
3.239e402 _ 48326402 _
2.834e402 _ 4.228e402 _
2.429e402 _ 3.624e+02 _
2.024e+02 _ 3.020e+02 _
1.619e402 _ 2.416e+02 _
1.214e402 _ 1.812e+02 _

8.096e+01

4.048e+01 ]
0.000e+00

1.208e+02

6.040e+01 :I
0.000e+00

CASE 23 CASE 24

Von Misses Stress (MPa)
4.754e+02

4.278e+02 ]
3.803+02 _
3.328e+02 _
2.852e402 _
2.377e+02 _
1.901e+02 _
1.426e+02 _

9.507e+01

4.754e+01 ]
0.000e+00

Von Misses Stress (MPa)

3.910e+02
3.519e+02
3.128e+02 _
2.737e+02 _
2.346e+02 _
1.955¢402 _
1.564e+02 _|
1.173e+02 _
7.819e+01
3.910e+01 ]
0.000e+00 _|

Figure 179 Von Misses Stress Results (MPa) at 2.0 ms for Impactor Position 6

There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model.

VVon Misses Stress results at 2.5 ms for impactor position 6 is shown in Figure 180.
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CASE 21

4.107e+02
3.606e+02
3285402 _
2875402 _
2.464e402 _
2.053e+02 _
1.643e+02 _
1.232e402 _

Von Misses Stress (MPa)

i

CASE 22

Von Misses Stress (MPa)
6.058e+02

5.452e+02 ]
4.846e+02 _
4.240e+02 _
3.635e+02 _
3.029e+02 _
2.423e+02 _|
1.817e+02 _

8.214e+01 ]

4.107e+01
0.000e+00 _|

CASE 23 CASE 24

Von Misses Stress (MPa) Von Misses

3.938e+02 ]

3.544e+02
3.150e+02 _|
2.756e+02 _
2363402 _
1.969e+02
1.575e+02 _
1.181e+02 _

7.876e+01 ]

3.938e+01
0.000e+00 _|

Figure 180 Von Misses Stress Results (MPa) at 2.5 ms for Impactor Position 6

There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model.

VVon Misses Stress results at 3.0 ms for impactor position 6 is shown in Figure 181.
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1.212e+02
6.058e+01
0.000e+00

i

Stress (MPa)

4.820e+02
4.338e+02
3.856e+02 _
3.374e+02 _
2.892e402 _
2.410e402 _
1.928e+02 _
1.446€402 _
9.641e+01
4.820e+01 ]
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CASE 21 CASE 22

Von Misses Stress (MPa)

Von Misses Stress (MPa)

4.119e+02
:I 6.047e+02
3.707e+02
5.442e+02
3.205e+02 _| ]
4.838e+02 _
2.883e+02 _
4.233e+02 _
2.471e+02
- 3.628e+02 _
2.060e+02 _
. 3.023e+02 _
1.648e+02 _ “
2.419e+02 _
1.236e+02 _
1.814e+02 _
8.238e+01
1.209e+02
4.119e+01
S e 6.047e+01
X +
e 0.000e+00 _|
. Von Misses Stress (MPa)
Von Misses Stress (MPa) 4.900e+02
3.938e+02 4.410e+02
3.544e+02 3.920e+02 _
3.150e+02 _| 3.430e+02
2.756e+02 N
e+02 _ 2.940e+02 _
2.363e+02 _ 2.4506+02
1.969e+02 _ Gty
1.575e+02 _| 180002
1.181e+02 _ 14700402
7.875e+01 9.800e+01

4.900e+01 ]
0.000e+00

3.938e+01 :I
0.000e+00

Figure 181 Von Misses Stress Results (MPa) at 3.0 ms for Impactor Position 6

There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model.

VVon Misses Stress results at 3.5 ms for impactor position 6 is shown in Figure 182.

