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Abstract

Bird-strike failure of fan blades is one of the basic challenges for the safety of aircraft engines. Simplified
slender blade-like plates are always used to evaluate the impact-induced damage mechanism at design stage.
One undesirable issue is the failure at the root of clamped slender plates, which cannot recover the real case
of twisted blades. For this purpose, three different strategies were exploited to obtain desirable deformation
and stress responses, namely the impact location, additional weight, and the boundary condition. Numerical
models of the simplified slender blade and the bird projectile were constructed by using finite element
method (FEM) and smoothed particle hydrodynamics (SPH) approaches. The impact deformations and stress
distributions were comparatively investigated in detail. The numerical results show that changing the
boundary condition is the most effective way to obtain preferable impact responses for further failure analysis
of real fan blades. Present results will be useful to future experimental design of simplified bird-strike testing.
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1. Introduction

Aircraft engines are the critical front-facing components, and the fan blades may be subjected to bird strike with
high probability (Abrate, 2016). Capability of ingesting birds weighing up to 1.8 kg without sustaining damage is required
so that no fatal threat will pose to the people in aircraft. Bird strike of engine blades has received more attentions than
before. Meguid et al. (Meguid, Mao, & Ng, 2008) studied the impact behaviour of an artificial bird impinging a flexible
aeroengine fan blade. Kim et al. (Kim, Zammit, Siddens, & Bayandor, 2011) investigated the soft impact damage
assessment of composite fan stage assemblies. Sinha et al. (Sinha, Turner, & Jain, 2011) investigated the dynamic loading
on turbofan blades due to bird strike, where rectangular composite panel was adopted for model validation.
Vignjevic et al. (Vignjevic, Ortowski, De Vuyst, & Campbell, 2013) performed a parametric study of bird strike on engine
blades. Amoo (Amoo, 2013) conducted a review on the design and structural analysis of jet engine fan blade structures,
including the impact dynamics analysis under bird strike. Mishra et al. (Mishra, Ahmed, & Srinivasan, 2013) investigated
a bird strike incident of a military gas turbine engine. Sinha (Sinha, 2014) obtained transient response of a composite
rotating airfoil under bird-slicing impact. Zhang et al. (D. Zhang & Fei, 2016) conducted bird strike analysis of engine fan
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blades made of titanium alloy. Muir et al. (Muir & Friedmann, 2016) numerically investigated the structural response of
bird-damaged fan blades, where realistic fan configuration was considered in numerical simulations. Liu et al. (J. Liu et al.,
2018a) carried out bird strike tests on the rotary engine primary compressor under different impact boundary conditions.
Zhang et al. (Z. Zhang, Li, & Zhang, 2018) investigated the impact behaviours of real bird models striking on rotating
engine blades from arbitrary attitude angles. Authors (Zhou, Sun, & Cai, 2019) recently considered the bird-strike failure
analysis of rotating laminated disks for future key applications of aeroengine blades.

It should be noted that bird strike of fan blades involves the problem regarding the angle of attack of the inclined
airfoil (Mao, Meguid, & Ng, 2007), which complicates the issue, such as slicing of a bird by fan blades in the direction of
the relative velocity. Future propulsion systems will incorporate advanced composites, particularly in the fan assembly,
because of their superior strength and stiffness properties compared to metals (Kim et al., 2011). However, when dealing
with composite laminates, full-scale complete tests of aeroengine fan blades become infeasible in the design process
due to the associated high cost. Cantilever slender plates are an important experimental configuration to examine the
impact resistance of to mimic composite fan blades. Significant contributions have been made toward understanding the
bird impact behaviours of these simplified plates. Hou et al. (Hou & Ruiz, 2007) simulated bird strike on composite panels
by means of simple laboratory tests to provide data for modelling and design of composite fan blades. For application to
bird-strike problem of composite fan blades, Nishikawa et al. (Nishikawa, Hemmi, & Takeda, 2011) simplified a
unidirectional composite plate for discussing the damage characteristics. They found the transition from the global
bending mode at low velocity to the local deformation mode at high velocity. Handschuh et al. (Handschuh et al., 2014)
developed the simplified test article geometry to realistically simulate a blade leading edge while decreasing fabrication
complexity, where the prepared leading edge test article was clamped along one long edge. Liu et al. (2018b) carried out
bird impact tests on the composite plates using the gas gun system. They divided whole impact event into 3 stages, i.e.,
local deformation stage, post-flow impact stage, and bending deflection stage. Such specimen-level experiments can
obtain some critical damage mechanism. Roberts et al. (Roberts et al., 2002) verified that simpler tests using smaller ring
sections of engine fan cases were adequate when the evaluation of initial impact damage was the primary concern.
Rayavarapu (Rayavarapu, 2016) pointed out that validation studies of bird impact damage at specimen and substructure
level should be performed, since the experimental tests are expensive and difficult to perform. The soft-body impact
process (displacement and strain field histories) and time-dependent energy exchange can be evaluated with the help of
carefully-designed panel-level experiments (D. Li, Zhang, Guo, Xie, & Jiang, 2019).

