BIRD STRIKE ANALYSIS ON ROTOR BLADES OF AN AIRCRAFT ENGINE USING A
SMOOTH PARTICLE HYDRODYNAMICS MODEL DEVELOPED FOR A LARGE
8-POUND BIRD

A Thesis by
Syed Tajamul Hussain
Bachelor of Engineering, Osmania University, 2013

Submitted to the Department of Mechanical Engineering
and the faculty of the Graduate School of
Wichita State University
in partial fulfilment of
the requirements for the degree of
Master of Science

December 2017

© Copyright 2017 by Syed Tajamul Hussain
All Rights Reserved

BIRD STRIKE ANALYSIS ON ROTOR BLADES OF AN AIRCRAFT ENGINE USING A
SMOOTH PARTICLE HYDRODYNAMICS MODEL DEVELOPED FOR A LARGE
8-POUND BIRD

The following faculty members have examined the final copy of this thesis for form and content,
and recommend that it be accepted in partial fulfillment of the requirements for the degree of
Master of Science, with a major in Mechanical Engineering.

________________________________________
Hamid Lankarani, Committee Chair

________________________________________
Ramazan Asmutulu, Committee Member

________________________________________
Abu Asaduzzaman, Committee Member

iii

Dedicated to my Parents and Brother

iv

ACKNOWLEDGEMENTS
I would first like to thank my parents for their continued support and encouragement
throughout my studies. I would not be where I am today without their hard work and sacrifices
they have made to provide opportunities for me and my brother to succeed. Also, I would like to
thank my brother, Sadath for his continued encouragement and financial support throughout my
Masters.
I would like to thank my Advisor, Dr. Hamid Lankarani for his help, guidance and
patience during my research. I also wish to thank my thesis committee members Dr. Ramazan
Asmutulu and Dr. Abu Asaduzzaman, for their valuable time in going through this report and
making valuable suggestions.

v

ABSTRACT

Bird strikes are a major risk to an aircraft especially during the take-off and landing
stages. It may result in significant loss of human life and property damages worth millions
annually in the US alone. This research is aimed at development of a computer-based modelling
and analysis of a large 8-lb bird on an aircraft engine, and comparing the results with those from
impact analysis of a smaller 4-lb bird. As the current Federal Aviation Regulation (FAR) are
based on the utilization of smaller 4-lb bird only, this research helps in examining whether the
use of s small bird is appropriate, or consideration should also be given to larger bird impact
testing.
In this study, the Smooth Particle Hydrodynamics (SPH) technique is used to model the
4-lb bird. This model is validated by simulating its impact it on different aluminium plates.
Various parameters such as deformation, Von Misses stresses, forces and impulse are recorded
and compared with the experimental values. Similarly, the large 8-lb bird model is created, and it
is numerically impacted on the same metal plate, and the results are compared with the ones
from small 4-lb bird impact model. Detailed geometry on an aircraft jet engine is then modelled
in CATIA V5, while meshing is done in the Hypermesh. The bird models (4-lb and 8-lb) are
impacted on the rotor blades of an aircraft engine using the LS-Dyna, according to the FAR
33.76 regulation. Results obtained in these simulations are compared, and failure damage of the
engine is quantified. The study shows that damage caused by a large 8-lb bird model could be
significantly larger than that of a smaller 4-lb bird model. Thus, this study proposes that the use
of large 8-lb should be considered in FAR regulations for aircraft components including engine
certifications.
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CHAPTER 1
INTRODUCTION
A bird strike refers to collision between an aircraft and a bird. It mostly occurs at the low
altitude or on the ground i.e. runways during take-offs and landings. With the increase in number
of annual flights, Birdstrike incidents have also increased. Most common part of aircraft where
bird strike can occur is the engine followed by leading edge (wing and empennage), windshield,
nose and fuselage.
Birdstrike is a major threat to commercial aviation with about 90% of all foreign object
damage (FOD) cases are related to birds [1]. Majority of bird strikes cause little damage to the
aircraft; however, the collision is fatal to the birds involved.
Most accidents occur when there is a collision involving a bird (or birds) and the
windscreen or a bird (or birds) is sucked into the engines of the aircraft. These causes annual
damages that have been estimated at $400 million within the United states of America alone and
$1.2 billion to commercial aircrafts worldwide [2]. In addition to property damage, collisions
between manmade structures and conveyances and birds is a contributing factor among many
others, to the worldwide decline of many avian species.
Newer turbofan engines used in commercial aviation feature larger inlet diameters to
achieve higher bypass ratios and greater fuel efficiency. This larger forward-facing area for each
engine have a great chance of ingesting birds. In addition, modern aircraft design uses twin
engines rather than quad engines in order to improve fuel efficiency and reduce the maintenance
costs. Hence, loss of one engine can result in loss of thrust and higher risk to the safe operation
of an aircraft.
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Bird strikes on aircraft mostly occurs during take-off or landing stages as the large open
fields surrounding the airports provides perfect feeding, nesting and resting areas for large
species of birds. Various methods are implemented by airport authorities to keep these birds
away from the runways like remote bird sensors and hand-held laser devices for detection of
birds during flight operations, as shown in Figure 1.1.

