Mechanical Testing and Diagnosis
ISSN 2247 - 9635, 2016 (VI), Volume 4, pp. 12-21

BIRD STRIKE DAMAGE ASSESSMENT
FOR AN AIRCRAFT TAIL PLANE

Citilin PIRVU, Corina Elena BOSCOIANU, Mihai Victor PRICOP, Lorena DELEANU

INCAS, luliu Maniu 220, 06126, Bucharest
“Dunarea de Jos” University of Galati

Pirvu.catalin@incas.ro

Abstract

Bird strike is a major threat to both fixed and rotary wing aircraft, damaging the nose section,
wings, or propulsion elements. It involves a complex material failure under dynamic, loads. The
purpose of this work is to perform numerical predictions in the case of a horizontal tail plane,
considering a number of span wise impact locations. Three types of water birds are considered,
using a Lagrangian model, shaped as a rounded cylinder. A bilinear isotropic material with
failure criterion is considered, in order to overcome the numerical problems typically related to
the large displacements of Lagrangian models. Simulations help to locate the most damaged zones
and are helpful for improving the structure design by changing the position and size of the
structural members. The results are going to be correlated with accident records in order to better

understand safety requirements.
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1. INTRODUCTION

Costs associated  with  bird—aircraft
collisions affect commerce and safety and are
widely acknowledged by the aviation
community [1, 2, 3, 4, 5]. Several well
documented reports as that of Nikolajeff [6],
Kirsh et al. [7], Doubrava and Strnad [32]
pointed out that the bird collision is a high
risk issue for airplanes (Fig. 1) and solutions
are needed, including mitigating the structure
failure under the impact. The annual direct
costs (aircraft repair costs) associated with
bird strikes in the US have been estimated at
US$ 155 million [2]. These authors
considered that is likely a substantial
underestimate of the magnitude of the
problem. FAA Wildlife Database 1990-2014
evaluate that there were 917 strikes produced
by gulls ($65 K), 659 Canadian goose strikes
($381 K), 292 strikes by Turkey vulture ($74
K) [3].
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Fig. 1. Parts of the plane wildlife hit most often [3]

Source: FAA Wildlife Strike Database, 1990-2014

Anderson et al. [8] provides a model for better
understanding of how the probability and extent of
damage are affected by the characteristics of a bird
strike. The model can be used to estimate the cost of
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the substantial number of strikes for which the actual
cost is unreported. Thus, the goal of future work will
be to better assess how the cost of bird strikes varies
across airports and over time by using this model to
alleviate the problem of underreporting of strike
costs present in current data.

Ugrcic [9] did a numerical simulation using
smooth particle hydrodynamics (SPH) method
running in the nonlinear finite element code ANSY'S
AUTODYN. The focus is given to the validation of
the stress, strain and deflection of wing on the
impact zone. The dependency of parameters on the
variation of ellipsoidal bird aspect ratio, impact
velocity and wing design details were discussed. The
behavior of aircraft leading edge against high speed
bird impact was simulated and the effect of
parameters on its dynamic response was studied.
Numerical model was validated with published
experimental results.

Sun [10] performed numerical predictions of
structural behavior and damage caused by bird
strikes in a large airplane leading edge structure, at
different  locations, using smooth  particle
hydrodynamics (SPH) method. A dynamic failure
model with effects of complex stress states and
strain rate was implemented and appropriate contact
definitions between the bird and structure were used.
The results showed that the failure of leading edge
structure under bird strike can be effectively
simulated for an impact velocity of 80...170 m/s.
Simulations of bird strike on an aircraft leading edge
structure at three different locations along with the
span of wing were performed. and showed that the
impact damage was dependent on the impact
location. In order to deal with the numerical
prediction, behavior and damage caused by bird
strikes in a horizontal empennage structure using
finite element method, interactions of several
complex numerical problems are involved.

Different bird modeling techniques appeared in
recent years having apparent effects on the results of
simulations and experimental validation [11, 12, 13,
14], which is essential to predict the damage caused
by bird impact.

The three commonly used approaches to simulate
the bird impact case are: the Lagrangian approach,
the Arbitrary Lagrangian Eulerian (ALE) approach
and the Smooth Particle Hydrodynamics (SPH)
method [15].