Although the structural types are different from blades, the simplification practice for windshields or wing sections
can provide valuable reference significance. With the help of the structural similarity regarding the component-level
experiments for windshields or wing sections, the four-edge clamped plates can be successfully applied. For example,
Guida et al. (M. Guida, Marulo, Meo, & Russo, 2012) adopted an insightful research route “specimen testing — panel
experiment/simulation — wing leading edge experiment/simulation”. Guida et al. (M. Guida, Sellitto, Marulo, & Riccio,
2019) presented an experimental-numerical investigation on the impact damage behaviour of simplified square
composite plates with embedded shape memory alloys for aeronautical structural component. Mohagheghian et al.
(Mohagheghian et al., 2017) performed the laboratory-scale impact experiments using a gas gun apparatus for better-
guantified understanding of soft impact damage on laminated glass windows and more effective design of aircraft
windshields. Di Caprio et al. (Di Caprio, Cristillo, Saputo, Guida, & Riccio, 2019) assessed the bird-strike numerical models
by a double-checked and hence the two test cases considered procedure: 1) bird strike on the flat square plate; 2) bird
strike on the wing leading edge. These results indicate that the most damaged region in bird-strike tests are always the
impact contact area. Such fact can largely facilitate the mechanism investigation into the materials, and can bridging
from component-level results to structure-level evaluation. The impact location is also critical for wing leading edge
under bird strike. Yu et al. (Yu, Xue, Yao, & Zahran, 2019) proposed an analytical method for determining the critical
location that causes the most severe damage under impact due to bird strike.
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Fig. 1. Carbon-fiber composite fan blades of GEnx engine

Fig. 2. An example of fan blade airfoil and its profile sections

For the real complex twisted fan blades (e.g. the carbon-fiber composite fan blades of GEnx engine (The GEnx
Commercial Aircraft Engine, 2019), as shown in Fig. 1), the most susceptible regions are the impact contact area and the
leading edges of the blade (Vignjevic et al., 2013), which slice the bird projectile. From the geometrical profile of the
blade, the “stagger angle ¢(s)” at the impact location s due to pretwist in the airfoil can be expressed as ¢(s) = ¢o + ¢p's
(Sinha et al., 2011). An example of fan blade airfoil and its profile sections are as shown in Fig. 2. The impact-induced
peak strain was observed to locate at the leading edge of the blade (Teichman & Tadros, 1991). The impact region
experiences the maximum Hugoniot pressure (pu), which is evaluated by py = poVoVs, where pg is the initial density, Vo is
the initial velocity and Vs is the velocity of shock wave. Vignjevic et al. (Vignjevic et al., 2013) presented that there was a
strong influence of bird impact location on the extent of blade deformations. In terms of simplified blade-like
components in experiments, however, the maximum impact damages are always located at the root of cantilever slender
plates (L. Liu et al., 2018b), which is determined by the characteristic of the structure and loading types. The flat slender
plates can be considered as beam-type structures, and hence the bending moments achieve the maximum at the
clamped end under bending deformations. Therefore, the similarity between the simplified testing and real operating
situation should be intensively considered. Li et al. (Y. Li, Zhang, & Xue, 2008) studied the similarity law of bird strike for
purpose of the small-scale experiment to replace a full-scale one. Mazzariol and Alves (Mazzariol & Alves, 2019a, 2019b)
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recently developed comprehensive framework of similarity laws for relating scaled models to prototypes under impact
loads.

Within such scenario, the aim of present study is to obtain some simulation results to help future experimental
workable and useful. The main strategy is to consider different impact locations, to adopt a concentrated mass, and to
change the boundary conditions. By comparing the displacement and stress responses of the slender composite plates
under bird strike impact, the final goal is to obtain the stress distributions of the simplified flat blade-like plates similar
with those in the real fan blades, rather than the undesirable failure at the roots.