Figure 1.1 Bird repellent vehicle [31]
US Airways Flight 1549, Airbus A320 in January 2009, as shown in Figure 1.2, is one of
the major incident of bird strike in the USA. After the impact both the engines on the aircraft loss
power and the aircraft ditched into Hudson river.

Figure 1.2 US Airways flight 1549 on Hudson river [8]
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Globally, since 1988 more than 262 people have died and over 247 aircrafts destroyed
due to bird strikes [4]. According to the FAA there were 1,847 bird strikes in 1990 which
increased to a record 13,795 in 2015 in the US. Reported strikes were mainly from waterfowl
(30%), gulls (22%), raptors (20%), and pigeons and doves (7%) [5]. Regulations for a Bird strike
on transport category airplanes are specified in Title 14, Code of Federal Regulations (14 CFR),
part 25, and vary depending on the structural component being evaluated as shown in Table 1.1.

Table 1.1 FAR Regulations on bird strikes on various parts of aeroplane [7]
Aircraft Part

Mass of the Bird

FAR Regulation

Windscreen

4lb

25.775

Empennage

4lb

25.631

Airframe

4lb

25.571

Engine

4lb

33.76

Section 25.775 requires windshields and their supporting structure to withstand, without
penetration, impact with a four-pound bird at VC (design cruising speed) at sea level. This
regulation has been in place and is unchanged since part 25 was introduced in 1965 [6].
Section 25.631 requires the empennage structure be designed to assure continued safe
flight after impact with an 8-lb bird at VC at sea level, including consideration of control system
elements [6]. This regulation was introduced at Amendment 25-23 (effective May 8, 1970). In
1993, this 8-lb bird requirement was reduced to 4-lb for establishing a consistent 4-lb bird
criterion for all structures.
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Section 25.571 considers the rest of the airframe and requires the airplane be capable of
continued safe flight after impact with a four-pound bird at VC at sea level, and .85 VC at 8000
feet. This regulation was introduced at Amendment 25-45 (effective December 1, 1978) [6].
1.1

Aircraft Engine Certification
As every other part aircraft engine must meet the Federal Aviation Administration (FAA)

certification. Federal Aviation Regulation (FAR) 33.76 deals with specific bird ingestion
certifications requiring each engine to withstand bird ingestion without suffering catastrophic
damage.
Before an engine is certified, it needs to undergo various ingestion tests ranging from
single large bird to multiple small birds and engine must withstand those ingestions with birds
including 4 pounds and 8-pound birds. Engines now a day incorporate composite and hybrid
structures and thus extensive testing is required to assess the composite structure.
Bird strike testing by manufacturers involved firing a bird carcass from a gas cannon onto
the tested unit. Later the carcass was replaced my suitable density blocks, often gelatine to ease
testing. Current testing is mainly conducted with computer simulation, although final testing
usually involves some physical experiments.
1.2

Motivation
Experimental testing of aircraft engines is associated with high costs and long

development times. The usage of new composite and hybrid metal reinforced composite
structures in engine components requires extensive testing. In order to reduce the reliance on
physical testing that slows the development, new computational approaches for assessing the
bird strike crashworthiness of advanced engines are needed.
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Nowadays drones are a significant threat near the airports. They weigh from 0.55 pound
to 55 pounds [7]. These drones have to be registered with FAA, but there are no FAA regulations
for drone strikes. There are few reported incidents of drone strikes. As drones are mostly made
up of metals, they might cause some serious damage to the engine or other aircraft parts on
impact.
1.3