In Lagrange approach, the mesh moves and
distorts once with the material. This formulation is
often used because of the advantages of being able
to incorporate complex material models and the
ability to accurately model interfaces for the
empennage and changing in the bird’s body. The
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method is generally used for shaping solid materials,
but is very sensitive to deformation, can produce
small time steps (at interaction bird-empennage) and
even numerical divergence.

Computing codes solve these problems by
remeshing algorithms or erosion of highly distorted
elements, using typically a threshold (this can have
different nature, usually a stress or deformation).
Remeshing algorithms requiring a large amount of
calculation are not applicable in all cases. On the
other hand, erosion algorithms can cause loss of
accuracy by removing highly distorted elements.
The amount of mass that dissappears it also affects
the inertial properties of the model. Problems may
arise due to erosion and contact interfaces.

Zhang et al. [16] found that bird geometry and
impact orientation had significant effects on impact
response and Kinetic energy loss of the bird.
Simulation of a brid impact on a rotary jet-engine
fan were done taking into account impact force
history, kinetic energy loss of the bird, deformations
of the blade tips and von Mises stresses of the blade
roots. The results showed that both bird geometry
and impact orientation had significant influence.

Remeshing techniques are generally used to
simulate  the  impact, penetration, blast,
fragmentation, and problems of turbulent fluid-
structure interaction that occurs, making this
technique a reliable method for our case of bird-
empennage impact.

2. THE MODEL

In order to ensure tolerance to bird strike
damage, aircraft structures have to fulfill the
airworthiness specifications prescribed by Federal
Aviation Administration, Joint Aviation Authorities
or the European Organisation for the Safety of Air
Navigation, imputing tests on new and old structures
that can be made with air canon and numerical
simulation.

The case chosen is an 1AR-330 helicopter
catastrophic flight event. The impact case between
different bird bodies and horizontal empennage lead
to the wunnatural rupture of the empennage,
indicating a rupture direction at the base of the
empennage and a destroyed structure for front
impact. The empennage damage at a lower height,
during flight, could have caused the loss of vertical
stability of the helicopter.

The empennage is fixed (clamped) on the top left
helicopter tail on the opposite side of the tail rotor
(Fig. 1a).
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Fig. 2. IAR 330 horizontal empennage with 2
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For accurate results, considering the aeronautical
domain, which covers specific issues of the thin-
walled structures used in aviation, the modeling of
the empennage only with "shell" type finite elements
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was chosen. The constitutive material of the
empennage is Al-2024 aluminum alloy, commonly
used in the aircraft industry. The structure thickness
is 1 mm in this model, and it is composed of 20721
nodes and 19907 elements. The bird model (a
cylinder with spherical ends) has 4770 nodes and
23855 elements. The properties of these two
materials involved in the simulations are given in
Table 1. Bird properties were selected after
consulting relevamt documentation [A11].

An actual bird has an irregular shape and also the
body density varies. For laboratory test, there are
used artificial birds or substitute birds for pre-
certification impact testing, leading to advantages in
convenience, cost and reproducibility [19].

The substitute bird shall not copy the real bird
itself with its flesh and bones, but it should
reproduce the same pressure loading during impact
as a real bird. The substitute bird geometry and
material have to be selected appropriately for this
purpose.

Typical substitute artificial birds have a
simplified regular geometry like a cylinder, a
cylinder with hemispherical ends [20], an ellipsoid
or a sphere, representing the torso of the bird. For
this study, the authors selected the cylinder with
hemispherical ends.

Several authors tried to model the bird with a
simple elastoplastic material law with a defined
failure strain [21, 22, 23], and some of them
highlighted the limitations of this simplified
approach. It is observed that no fluid-like flow
response can be achieved with such an elasto-plastic
material law, only if the shear modulus G is set very
low. The determination of the material constants is
reported to be difficult and of key importance.
However, no comparison to results obtained with
traditional bird models is given [24].

In order to describe the mechanical behavior of
this empennage material and an organic body in
dynamic conditions, the bilinear isotropic material
model was selected, with a failure criterion defined
by the maximum equivalent plastic strain, EPS.