2. Simulations

The cylindrical projectile was widely used to simulate the bird body (Michele Guida, Marulo, Polito, Meo, & Riccio,
2009; Heimbs, 2011), with the length-to-diameter ratio of 2. The geometric and mass details for present simulations are
listed in Table 1. The smoothed particle hydrodynamics (SPH) method is applied to describe the bird fluidic behaviour at
high velocities. The laminated blades are modelled by finite element method (FEM), with a total of 1809 linear
quadrilateral elements of type S4R used in ABAQUS software. The composite ply was modelled as a homogeneous
orthotropic elastic material. The plane-stress formulation was adopted and the in-plane stress components are o = [011,
022, 012]". A total of 2220 linear hexahedral elements of type C3D8R were created firstly, and then these elements were
converted to SPH particles as the explicit dynamic analysis began. The SPH-FEM model is as shown in Fig. 3. The initial
velocity of the bird projectile was 120 m/s.

Table 1. Geometric and mass details of the plate and bird

Properties Value
Plate length (mm) 500
Plate width (mm) 200

Plate thickness (mm) 24
Plate weight (kg) 3.84
Bird length (mm) 200

Bird diameter (mm) 100
Bird weight (kg) 1.49

FEM

SPH

Fig. 3. SPH-FEM model for bird-strike simulation
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The stacking sequence of the unidirectional lamina is as shown in Fig. 4. A total of 16 layers was used.
The 0° direction (longitudinal direction) is along the blade span.
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Fig. 4. Stacking sequence of the composite plate (with the symmetric half displayed)

Firstly, the different impact locations were considered, as illustrated in Fig. 5. Among the four locations, 30%, 50%
and 90% heights of the blade span are distributed on the axis of symmetry, while the 70% height of span is eccentrically
located, which is for purpose of torsional effect on the impact responses.

90%

7T
NN T
PNPARNY,

30%

iz

Fig. 5. Different impact locations on the blade
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Fig. 6 show the deformation series of the 50% height case, i.e. impacted on the geometric center of the plate. It can
be seen that the plate behaved as the simply-supported middle-loaded beam at the beginning (1 and 2 ms); and then
the deformations became globally, and the blade tip experienced large deflection. Because of the symmetry of both the
loading and structure, the plate deformed symmetrically in the impact process.
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Fig. 6. Deformation series of the 50% height case

Fig. 7 gives the deformation series of the 90% height case, i.e. impacted on the location near the blade tip. It can be
seen that the plate behaved as the cantilever beam in the whole process. The deflections are also symmetric.

o
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Fig. 7. Deformation series of the 90% height case

6200: Step Time = 4.0200E-03

Fig. 8 gives the deformation series of the 30% height case, i.e. impacted on the location near the blade root. It can
be seen that the plate deformed at the contact region in the beginning; and then maximum deflection gradually extended
to the blade tip in the process of impact. In particular, the blade tip experienced a behind shifting due to the inertia force.

Latin American Journal of Solids and Structures, 2019, 16(9), e232

6/12



Impact responses of slender composite plates for bird-strike testing of fan blades Yadong Zhou

U, Magnitude U, Magnitude U, Magnitude U, Magritude
+3.736e+00 +1.992e+01 +2.717e+01 +7.901e+01
+3.425e+00 +1.826e+01 +2.490e+01 +7.243e+01
+3.114e+00 +1.660e+01 +2.264e+01 +6.585e+01
+2.802e+00 +1.494e+01 +2.038e+01 +5.926e+01
+2.491e+00 +1.328e+01 +1.811e+01 +5.288e+01
+2.180e+00 +1/162e+01 +1.585¢+01 +4,609e+01
+1.868e-+00 +0.958e+00 +1.358e+01 +3.951e+01
+1.557e+a0 +81583e 100 +1.13Ze+01 +3.292e+01
+1.2456+00 +6.6392+00 +9.056&+00 +2.634e+01
+3:541e-01 +4.378e+00 +6.792e+00 +1.875e+01
+6.227e-01 +3.319e+00 +4.528+00 +1.317e+01
+3.114e-01 +1.660e+00 +2.264e+00 +6.585e+00
+0.000e+00 +0.000e+00 +0.000e+00 +0.000e+00

X X X

X
I Step: Step-1 I Step: Step-1 | Step: Step-1 | Step: Step-1
I Increment 1457 Ste I Increment  3066: Step I Increment  4671: Step Ti 4 Increment  6220: Step Time = -