Literature Review
This literature review is aimed to summarize some of the computational and experimental

research that has been done on high speed impact analysis, especially related to the application of
bird strike. While bird strike analysis is conducted on various aircraft structures such as wing
leading edges, empennages, windshields and fuselage, this review focuses on methods developed
specifically on bird strikes on jet engines specifically on fan blades.
Barber, et al. [8] carried out the physical testing for bird strike by using a testing device
which includes a sabot stopper, plate and launch tube. A xenon flashlight was used to ensure that
the bird impacted the plate at proper orientation and angle. Piezoelectric transducers were used to
measure the pressure due to impact on plate. There were four transducers attached around the
centre of plate to record the readings. The bird was impacted at different velocities and variations
of peak pressure with different velocities were examined. The readings of peak pressure were
collected at different positions of plate from the transducers and the readings were analysed to
understand the impact. This test was conducted for different masses and bird varying from
60grams to 4 kg and at different impact velocities ranging from 50m/s to 300m/s. Different
angles of impact, from direct normal to oblique at 25 degrees were also tested in this experiment.
Sarva, et al. [9] studied the behaviour of polymeric materials when impacted with
projectiles weighing 1.4gm, diameter 5.6mm made of 4340 AISI steel at velocities ranging from
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300 to 550m/s. High speed photography was used to capture images during impact. A graph of
kinetic energy with velocity is studied for to materials and results were compared.
Edge and Degrieck [10], from Famborough Aerospace Centre in the UK have made
efforts to determine the bird as realistically as real bird. The physical testing of bird was carried
out and the graph of mass versus density was used to study the result. Some geometric data on
the bird as well as the density of bird were provided in the source.
Budgey [11] gives detailed information on the advantages of using artificial birds for
impact compared to the real birds. The use of real birds for experiment could be costly and
complex process. To validate the use of artificial birds, plots of density versus mass and diameter
versus mass were compared. The tests were conducted for different shapes of bird surrogates.
Some information on the geometry and mass properties of different birds based on biometric data
has been provided in the source. Detailed information on the bird surrogates were however not
provided in the source.
A Federal Aviation Administration (FAA) report by Thrope [12] details about severity of
damage caused by bird strike on airplanes and human life. The damage caused by bird strike on
executive jets, helicopters and on large aircrafts was tabulated with number of human lives lost
between the period 1912 to 1995. Another interesting piece of information was the classification
of species of birds causing the bird strike like gulls being the most common bird involved
followed by waterfowl, pigeons and others. There is also information about the parts of aircraft
that were impacted with birds during their flight, like an aircraft weighing 5700 kg or more, the
most susceptible part of impact being Windshield followed by engine, wings and tail.
Barber et al [13] used birds with masses varying from 60g to 600g and impacted with
velocities from 100m/s to 300m/s at an angle of 90,45 and 25 degrees. Physical testing of bird
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strike was carried out and pots of non-dimensional impulse versus impact velocity were
examined. This source contains some important information on the impact response of different
small birds at different impact speeds.
Nizampatnam [14] examines different computational methods in bird strike modelling
including the Lagrangian formulation, Eulerian formulation and Smooth Particle Hydrodynamics
(SPH). Federal Aviation Administration (FAA), part 23 and part 25 were tabulated and the
different parameters to be considered during impact like shock pressure decay and steady state
pressure were formulated. The document also dealt with different governing equations involved
in computational techniques. The information about equation of state during the initial stage and
during final stage of bird impact was explained. Then different bird models were studied, and the
simulations were done, and results were tabulated. Different scenarios of bird impact such as
impact at normal and at an angle were considered. The bird was modelled with homogeneous
and heterogeneous properties and the results were tabulated. This study suggested that the SPH
technique was a viable method for bird strike impact analysis. This study focused on the impact
on glass composite targets.
Shmotin [15] modelled both Lagrangian and SPH birds impacting a fan assembly and
explores the effect that friction has in bird/blade contact. He concluded that zero friction
produced the best correlation with experimental data.
Several parameters inherent to numerical nature of the analysis are critical in determining
the result. For FE analysis, these include the choice of element formulation, hourglass control,
bulk viscosity, damping and contact treatment. The literature dedicated to quantifying their effect
on bird or the structure is almost non-existent.
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Several investigators have modelled a single fan blade and impacted a bird in order to
capture the blade’s independent response [16, 17, 18]. This was especially common in early
studies when computational resources were limited. The primary goal of these studies was to
match experimental results for impact on single blade, compare the blade response for different
bird models.
Others have modelled an array of fan blades, typically three or more, in order to capture
bird impact across multiple points or interaction among blades [19, 20]. Some of these studies
modelled the motion of blades, while others held them fixed at their bases and captures the
correct relative bird/blade velocity through bird motion.
A number of investigators have modelled half or the entire fan assembly in order to more
realistically capture multiple fan blade interactions [21]. The fan assembly rotated with an initial
velocity corresponding to the engine operating speed. Interactions between blades were usually
captured as well [22]. These studies allowed the full range of initial bird impact damage to the
fan assembly to be evaluated, along with additional damage from subsequent inter blade
collisions.
The axle is rarely modelled in a bird strike analysis; most approaches rotate the fan
assembly about a rigid axis. When included, the axle can deform as a result of impact event and
out of balance forces. The primary advantage is the ability to capture fan assembly unbalancing
and the beginning of the vibratory response of the engine if blade loss occurs [23].
It is also very rare for the casing to be included in a bird impact modelling. However,
models of blade-out events, in which a portion or an entire fan blade becomes detached from the
hub and impacts the casing, frequently include both the casing and the axle [24].

