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Bird strike is a serious problem that affects both commercial and military aircrafts. Systematic modeling and
simulation of bird strikes are severely lacking, especially for cases involving engine, fan blades, and casings. In the
present investigation, explicit 3-D finite element analysis using LS-DYNA is carried out to study the nonlinear
transient response of a bird striking a fan system. The bird strike is simulated using Lagrangian blade-bird
formulations. The bird is modeled as a fluid jet with a homogenized fluidic constitutive relation, using the Brockman
hydrodynamic model, which was found to be the most appropriate. The present simulations are validated using a
benchmark test of a bird striking a rigid target that is reported in the literature. Following this validation, a reference
case of a bird striking a flexible fan blade was set up and used as the reference case in a series of parametric studies.
The effect of bird velocity and its size are examined and attention is given to strikes involving larger birds so as to

address the lack of data in this area.

Nomenclature
D = diameter of bird, m
E = Young’s modulus, Pa
&y = strain rate tensor, s~
F = impacting force, N
Flax = maximum impacting force, N
I = impulse, [ F(t)dt,N-s
Ly = normalized impulse, 7/m,
L = length of bird, m
m = mass of bird, kg
P = pressure, Pa
P = normalized pressure, P/P™
P = theoretical stagnation pressure, 1 Pt}
T = normalized time, ¢/ (L /)
t = time,s
u,v,w = displacements in x-, y-, and z-directions, m
u,v,w = velocities in x-, y-, and z-directions, m/s
ii, ), W = accelerations in x-, y-, and z-directions, m/s>
W = initial velocity of bird, m/s
X,Y,Z = Cartesian coordinates, m
y = kinematic viscosity coefficient, m?/s
&, = elastic strain
&p = von Mises plastic strain
€pmax = mMmaximum plastic strain
% = mass density changing ratio of bird, p/p, — 1
v = Poisson ratio
P = mass density of bird, kg/m?
00 = initial mass density of bird, kg/m?
0jj = stress tensor, Pa
oy = yield stress, Pa
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I. Introduction

AA statistical data reveal that gas turbine engines are the most

vulnerable to bird strikes. In reality, almost all severe accidents
are closely related to the failure of the engines, which are the sole
suppliers of thrust and power to the entire aircraft. Thus, it is obvious
that the problem of a bird striking a fan blade system requires careful
investigation. In the 1970s, predominantly experimental techniques
were used for evaluating the mechanical integrity and fail-safe
resistance of aircraft engine parts subjected to bird strike and
ingestion [1]. Barber et al. [2] found that the loads produced by the
bird strike were adequately duplicated by representing the bird as a
circular cylinder with the same mass, density, and compressibility as
the bird. Wilbeck [3] showed that the stresses generated during a
high-speed impact greatly exceed the tissue strength of the bird, and
that the bird actually behaved like a fluid with negligible viscosity.
The hydrodynamic behavior of the impactor projectile is accepted by
other researchers, such as Reddy [4], who neglected the strength
effect of the solid in the case of hypervelocity impact. A few years
later, artificial bird models began to substitute real birds [5]. Today,
artificial birds are usually made from gelatin and have been widely
adopted by many aerospace companies [6].

With the development of advanced numerical techniques and
computing technology, Aiello et al. [7] numerically studied the
mechanical performances of hollow blades with composite inlays.
They reported that these configurations would improve the
crashworthiness of shroudless hollow fan blades. The centrifugal
stiffening effect was also found to be beneficial in reducing blade
deformation under bird strike through the preliminary dynamic
analyses of Shioya and Stronge [8] and Schuette [9]. Miyachi et al.
[10] further established that the centrifugal force effect on local
deformation is smaller than that on the global scale. Furthermore, the
mechanical properties of the blade were determined to be critical to
assessing the strike force [11]. Yu and Jones [12] recommended that
for impact studies, a complete set of reliable experimental data,
including both the structure response and the dynamic properties of
the material, would be required for large inelastic analysis.
Subsequently, Schuette [9] and Martin [13] proved that the bird
properties at high-speed impact scenarios were key parameters as
well. The explicit numerical studies of Schuette [9] and Martin [13]
concerning a bird striking fan blades revealed that the bird actually
behaved like compressible nonlinear fluid, and this was further
verified by high-speed photography studies [14,15]. It should be
noted, however, that it was only in the late 1980s that the explicit time
integration scheme was developed and applied to carry out large
deformation simulations, such as bird strike problem. One of these
works emerged from Rolls-Royce [16], where the large wide chord
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fan blade was tested for its aerodynamic performance. With the help
of commercial explicit integration software incorporated with
contact-impact algorithm, the bird’s slicing effect by the blades was
simulated, and achieved good agreements with their respective
experimental tests [17-20].