Fig. 8. Deformation series of the 30% height case

Fig. 9 shows the deformation series of the eccentrically-impacted 70% height case. Because the impact loading was
not symmetric, the torsion-bending coupling deformations appeared in this case. From Figs. 6-9, it can be observed that
the impact location has a significant influence on the deformation mode of the flat blades. Impacted at different
locations, the bending as simply-supported beam, the bending of cantilever beam, the bending with behind shifting, and
the bending-torsion coupling deformation modes appeared respectively.
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Fig. 9. Deformation series of the eccentrically-impacted 70% height case

The second considered strategy was to use an additional mass. The non-structural mass was placed in the middle of
the blade tip. At beginning, a mass point with 1 kg was used. The results of deformation series of the 50% height with
1 kg point mass are shown in Fig. 10. The displacement responses are rather similar with the case without point mass.
Hence, the point mass was then increased to 4 kg. The deformation series of the 50% height with 4 kg point mass are
shown in Fig. 11. The displacement responses were almost no difference with the case with 1 kg point mass. Therefore,
it can be seen that additional mass has little effect on the impact deformation mode.
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Fig. 10. Deformation series of the 50% height with 1 kg point mass
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Fig. 11. Deformation series of the 50% height with 4 kg point mass

The third considered strategy was to change the boundary condition. A clamped-clamped boundary condition was
applied. Fig. 12 shows the deformation series of the 50% height with clamped-clamped boundary condition. It can be
seen the displacement responses were largely changed. The maximum deformation distributed in the middle of the blade
throughout the impact process. The plate experienced bending vibrations with high frequencies. In brief, the effect of
boundary conditions on the impact responses is very remarkable.
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Fig. 12. Deformation series of the 50% height with clamped-clamped boundary condition
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Fig. 13. The von Mises stress distributions of the above-mentioned seven blades at 5 ms

Different displacement responses generate different stress distributions, and the latter is straightforward related
to impact failure. The final goal is to obtain desirable stress distributions, which are convenient for damage mechanism
study. Fig. 13 gives the von Mises stress distributions of the above-mentioned blades at 5 ms. It can be seen that the
impact location can influence the stress distributions, but the maximum stresses are all located at the blade roots for the
cantilever cases. And then, additional mass has little effect on the stress responses. At last, the maximum stress of the
clamped-clamped plate is distributed at the middle of the blade, and the peak value is smaller than those of any other
cases. Thus, the clamped-clamped plate can be considered as a preferable surrogate case for impact testing of real fan
blades.

Furthermore, in order to observe the dynamic process more completely, the time histories of the maximum
deflections are compared. The maximum deflections locate at the blade tips for the cantilever cases, while locates at the
plate centre for the clamped-clamped case. Fig. 14 plots the computation results. On the whole, the deflections increase
as the impact locations move from the root to the tip. Then, it can be seen that the point mass has no effect on the
deflection histories. In particular, the deflection history curve of clamped-clamped case exhibits a harmonic oscillation
around the initial position, which is totally different from those of the cantilever ones. These results can provide a
reference for both moderate deflection and stress responses in future simplified plate-level experiments.
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Fig. 14. Time histories of the maximum deflections in the seven considered models (C-C: clamped-clamped boundary condition)

3. Conclusions

To pursue desirable stress distributions of the simplified slender composite plate to mimic the real fan blades, SPH-
FEM simulations were conducted to examine the effect of three different strategies on the high-velocity impact
responses. The following conclusions can be reached:

1. The impact location has a significant influence on the deformation mode of the flat blades. Impacted at different
locations, the bending as simply-supported beam, the bending of cantilever beam, the bending with behind shifting,
and the bending-torsion coupling deformation modes appeared respectively. The impact location can also influence
the stress distributions, but the maximum stresses are all located at the blade roots in the cantilever cases;

2. The additional mass has little effect on the impact deformation mode, the deflection histories and the impact stress
response, even though the additional weight is heavier than the plate;

3. The effect of boundary conditions on bird-strike impact responses of blade-like plates is very remarkable. Both the
maximum deformation and the maximum stress of the clamped-clamped plate are distributed at the middle of the
blade, and the peak value is smaller than those of any other cases, which can successfully avoid the root failure.

Therefore, in the future simplified experimental work, different boundary conditions (e.g. the clamped-clamped one
in present simulation) will be the promising configurations for damage mechanism study, which can avoid the undesirable
failure mode at the blade root.

Data Availability
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