8

Very few researchers have extended their analysis to the compressor section. In one
example, Frischbier [25] modelled the fan and low-pressure compressor (LPC) inlet to estimate
the amount of bird material entering the engine core. The measured mass was then used in
second analysis to estimate damage to the high-pressure compressor (HPC) final stage blades.
While this is an important consideration, this work has focused on predicting failure of the fan
assembly where hard debris may be produced that could also be ingested by engine core.
It is known that blades are pre-stressed due to rotation prior to impact and centripetal
loads must be applied to accurately assess the initial stress state in the blades. Pre-loading is
important in dynamic analysis in which the fan blades are rotating. Without proper pre-loading,
the rotation of blades will induce large unrealistic loads called centrifugal shocks [18] in the
blades prior to impact that are difficult to mitigate. Pre-loads are applied in a separate step before
the impact analysis, using either implicit static FE or explicit dynamic relaxation FE scheme.
As the literature review indicates, very few studies have addressed and quantified the
large bird impact responses of aircraft structures and in particular the impact on aircraft engine
components. Hence, this topic has been chosen for investigation in the study.
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CHAPTER 2
OBJECTIVE AND METHODOLOGY
2.1

Objectives
The goal of this work was to develop a numerical methodology to examine the

damages and failure of an aircraft engine (fan assembly) subjected to both small 4-lb and large 8lb bird impact. The work is focused on scenarios where a bird directly impacts the rotating fan
assembly since this presents the most destructive impact scenario. To accomplish this goal, the
following objectives are identified:
•

To develop a Smooth Particle Hydrodynamic (SPH) bird model (4-lb and 8-lb)
and to validate it for further analysis,

•

To model the rotor blades of an aircraft engine in CATIA and carry out the
analysis on 4-lb bird impact on it using LS Dyna,

•

Compare the results of 4lb bird impact with 8-lb bird,

•

To develop a methodology to certify an aircraft for Birdstrike on various
structures by analysis technique.

2.2 Overall Methodology
A comprehensive methodology has been developed in this study using finite element
modelling of engine (Fan and Hub), bird to study the damage on impact. 4-lb bird was developed
using SPH technique and it was validated with Cessna test results. Similarly, 8-lb bird model was
developed, and its impact was on aluminium plate was simulated and results were compared with
that of 4-lb bird impact on same aluminium plate. The overall methodology of this study is
illustrated in Figure 2.1.
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The fan blade model of an aircraft engine along with the hub was developed in CATIA
V5 and meshing was done in the Hypermesh. Bird strike analysis was carried on this fan blade
assembly using both 4-lb and 8-lb bird and results were compared.