188



CASE 21 CASE 22

Von Misses Stress (MPa)
4.168e+02

Von Misses Stress (MPa)

3.752e+02:I Senemits
3335402 _ 5'627“02:'
5.002e+02 _
2.918e+02
1 4.376e+02 _
2.501e402 3.751e402 _
2.084e+02 _ 3.126e+02 _
1.667e+02 _ 2.501e+02 _
1.251e+02 _ 1.876e+02 _
8.337e+01 1.250e+02
4.168e+01 ] 6.252e+01 :l
0.000e+00 0.000e+00 _|
CASE 23 CASE 24
Von Misses Stress (MPa) Von Misses Stress (MPa)
41908402 4.755e+02
3.651e+02 ] 4.280e+02
3.245e+02 _ 3.804e+02 _
2.839e+02 _ 3.329e+02 _
2.434e+02 _ 2.853e+02 _
2.028e+02 _ 2.378e+02 _
1.623e+02 _| 1.902e+02 _
1.217e+02 _ 1.427e+02 _
8.113e+01 9.510e+01
4.056e+01 ] 4.755e+01 ]
0.000e+00 0.000e+00 _

Figure 182 Von Misses Stress Results (MPa) at 3.5 ms for Impactor Position 6

There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model. Impact ended in 3.3 ms.

VVon Misses Stress results at 4.0 ms for impactor position 6 is shown in Figure 183.
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CASE 21 CASE 22

Von Misses Stress (MPa)
4.142e+02

Von Misses Stress (MPa)

5.514e+02
3.728e+02 :l 4.962e+02
3.314e+02 _ 4.411e+02 _|
2.899e+02 _ 3.860e+02
2.485e+02 _ 3.308e+02
2.071e+02 _ 2.757e+02 _
1.657e+02 _ ‘ 2.205e+02 — |
1.243e+02 _ 1.654e+02 :
8.284e+01 1.103e+02
4.142e+01 ] 5.514e+01 :I
0.000e+00 _| 0.000e+00 _|

CASE 23 CASE 24
Von Misses Stress (MPa)

Von Misses Stress (MPa)

3.976e+02
3.579¢+02 4.708e+02
3.181e+02 _ 4.238e+02
2.783e+02 3.767+02
2.386e+02— 3.296e+02 _
1.088e+02 2820102 3
1.500e+02 _ adptic
1.883+02 _

1.193e+02

y 1413402 _
1952¢+01 9.417e+01
3.976+01 ] 4.708+01 ]
0.000€+00 ———

Figure 183 Von Misses Stress Results (MPa) at 4.0 ms for Impactor Position 6

There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook
Material model. Impact ended in 3.3 ms.

Von Misses Stress results at 4.5 ms for impactor position 6 is shown in Figure 184.
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CASE 21 CASE 22

Von Misses Stress (MPa)

4164402
3.748e+02 ]
3.331e402_|
2915e402 _
24086402 _
20826402 _
1.666e+02_
1249402 _
8.328e+01
4.164e+01 ]
0.000e+00 _|
CASE 24
CASE 23

Von Misses Stress (MPa)

4.000e+02
3.600e+02
3.200e402 __
2.800e+02 _
2400402 _
2.000e+02 _
1.600e+02 _
1.200e+02 __
8.001e+01
4.000e+01 :I
0.000e+00

Figure 184 Von Misses Stress Results (MPa) at 4.5 ms for Impactor Position 6

Von Misses Stress (MPa)
4.576e+02
4.118e+02
3.660e+02 _
3.203e+02 _
2.745e+02 _
2.288e+02 _
1.830e+02 _
1.373e+02 _
9.151e+01
4.576e+01 :I
0.000e+00

Von Misses Stress (MPa)

4.228e+02
3.805e+02
3.382e402 _
2.960e+02 _
2.537e+02 _
2.114e402 _
1.601e+02 |
1.268e+02 _
8.456e+01
4.228e+01
0.000e+00 _

There was no tear up or penetration on the skin of EFT. The stress distributions and effective

stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook

Material model. Impact ended in 3.3 ms.

VVon Misses Stress results at 5.0 ms for impactor position 6 is shown in Figure 185.
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CASE 21 CASE 22

Von Misses Stress (MPa)

Von Misses Stress (MPa)

3.903e+02 3.949e+02
3.513e+02 :l 3.554e402
3.122e+02 _ 3.159¢+02 _|
2.732e402 _ 2.764e+02 _
2.342e402 _ 2.369e+02 _
1.952e+02 _ 1.974e+02 _(:‘
1561402 | 1 1.580e+02 |
1.171e+02 _ 1.185e+02 _
7.806e+01 7.898e+01
§ane aad ] 3.949e+01 ]
0.000e+00 _| 0.000+00 _
CASE 23
CASE 24
Von Misses Stress (MPa) .