A bird strike is characterized by loads with high intensity and short
duration. The exposed target material undergoes high strain rates,
large deformations, and inelastic strains. In addition, a greater
interaction exists between the impact loads and the response of the
structure. Thus, it was only in the late 1980s, with the development of
explicit finite element codes, that it became possible to numerically
analyze this kind of event with a certain degree of accuracy. The
unique difficulties of bird strike simulations include 1) the method
adopted in modeling the bird, 2) the geometric intricacy of the bird
and the target, 3) the constitutive behavior of the bird and target
materials at high impinging speeds, and 4) the type of contact
algorithm used.

Ithas long been noted that the finite element method (FEM) is very
powerful in the numerical simulation of the crashworthiness and
failure analyses [21], and is more accurate than the finite difference
method (FDM) for hypervelocity impact analysis [4]. Canonical
Lagrangian formulations, when applied to the bird model, will result
in two difficulties: namely, reducing the time step and resulting in
adversely distorted elements. When solving dynamic transient
nonlinear problems, the time step At is closely related to the physical
length scale of the smallest element /,;, within the model, i.e.,

At = lmin (1)

where c is the sonic speed in the local medium. For soft-bodied birds,
large strain distortions will develop during high-speed impingement.
The resulting excessively compressed meshes might decrease the
time step to impractical lower values such that the analysis may take
unacceptable excessive time. Another difficulty is that elemental
volume may become negative, thus producing negative stiffness
matrix leading to failure of the analysis. To address these problems, a
numerical elimination procedure for elements reaching either the
maximum failure strain or the minimum reference value of the time
step has been developed and employed by many researchers [22-26].
A typical problem arising from element deletion is the artificial
oscillations in the contact forces due to the discretized nature of the
simulated contact algorithms, especially for coarse meshes. Once the
frontal elements are deleted, the contact force will decrease
dramatically until the impactor comes into contact again with the
target, and this introduces artificial noise into the contact forces. To
reduce these noises, a “regularization” strategy has been
implemented by Stoll and Brockman [22] to gradually impose the
contact constraint as a node descends through a buffer zone above the
contact surface, and solid tetrahedral elements to model the bird. As a
result, a refined mesh is highly desirable to reduce this type of
artificial oscillations, although this inevitably increases the CPU
time. To circumvent element deletion, Langrand et al. [27] attempted
another technique, namely, the mass scaling of the bird elements by
increasing the local mass density p deliberately to keep the time step
constant. However, this inadvertently causes the mass of the bird to
become several hundred times greater than the original bird at the
final time step.

In view of the recent rapid advancement in high-performance
computing (HPC), the strategy of employing dense meshes can be
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Fig. 1 Finite element model of an artificial bird striking a fan blade.
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used to alleviate the problems associated with Lagrangian
formulations. Modern HPC systems can tolerate very small time
steps of 107° s or even 1070 s, whereas it used to be 1071077 s
just a few years ago. Thus, by refining the mesh of the Lagrangian
bird, the artificial oscillations associated with the impact force are
expected to be reduced to negligible levels.

In addition to the canonical Lagrangian formulation, there are
other methods such as the Eulerian and arbitrary Lagrangian Eulerian
(ALE) approaches. A very refined mesh is usually required for the
Eulerian method to capture the material response, making it very
computationally expensive. The ALE approach, on the other hand,
suffers significant numerical dissipation and the solid—fluid interface
is also rather difficult to describe in cases involving rotating blades.
As reported by Anghileri et al. [28], the meshes used in discretizing
the bird were extremely distorted so that the accuracy of the ALE
approach become questionable, even when they were refined at the

Table 1 Properties used in validation test

Bird Target
m = 1.82 kg, py = 934.3 kg/m?>, w, =225 m/s Rigid plate
Table 2 Bird strike reference case

Bird Target

m = 1.82 kg, Flexible engine fan blade
po = 943 kg/m’, E=1.14 x 10" Pa,v=0.33,
Wy =225 m/s Pojade = 4.429 x 10° kg/m?

o,(efy) = 1.14 x 10 Pa

a)T=0 b) T =0.25
d) T=0.75 e)T=1
Fig. 2 Deformation history of a bird striking a rigid target.
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contact interface. Other researchers, such as Langrand et al. [27], also
compared the Lagrangian with the ALE approach for bird strike
simulations and reached the same conclusion: specifically, the ALE
is less accurate.