Table 1. Material properties

Property Bird Al 2024
Density, Kg-m™ 950 2785
Young Modulus, MPa 10000 71000
Poisson Ratio 0.3 0.33
Bulk Modulus, MPa 8333 6.9608
Shear Modulus, MPa 3846 26692
Yield strength, MPa 106 280
Tangent Modulus, MPa | 5000 500
Maximum equivalent 1.25 0.7
plastic strain, EPS
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The mesh network

The assembly was discretized using the
Lagrangian method, with a maximum element size
of 10 mm. Following the meshing process, the
statistics for the empennage are 47358 nodes and
48802 elements, and the birds, with a defined
number of elements and nodes (Table 2).

The initial conditions

The relative speed of the bird before impact was
set at 100 m/s, a value in the actual range for these
birds [11, 31]. Erosion is used to automatically
remove highly distorted elements from the analysis
and is required for this kind of applications. The
default settings will erode elements which
experience geometric strains in excess of 100%. The
friction coefficient is set to 0.3.

Boundary conditions and analysis settings

The empennage has the root surfaces clamped.
The simulation time was different, depending on the
bird model size, 4.5x107%s for 0.17 kg, 55x107 s for
1.2 kg and 5x10° for the largest one (12 kg) with a
program control time step.

3. THE RESULTS

Numerical failure prediction of bird strike on a
helicopter horizontal tail structure was simulated in
Ansys Autodyn. The birds are modeled in line with
the literature [25, 26, 27, 28, 29]. The largest bird
taken into account in this simulation was modeled as
a cilinder with spherical ends.

Table 2.
Bird Mass Speed Nodes | Elements
Seagull 170g | 100 m/s 444 330
Duck 1.2kg | 100m/s | 4770 23855
Swan 12kg | 100m/s | 27448 145862

Analyzing the time history of equivalent stress in
time (Fig. 3), one may notice that for the smaller
bird models, a) and b), produced similar results: a
sharp rise that last about 1.5x10™ s for the seagull,
2.5x10™ s for the duck, followed by a bump, with
the peak still under the yield limit. The integration
time is longer for the heavier bird with the
oscillations being very probably produced by the
stress propagation in the structure. The plot
characterizing the heaviest bird has a different shape
when compared to the smaller ones. After the sharp
rise to similar value as for the other bird models, till
around 500 MPa, there is a plateau till 10 s and
then after, in a short period of 2.5..3x10™ s, the
stress reaches the failure limit of the material (that is
there are great deformations beyond the EPS
imposed in the model and there are places in the
structure that have ruptures.
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The plots in Fig. 3 are similar to those given
byHu [Hu, 2016] near the impact point, even if those
in Fig. 3 point out that high stress values could be
also obtained farway from the impact zone (see zone
B in Fig. 6c.
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Material failures can be identified in the time
histories of maximum von Mises stress. As stress is
still near the failure limit, at the moment 7.5x107 s,
it is very probably that rupture point are still
developing and the integration time has to be
enlarged for getting the last failure of the structure.

Figure 4 presents the moments at the end of first
stage, for each case.
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Fig. 4. Equivalent (von Mises) stress distribution
(the moment at the end of first stage) [Pa]

As pointed out in literature, the impact behavior
consists of four main phases: initial shock at contact,
impact shock decay, steady flow and pressure decay
[30, 31].

Thus, the impact process could be divided four
stages:

- | a very sharp rise of the stress (initial shock at
contact) (Fig. 4),

- 1l a stress slope smaller till 60...80% of the
failure stress (Fig. 5),
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- 111 a hill shape of stress that is longer in time
when the deformed bird mass increases;

- IV - decreasing stress (obviously in Fig. 3a and
b, but not included in the integration time for the
simulation with swan model).

Figure 5 presents the end of the second stage that
is the moment of reaching 60...80% of the failure
stress limit, but the end of this stage is at different
moments, for each simulated case.
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Figure 6 presents the instants when the

maximum stress is reached in each case, without
broking the structure.
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The bending moment induced by the largest bird
model makes the structure experience failure near
the fixing plane (noted A in Fig. 6c¢). Here, tensile
stresses are more dangerous and make the structure
to fail and the surface of the structure in zone B is
noticeably wrinkled. This process become more and
more obviously and change in a very sever way the
structure configuration.