3.044e+02 Von Misses Stress (MPa)
SEkiad :l 4.196e+02
31556402 3.776e+02 ]

N 3.357e+02 _
o 2.037e+02 _
S 2.518e+02 _
1.972e402 2.098e+02 |
1.577e+02 | Py
1.183e+02 _ 1.259e+02:
7.887e+01 93028301
3.944e+01 ] 4.196e+01 ]
0.000e+00 0.000e+00

Figure 185 Von Misses Stress Results (MPa) at 5.0 ms for Impactor Position 6

There was no tear up or penetration on the skin of EFT. The stress distributions and effective
stresses on skin are similar for Piecewise Linear Plasticity material model and Johnson Cook
Material model. Impact ended in 3.3 ms.

The stresses and deformations on EFT skin are shown in Figure 166 to Figure 185. The plastic

deformation began at 0.5 ms as shown in Figure 176. There was no tear up or penetration on
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the skin of EFT. The stress distributions and effective stresses on skin are similar for Piecewise

Linear Plasticity material model and Johnson Cook Material model.

Maximum stress on EFT skin was 417 MPa for Case 21, 640 MPa for Case 22, 407 MPa for
Case 23, 513 MPa for Case 24.

Energy variations for Position 6 is given in Figure 186. While kinetic energy decreased, internal

energy increased.
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Figure 186 Energy Variation of Position 6
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Energy ratios for Position 6 is given in Figure 187. Energy ratios for position 6 remained within

the acceptable limits as shown.
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Figure 187 Energy Ratio of Position 6
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Hourglass energy, damping energy and sliding energy for case 21 is given in Figure 188. Impact

ended in 3.3 ms. Hourglass energy remained almost 0. For sliding energy, peak did not occur.
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Figure 188 Hourglass, Damping and Sliding Energies Variation of Case 21
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Figure 189 Bird Impact at 4 ms for Case 21
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Hourglass energy, damping energy and sliding energy for case 22 is given in Figure 190. Impact

ended in 3.0 ms. Hourglass energy remained almost 0. For sliding energy, peak did not occur.
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Case # 22
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Figure 190 Hourglass, Damping and Sliding Energies Variation of Case 22
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Figure 191 Bird Impact at 4 ms for Case 22

Hourglass energy, damping energy and sliding energy for case 23 is given in Figure 192. Impact

ended in 3.3 ms. Hourglass energy remained almost 0. For sliding energy, peak did not occur.
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Case #23
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Figure 192 Hourglass, Damping and Sliding Energies Variation of Case 23
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Figure 193 Bird Impact at 4 ms for Case 23
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Hourglass energy, damping energy and sliding energy for case 24 is given in Figure 194. Impact

ended in 3.3 ms. Hourglass energy remained almost 0. For sliding energy, peak did not occur.
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Figure 194 Hourglass, Damping and Sliding Energies Variation of Case 24
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Figure 195 Bird Impact at 4 ms for Case 24

From the analysis results, following conclusions are stated:

Main concern in EFT bird strike impact analysis is to have no penetration on skin and to
maintain the structural integrity of the impacted EFT. None of the impact positons resulted in
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damage on the skin of EFT, the impact energy absorption of structure is sufficient in general

for bird strike requirements.

No tearing of external fuel tank skin was observed for all cases. Maximum resultant
displacement for skin for the cases were generally in between 62 mm to 25 mm and most critical

position was found as position 2.

For position 6, less damage occured compared to other positions.

Energy ratios remained within the acceptable limits during impact.
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8 CONCLUSION

Bird strike issues may cause catastrophic damages for air vehicles during take-off, level flight
and landing. [1]

All forward facing components of the aircraft, such as; wing leading edge, empennage leading
edge, windshield, canopy, nose radome should be evaluated about bird strike endurance point
of view. The methodology is mainly performing the bird strike analysis at the beginning of

design; and after production, carrying out bird strike tests [9].