Besides the finite element method, the discrete element methods
(DEMs) have also been developed and implemented for large
deformation simulations, such as Feng et al. [29]. Sometimes the
coupled finite/discrete elements provide more accurate results: for
example, in the analysis of shot peening processes [30]. Two notable
DEMs, namely, the nodal masses (NM) model and smooth particle
hydrodynamics (SPH), have been found suitable for bird strike
simulations. However, the NM method neglects the bird deformation
contribution on the energy absorbing mechanism [23]. The meshless
SPH method, which is relatively new, was first developed for
hypervelocity impact simulations such as orbital debris impacting
problems [31] thatresult in large deformations and displacements, by
introducing variable nodal connectivity. However, its drawback is
that the connectivity between particles has to be calculated
repeatedly [19].

Customarily, the geometry of the bird torso can be simplified to be
a hemispherical-ended cylinder [17]. The mechanical properties of
the bird tissue actually change from low-velocity to high-velocity
ranges. Strictly speaking, the mechanical property of avian tissue at
low speeds is anisotropic and inhomogeneous. Fortunately, this
anisotropy and inhomogeneity becomes progressively negligible as

the speed increases, and at sufficiently high speeds, the bird can
actually be considered as a compressible jet of fluid impinging on the
structure [3]. Thus, canonical constitutive law of homogenized
fluidic materials can therefore be used, such that

0;; = —P8; + 2pye;; (2)

Different hydrodynamic models have been successfully used to
describe the material properties of the bird in compression (for
1 < 0), among which the most commonly used is the polynomial
form of state,

P=Cy+ Cipp+ Cop? + Gy (3)
in which p is the mass density changing ratio

P
=L )
K Po

with p and p, being the instantaneous and initial mass densities of the
bird, respectively. Through this hydrodynamic modeling, one is able
to avoid the disintegration of the bird model into numerous particles.

In earlier works, bird strike simulations have been carried out on
different forward-facing components of the aircraft, such as the
aircraft transparency and canopy [32—-34], the leading edges of wings
or empennages [26,35], the wing slats [36], the radome [37], the
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Fig. 4 Deformation history of a bird striking a flexible fan blade.
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Fig. 5 Time histories of displacement, velocity, and acceleration of near-field point.

fuselage [38], and the intake of a turbofan engine [28]. A strong
consensus which has been reached is that the constitutive
characteristics of both the bird and the aircraft components play key
roles in determining the impacting forces and the extent of the
resulting damage.

In this paper, we employ explicit 3-D finite element analysis (LS-
DYNA) to carry out comprehensive studies on the transient
nonlinear responses of bird strike on a flexible fan blade. The effects
of different impact velocities are simulated and important elements
such as the impact forces and the energies of the bird—blade
interaction are examined and discussed. Because of the scarcity of
data on large bird strike, strikes involving larger birds are also
investigated in details here. The size effect can be significant, as
indicated by Reddy [39] in the case involving metal-metal
hypervelocity impact analyses.

II. Finite Element Modeling
A. Discretized Blade Model

In the present simulation, we use one sector of the fan composed of
asingle blade and a hub section, as shown in Fig. 1a, together with the
bird model. The hub was assumed rigid in comparison with the blade.
In the present investigation, Shell-163 element in LS-DYNA was
used to simulate the blade with 31 nodes in the axial direction and 61
nodes in the radial direction.

In addition, the Hughes—Liu formulations were used to eliminate
certain hourglass modes. The thickness of the selected blade (shown
in Fig. 1b) varies according to the following relation:

A =0.026 — 0.00463y> — (z + 0.1)? ®)
which is typical of fan blade dimensions in commercial wide-bodied
aircrafts.

Fan blades are typically made of Titanium alloy Ti-6Al-4V.
Because of the high strain rates associated with this problem, the
selected constitutive law was of the viscoplastic type devised
originally by Perzyna [40], and used by Cowper-Symonds in impact
problems, viz.,

P\ L
. Eer \?
oy (e £0) = 0,(ekn) [1 + (%) } ©)
where &%, is the effective plastic strain rate, C and P are strain rate
parameters which are experimentally determined, and o, (¢%;) is the
initial quasi-static yield stress. These data are listed in Table 2.