Conclusions and
Recommendations

SPH Bird
Development

Development of
Rotor blades in
catia V5 and
meshing in
Hypermesh

Bird Validation

Bird Strike Analysis
on Rotor Blades
using 4-lb and 8-lb
Bird Models

Figure 2.1 Overall methodology of this study
2.3

Methods of Computation
In this section, different types of finite element modelling including the Lagrangian,

Eulerian, Arbitrary Eulerian (ALE), and Smooth particle hydrodynamics (SPH) are briefly
explained. The SPH method has been utilized in this study to model and simulate the bird strike
impacts.
2.3.1 Lagrangian Formulation
In the Lagrangian formulation, the mesh nodes are connected to the material by points
known as integration points. In this type of formulation, the body and mesh deforms together.
After the deformation the position of nodes and material points changes, but the position of
material points relative to nodes remains unchanged. The position of boundary nodes remains
fixed, hence boundary conditions can be easily applied. The major disadvantage of this
formulation is that the mesh deforms with the material which may cause severe mesh distortions
and result in error termination of analysis.
11

The deformation of Lagrangian mesh [26] is shown in Figure 2.2 at different instants of
time.

Figure 2.2 Lagrangian deformation for soft body impact [26]
2.3.2 Eulerian Formulation
In the Eulerian formulation, the reference mesh is in the background and the body flows
through the mesh while deforming, as shown in Figure 2.3. In Eulerian formulation, The nodes
are fixed as the material points move through the mesh. With the deformation, the position of
material points relative to nodes changes. This is mostly useful for fluids. Since the mesh ids
fixed in this formulation, mesh deformation is not possible.. Computation time is high when
compare to other formulation methods.

Figure 2.3 Eulerian deformation for soft body impact [26]
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2.3.3 Arbitrary Lagrangian Eulerian (ALE) Formulation
The ALE formulation consists of two meshes i.e. reference mesh and material mesh. ALE
formulation overcomes most of the disadvantages of the Lagrangian and Eulerian formulations.
The purpose of ALE formulation is to make the most of the advantages of Lagrangian
and Eulerian formulations while eliminating their disadvantages. In ALE technique, the
computational mesh can move in order to change the shape of elements, whereas the mesh on the
boundaries can move along the materials to track the boundaries.
In Figure 2.4, ALE deformation is shown at different instants of time. ALE formulation
can reduce to either Lagrangian formulation by equating motion of the mesh with the material
motion. They can also be reduced to Eulerian formulation fixing the mesh in one position. In this
way disadvantages of Lagrangian formulation or Eulerian formulations can be overcome
depending on the application.

Figure 2.4 ALE deformation for soft body impact [26]
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2.3.4 Smooth Particle Hydrodynamics (SPH) Formulation
The SPH formulation is mostly applied to fluids. In this formulation the fluid is divided
into a set of discrete elements known as particles. There is no contact between the individual
particles and it is a mesh free method. The distance between the particles is known as smoothing
length. This method of formulation can handle very large deformations. During compression, the
smoothing length reduces and during tension it increases. Each particle is assigned with a mass
in SPH technique. Figure 2.5 shows the soft body deformation using the SPH.

Figure 2.5 SPH Deformation for soft body impact [26]
2.3.5 Bird Impact Process
The bird impact process is shown in Figure 2.6. Bird impact can be considered as a
hydrodynamic impact because at very high impact speeds, bird act as fluid. Bird impact process
is divided into 5 stages namely:
•

Solid Structure impact

•

Solid Fluid transition

•

Fluid Structure Impact

•

Non-Linear growth of impact region
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•

Structural response and damage

Figure 2.6 Bird Impact Process [27]
At the initial impact phase, the shockwave is generated upon the contact between bird
and the structure and this shock wave propagates through the bird material Bird impact process
lasts for few milliseconds. The first four stages occur simultaneously. There pressure gradient
occurs on the edge of the projectile which causes the particles to flow steadily in the outward
direction. Steady flow is attained after several replications of release waves. As the impact
proceeds, decay occurs where the pressure reduces to zero and it is called the termination phase.
2.4

Computer Aided Engineering (CAE) Tools
CAE tools are widely used these days to reduce the cost of conducting real-time tests and