The aim of this study was to perform bird strike analysis on an external fuel tank of a jet trainer
aircraft and provide an example study to the literature of our country. In this study, 4lb bird
strike on an external fuel tank of a jet trainer aircraft was analyzed. First of all, the EFT model
was created using CATIA V5 R28 software. Fuel carrying capacity of the external fuel tank
was 10001b. The geometry was designed with elliptical cross-section in order not to crash with

floor during landing.

Hypermesh software was used for post processes of the analysis. The structure was modelled
as shell elements consisting of 393862 nodes and 391032 elements. Figure 148 shows finite

element model of external fuel tank.
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Figure 196 FEM Model of External Fuel Tank

LS Dyna software was used for impact analysis and Smoothed Particle Hydrodynamics method
was chosen for impactor model. Analyses were performed using cylindrical with hemisperical
ends bird geometry according to speed and mass given in literature. The density of the impactor
was 950kg/m?.

Twenty-four cases were performed including six impactor positions, two different materials
which are Johnson Cook material model (MAT_15) and Piecewise Linear Plasticity material
model (MAT_24) and two different material models which are Al 2024-T3 and Al 7075-T6.

Leakage on the external fuel tank may cause fire, the loss of aircraft and death of crew. For the
survivability of the aircraft, external fuel tank shall resist bird strike without penetration.
Therefore, the external fuel tank was decided to be designed as impact resistant without
penetration.
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An overview of the impact simulation for the positions were evaluated for the general
understanding. The time history was presented as a series of time step plots with explanations.

Total simulation time was set to 5 ms and plots were saved in the intervals of 0.5ms.

Using numerical analysis, stress and displacement distributions, the maximum stresses and the
maximum displacement were calculated. As a result, the robustness of the external fuel tank

was verified due to the regulations of aviation authorities.

Energy ratios were checked and verified for 24 cases. Acceptable limits for energy ratio is
between 0.9 to 1.1.
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10 APPENDIX

APPENDIX 1 - Resultant Forces

25 Case

#1

3

; T ? T

IMPACT FORCE (N) (E+3)

:

Time (s) (E-03)

Case #2

25

20—

15+

W

.00101,2.47e+004)

‘MN

IMPACT FORCE (N) (E+3)

‘4.

™,

N

3

Time (s) (E-03)

3

Case#3

25

247e+004)

15

P

1

e

TN

:

Time (s) (E-03)

205




IMPAC | FURCE (N) (E+3)

My

L
W,

Time (s) (E-03)

IMPACT FORCE (N) (E+3)
- -

.. Case#5

&
7
T

»n
¥
T

s o
e
T T

WW

Time (s) (E-03)

HAFAL | FURGE ([E79)

Time (s) (E-03)

206




IMPACT FORCE (E+3)

:

Time (s) (E-03)

3

: \\4\

z

]

; A,
| +
0- 1 1 i 1

Time (s) (E-03)

g

:

: .

2

: o,

s

BN

Time (s) (E-03)

207




Case #10

35
i .00104,3.42¢+004)
30 !
= 251
? L
w
z 20+
w -
o
g 154
w
s L
o \‘1\
E 10+
51
. . . . w
2 3
Time (s) (E-03)
35 Case#11
&
¥
o
=3
w V\%
o
4
o
rd WN\\
pt
o
£
1 L
Time (s) (E-03)
.. Case®12
g T T
a0 00102,3.166+004)
25
7
. \‘\«
F 20
0 W\“w.
3
§ 15 A
-
-l V\'v‘"’b\....
£ r“q\_m\
0 1 1 | 1 \-
0 2 4
Time (s) (E-03)

208




. Case#13

o

3
i
3
u
3
5
=
2
i
Time (s) (E-03)
40 Case #14
30
&
+
w
3
w20
4
o
e
-
Q
£
10 N
0 I . \g\,\)\\’-_‘
1 2
Time (s) (E-03)
 case#15
40 T
3
L
£
u
3
E
2
=
3
:

-t

Time (s) (E-03)

209




Case # 16
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Case # 22
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