B. Discretized Bird Model

In our investigations, the bird was modeled as a cylinder with
hemispherical ends, as shown in Fig. 1c. Furthermore, the Brockman
model [33] with waterlike constitutive law, depicted in Eq. (3), was
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Fig. 8 Impact forces and impulse variations for the considered reference case.

adopted. The compressible modules selected herein were those due
to Brockman and Held [33]:

CO = 0, Cl = 2323 MPa,
C; = 15180 MPa

C, = 5026 MPa,
@)

Eight-node solid elements (ANSYS Solid-164) were used for the
bird model. In these simulations, the hourglass energy should be
limited within a certain range (usually under 10%) to achieve good
results. The Solid-164 elements were found to provide good
hourglass control. The impact scenario is schematically shown in
Fig. 1d. The automatic surface-to-surface contact is defined between
the bird and target. For ease of subsequent comparison between the
present numerical results and those (experimental and numerical)
reported by other independent researchers, various normalized
parameters have been introduced, and these have been defined in the
nomenclature.

III. Results and Discussions
A. Validation of Results

The aim of this test is to assess the accuracy and validity of the
finite element blade and bird models. It involves a single 4 1b
(1.82 kg) bird, the properties of which are listed in Table 1. In this
case, we selected a bird velocity of 225 m/s striking a stationary
large rigid target at normal incidence. As indicated earlier, the bird is
modeled as a cylinder with hemispherical ends, with length-to-
diameter ratio of 2. Convergence tests pertaining to mesh density and
integration time steps were carried out, and it was found that 39,424
hexahedral elements were required to model the bird. In the
convergence test carried out, when the number of elements for the
bird model was refined from 26,412 to 39,424, the result in terms of
global impact force changed by less than 4%.

The normalized time histories 0, 0.25, 0.50, 0.75, and 1 of the
benchmark bird striking a rigid target are depicted in Fig. 2. The
hydrodynamic fluidlike behavior of the bird can be clearly observed
in that figure, especially at the higher normalized times. Figure 3
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Fig. 9 Kinetic, internal, and hourglass energies for the reference case.

shows the variation of the normalized pressure against time. It is
compared with the experimental data from the GARTEUR Bird
Strike Group [41] and the numerical results of Langrand et al. [27]. It
is clearly observed from the figure that the present numerical results
correspond quite well with the experimental data. If compared with
the simulation results reported in the literature, our work indicates

fewer oscillations than those prevalent in earlier studies, and appears
to be more stable. This is attributed to the fine mesh density used in
discretizing the geometries used in the present investigation.
Specifically, we used bird-to-element length ratio of about 30, as
compared to 8 used in literatures [22,26]. The peak value of the
pressure from the present simulation is about 20% lower than that of



Energy (J)

Normalized Force

Normalized Impulse

MAO, MEGUID, AND NG

50000

45000 - e

40000 -

35000 -

30000 -

—e—Total Energy
25000 -

Kinetic Energy
20000 A - - - -Internal Energy
—a— Hourglass Energy

15000 -
10000 +

50001 e

0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012

Time (s)
Fig. 10 Energy distributions of the bird-blade system for the reference case.

1.8

0.0014

1.6 - .o
1.4

1.2 A

08!
0.6 :

04 {:

02 4

0 T T T T T T T
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Normalized Time

Fig. 11 Normalized impact forces for different impact velocities.

0.5

1.6

0.4

IRX2X]
R L2 aaad
P2 2 S A 04
s

0.3 - o

0.2 S .- 833
s —— 225
& —— 318

0.1 o

0 T T T T T T T

0 0.2 0.4 0.6 0.8 1 1.2 14

Normalized Time
Fig. 12 Normalized impulse values for different impact velocities.

B. Parametric Studies

1.6

591

the experimental data, and this difference is probably due to the use of
water compressible modules for the bird’s material model. It is
expected that these values underestimate the behavior of a real bird.

The reference case for a bird striking a flexible fan blade is studied
with a4 1b (1.82 kg) bird having an initial impact velocity of 225 m/s
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Fig. 13 Kinetic and internal energies for an initial impact velocity of 83.3 m/s.

and the properties listed in Table 2. The point of impact, as shown
schematically in Figs. laand 1d, is located at 85% of the radius away
from the center of rotation, and the angle of attack (AOA) of the
inclined airfoil at this location as shown in Fig. 1d is 60 deg. Three
points on the blade, corresponding to their relative vicinity to the
point of impact, have been designated for more detailed examination.
These points are the near-field, middle-field, and far-field impact
points, and their coordinates are provided in Fig. 1a.