The moment at which the von Mises stresses are
the highest for the third case is given in Fig. 6. The
reinforcing ribs inside the structure become stress
concentrators (Fig. 8).
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This simulation for the impact with a large bird
suggests that symmetrical and uniform arrangement
of structure elements is not beneficial for the
structure resilience. Even if this arrangement is easy
to manufacture, the design engineer could imagine a
structure with a denser rib distribution near the

empennage root.
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Fig. 10. General views comparing the position of the
structure before and after the impact

When analysing the stress distribution in the
structure that bears the direct impact, one may notice
that even if there are high values, the structure has
high deformations but the integrity of the zone is
kept (no broken material in this zone).

Figure 10 presents general views comparing the
position of the structure before being striken and
after the impact. The zone B is acutely folded at
moment 7.5x10% s. There is no failure of the skins
composing the structure, except the visible one
(zone A), but the shape of the empannage is
seriously changed. A smaller bird (1.2 kg) produces
a position change of the structure of much lower
variation. Figure 11 presents the folded zone behind
the impact and near the fixing region.

0.000 0.100 (m) L .
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Fig. 11. Detail of acutely folded zone B at moment
t=7.5x107%s.

One may compare Fig. 9 to the image in Fig. 13
[3] and could notice some similarities, but also
differences in failure. The depth of the bird
penetration in the structure is similar, but the actual
structure is broken, not compressed (the structure is
lighter than that analysed in the model). Also, the
empennage is detached from the mounting surface
and not broken as in the simulation. This aspect
difference is due to boundary condition (the model
used a stiff clamping boundary condition and
ignores the aerodynamic loading).

Simulation helps engineer to analyze the failure
process. For instance, during the impact, the
maximum stress is not located in a single zone, but,
in time, the maximum value appears to migrate. At
moment t=3x10" s, the maximum value of von
Mises stress appears just in the initial central
contact, but then, this maximum value is laterally
positioned at t=10.5x10™ s and only after 6x10™ s,
this is found up and down in the impact zone. For
small birrds, the simulation pointed out the rebond
of the bird model.



Mechanical Testing and Diagnosis
ISSN 2247 - 9635, 2016 (VI), Volume 4, pp. 12-21

458378
4.0746e8
3.5655¢8
3.0564e8
2,54738
2.0382¢8
152918
1.02e8

5.10847
1.7248e5

3.1673e8
2.8154e8
2.4634e8

211158
L7596e8
1.4077e8
105588
7.0384e7
3.5192¢7
0

0.000 0.100 {m)

0.050

3x10™*s

25374e8
2.2557e8
197398
16922¢8

3.2033e8
292758
2.5617e8
2,19598
183013
146448
109868
7.328e7

3.6701e7
1.2299e5

1.4104e3
112878
8.4695e7
5.6521e7
2.8347e7
1.7226e5

16.5x10™ s

Fig. 13. A bird strike in the upper surface of the
wing structure [3]

The importance of simulation may be underlined
by actual failure of similar structures, as for
instance, for wing and tail, see Fig. 13. A bird strike
in the upper surface of the wing structure generates a
type of failure similar to simulation. The pilot
returned the aircraft to airport and made an
overweight landing. Cost of repairs was $100,000.
Bald eagles have a mean body mass of 4 kg for
males and 5.5 kg for females [3].

Figure 14 presents a bird impact that folded the
upper part of the wing. There are qualitative
similarities between this photo and the folded zone
in the models here presented.

4. Conclusions
In these impact cases, bilinear hardening material

models were implemented to simulate the failure of
the structure.
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Fig. 14. A CRJ 100/200 on departure from a
Minnesota airport hit a soaring bald eagle at 5000
feet AGL on March 31% 2015, causing major
damage to leading edge of wing [2]

This type of simulation uses erosion to remove
distortion  elements  (generating  numerical
instabilities) and a criterion of failure based on
maximum equivalent plastic strain (EPS).

In order to obtain reliable numerical results, the
element size in the impact zone was refined with a
size of 5 mm.

The results can be qualitatively validated with
the image of the bird impact incidents.

The simulations help locate the most damaged
zones and are helpful for improving the structure
design by changing the positioning/sizing of the
structural members. Simulations help to locate the
most damaged zones and are helpful for improving
the structure design by changing the positioning of
the reinforcement elements. Also, simulation is
helpful to investigate accidents, if the structure and
some impact information is available.
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These simulations help the designer to improve

the impact resilience/robustness of the structure,
pointing out critical sections, even if the initial
conditions are simplified. For instance, here, the
structure is considered as fixed in the tail and
aerodynamic loads are neglected.
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