Sample time histories of the deformation of the blade and bird for
this selected reference case are shown in Fig. 4. The figure clearly
shows the evolution of the bird deformation during impact. The
severity of the localized contact at the initial stages of impact will
lead to plastic deformation in the considered blade. The
displacements, velocities, and accelerations in x-, y-, and z-
directions of one blade point in the near field of the impact region are
shown in Fig. 5. As expected, the displacements, velocities, and
accelerations in x- and y-directions are much lower than those in the
z-direction. The maximum velocity of this near-field point in the z-
direction is as high as 32% of the initial bird velocity. The maximum
instantaneous acceleration is found to be 1.6 x 10° m/s? occurring
just after impact and decreases quite rapidly.

Figure 6 shows the time histories of the normal, shear, and von
Mises stresses. Because of the bending of the blade, the normal

stresses in the y-direction are of the highest magnitude, whereas
those in the x- and z-directions are considerably lower. The
maximum normal stress in the y-direction is found to be about
295 MPa. The shear stresses are almost one order lower than the
normal stresses at that point. Consequently, the von Mises stresses
reflect the influence of the dominant oy stress.

Figure 7 plots the von Mises plastic strains of three representative
points. The von Mises plastic strain of the near-field point is several
times larger than that of the middle-field point, which is in turn larger
than that of the far-field point. The maximum von Mises plastic strain
is about 0.028, which is found to be approximately 10 times of its
corresponding elastic strain.

The impact force and impulse variations in the x-, y-, and z-
directions are shown in Fig. 8. As in the case of the respective
velocities and accelerations, the impact forces in the x- and y-
directions are much lower than the impact force in the z-direction,
which is almost of the same magnitude as the total impacting force.
As such, in the subsequent results presented, only the impact force in
the z-direction is considered. The maximum normalized impact force
in that direction is found to be 1.48, which is equivalent to about
360 kN. From the impulse plot, we also observe that the momentum
is transmitted from the bird to the blade gradually throughout the
impact duration. Because of the fixed boundary conditions of the
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Fig. 14 Kinetic and internal energies for an initial impact velocity of 318 m/s.

blade, losses result and only 37.5, 8.0, and 1.7% of the initial
momentum of the bird are transmitted to the blade in the z-, x-, and y-
directions, respectively. The present simulation is most successful in
suppressing the stairway profiles during the process of the impulse
accumulation, which was observed in the simulation of Stoll and
Brockman [22] due to the presence of undesired spiky contact force
histories in their results.

The kinetic, internal, and hourglass energies of the bird, blade, and
the system that is composed of both the bird and blade, have been
plotted in Fig. 9. The kinetic energy is transmitted from the bird to the
flexible blade gradually. Meanwhile, the total kinetic energy
decreases, as it is transformed into internal energy in the flexible
blade, as can be seen from Fig. 10. The internal energy of the blade is
found to be much larger than that of the bird, and this is due to the
inelastic fluidlike properties of the bird elements. On the other hand,
the hourglass energy of the bird is significantly higher than that of the
blade. This is because the bird has been modeled using eight-node
brick elements, whereas the blade is modeled using Hughes—Liu
formulated shell elements, which possess hourglass control. In the

present analysis, the hourglass energy of the whole system is only 6%
(or less) of the total energy.

C. Effects of Bird Impact Velocity

The initial impact velocity of the bird was varied from 83.3 m/sto
318 m/s, with the geometrical and physical properties of the bird
being the same as those of the parametric tests. The velocities
considered for the bird cover the normal velocity range of
commercial airplanes in flight. The normalized impact forces are
shown in Fig. 11 for the respective velocities 83.3, 225, and
318 m/s. The maximum normalized forces for these three cases are
1.59, 1.48, and 1.36, respectively. For the case of W, = 83.3 m/s,
the impact force drops to relatively low magnitudes at about
normalized time 7 = 0.7, and vanishes at 7 = 1.08. It is also noted
that there are more oscillations in the impact force compared to the
other two higher velocity cases considered. As for the case of
Wy =318 m/s, the force reaches its maximum value and then
gradually decreases while slightly oscillating until it vanishes at
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Fig. 15 Variations of maximum impact force and plastic strain with initial impact velocity.

T = 1.54. The impulses resulting from these three velocity cases are
plotted in Fig. 12. The impulse variations for the three cases
considered exhibit the same trend. Because the mass of the bird
remains constant, normalization of the impulse equations effectively
meant the division by w,. Accordingly, when the impulse values are
normalized by their corresponding initial impact velocity w,, the
higher velocities result in overall lower normalized impulse curve.
The kinetic and internal energies for the bird, blade, and the bird—
blade system are shown in Figs. 13 and 14 for the cases of w, =
83.3 m/s and w, = 318 m/s, respectively. Together with Fig. 9 for
the case of w, = 225 m/s, the energy transfer rate between the bird
and blade can be observed to be higher at higher impact velocities.
Furthermore, it can be deduced from Fig. 15 that the maximum
impact force between the bird and the blade increases in a parabolic
manner with velocity. Their relationship can be approximated as

Fnax = 5.4391002 + 431,810 — 24830,

. ®)
(318 > Wy > 83.3 m/s)

It should be noted that this relationship is not general but specific to
the presently described bird strike case. In addition, with the increase
of the impact velocity, the maximum plastic strain of the blade
increases as well due to higher striking forces from the bird, and
follows the following relationship for the presently considered case:

500

€ pmax = (00712 + Tiby — 270) x 105,

) &)
(318 > w, > 83.3 m/s)

which is also shown in Fig. 15.

D. Effects of Bird Size

The normal ingestion standard of using 4 1b (1.82 kg) birds for
aeroengine strikes inevitably leaves out many large flocking bird
species. To investigate the effects of heavier bird strikes, 6 Ib
(2.72 kg) and 8 Ib (3.63 kg) birds are considered here. The mass
density of bird models, with feathers removed, has been enumerated
by the databases of the International Birdstrike Research Group [42]
as

po = 1148 — 63 x log,,(1000 x m) =959 — 63 x log,, (m) (10)

where m and p, are, respectively, the mass and initial density of the
bird in SI units. The diameter of the bird model is

)6 o
2mpy) \D 3

where L/D is the length-to-diameter aspect ratio. Based on the
relationships of Egs. (10) and (11), the lengths and diameters of 6 1b
(2.72 kg) and 8 Ib (3.63 kg) birds can be obtained and these data are
listed in Table 3.
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Fig. 16 Maximum impact force and plastic strain for birds with different masses.
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Table 3 Large bird properties

Mass m, 1b (kg) Initial mass density Length Diameter
0o, kg/m3 L, m D, m
4(1.82) 943 0.228 0.114
(parametric test)
6(2.72) 932 0.262 0.131
8(3.63) 923 0.288 0.144

In this investigation, hemispherical-ended cylinder models with
aspectratio 2 are employed to simulate the heavier birds. In this case,
the initial velocity of the birds is taken to be 225 m/s and impinging
at an angle of attack of 60 deg. As expected, Fig. 16, the maximum
impact force increases with the mass of the bird. However, it is also
noted that the increase rate decreases slightly due to the lower density
effect dictated by Eq. (10). In addition, the maximum plastic strain of
the blade struck by a 6 1b (2.72 kg) bird is found to be even less than
that experienced by the 4 1b (1.82 kg) bird. This again can be
attributed to the reduced density of the heavier bird, which decreases
logarithmically with respect to the mass of the bird. Thus, it is clearly
observed here for the case of larger bird strikes that the heavier
masses and corresponding lower densities play opposite roles in the
resultant global impact forces and plastic strains.

IV. Conclusions

With the advent of large fan engines with increased frontal areas
and no inlet guide vanes, the understanding of the bird strike problem
and its proper mitigation now take on even more significance.
Whereas manufacturers undertake a great deal of in-house testing
before certification, it is also highly desirable to have predictive
numerical models to assess the bird impact resistance of new
generation engine fan blades. To validate the present finite element
formulation, comparison with reported experimental data for a bird
striking a rigid target was carried out. It was found that the
hydrodynamic Lagrangian bird is appropriate for the bird strike
simulation considered in this study. Subsequently, a bird strike
reference case was developed to carry out parametric studies, and this
was followed by studies to examine the effects of different impact
velocity magnitudes on the fan blade. The results reveal that
increasing initial impact velocity leads to an increase in the
maximum impact force and the maximum plastic strain. Finally,
larger birds heavier than the present standard 4 1b (1.82 kg) were
examined. It was found that the maximum impact force increased
with larger/heavier birds, but this trend is not necessarily so for the
maximum plastic strain of the blade due to the reduced density of the
impacting bird.
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