to reduce the time taken in development of a product. The capability of CAE tools has reached a
point where most of the design verifications are done using computer analysis rather than
physical testing. Following CAE tools are used in this study.
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2.4.1 CATIA V5
The Computer Aided Three-Dimensional Interactive Application (CATIA) is a geometric
modelling software developed by Dassault Systems. It is the leading commercial computer
program used in product development solutions for wide variety of industries, such as aerospace,
automotive, electrical, electronic etc. which provides greater flexibility in modeling of the
irregular contours.
CATIA V5 is the only solution capable addressing the complete product development
process, from product concept specifications through product-in-service, in a fully integrated an
associative manner. It facilitates the true collaborative engineering across the multi-disciplinary
extended enterprise, including style from design, mechanical design and equipment and systems
engineering, managing digital mock-up, machining, analysis, and simulation.
2.4.2 HYPERMESH
Hypermesh is a finite element modeler used to perform a variety of CAD/CAE tasks
including modelling, meshing, and post processing for FEM solvers LSDYNA, NASTRAN,
ABAQUS etc. Hypermesh can be directly used to access the geometric models from leading design
software’s like CATIA, Pro-E etc. With use of many highly advanced tools presented in
Hypermesh helps to overcome the FEM challenges, including many topological irregularities multi
body contacts and others. This can import geometry from any CAD system and various data
exchange standards.
Hypermesh provided with rich set of tools made it possible to achieve a required mesh
quality with the different meshing techniques starting from completely automatic solid meshing to
thorough node and element creation and editing. It also provided with different types of loads and
constraints, which can be applied to either geometric model or to analysis model. The various
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visualization tools help to find much critical information, including maximum and minimum
values, contour plots which shows trends and correlations. Imaging features such as graphics
shading, multiple light sources, local view manipulation and many other sophisticated
visualization tools help to speed and improve results evaluation. It is also possible export result
images and animation videos in many standard forms which help to present in reports.
2.6.4 LS-Dyna
LS-Dyna is a general purpose transient dynamic finite element program capable of
simulating complex real-world problems. It is optimized for shared and distributed memory
UNIX, Linux, and Windows based, platforms. It is an explicit 3-D finite element program for
analyzing the large deformation dynamic response of the elastic and inelastic solids and
structures. The program is extensively used by many top automobile, aerospace and research
organizations. A wide range of material types and interfaces enable the efficient mathematical
modelling of many engineering problems.
It contains more than one hundred and fifty material models including metallic, nonmetallic and composite models which enable to define any material in the real world. The contact
capabilities such as contact between deformable bodies, between deformable and rigid bodies
provided in LS-Dyna can solve any contact problems which very useful in crash testing.
The important functional areas of LS-Dyna are as follows:
➢ Crashworthiness simulations: automobiles, airplanes, trains, ships, etc.
➢ To simulate Bird strike to airplanes.
➢ Occupant safety analyses: LS-Dyna integrated with MADYMO is used for dummy
interaction with airbag, seat belts, foam padding, etc.
➢ Analysis and optimization of Metal forming process.
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➢ Biomedical applications and many more.
LS-Dyna computes on different machines including supercomputers, leading UNIX
machines, and Massively Parallel Processing (MPP) machines. Computer configuration depends
on processing time and problem size. Super computers and MPP takes the advantage of multiple
processes when the code is highly efficient.
2.6.5 LS-PrePost
LS-Prepost is an advanced pre-processor and post-processor that is delivered with LSDyna. The user interface is designed to be both efficient and intuitive. LS-PrePost runs on
windows, Linux and Unix operating systems utilizing OpenGL graphics to achieve fast rendering
and XY plotting. Following are the key Pre-Processing features:
➢ Comprehensive LS-Dyna Keyword Support
➢ Meshing tools for Surface meshing, 2D Meshing, block Meshing etc.,
➢ Special applications like Dummy positioning, Seat belt fitting, Penetration check etc.,
Post-Processing features include:
➢ D3PLOT
➢ BINOUT Processing
➢ Fringe Plotting
➢ Time history Plotting
➢ ASCII Plotting
➢ Particle and Fluid Visualization
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CHAPTER 3
DEVELOPMENT AND VALIDATION OF SPH BIRD MODEL
3.1

Types of Bird Models
Geometries such as regular cylindrical, spherical, ellipsoidal and cylinder with

hemispherical ends are typically used to model the bird. In advanced research experiments,
researchers sometime model the bird structures such as with distinct head, neck and wing
portions, as shown in Figure 3.1.

Figure 3.1 Types of bird models in SPH [28]
Mostly cylindrical or hemispherical ended cylinder is used as it is believed to give
adequate results and are relatively simple to define in finite element pre-processor. Figure 3.2
shows the most used and least used bird models in bird impact analysis.
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Figure 3.2 Most Used Bird Models in SPH [23]
3.2 Development of 4-lb Bird Model
Before using the developed bird model for analysis, it should be validated. In this case,
the SPH bird model is impacted on an Aluminium plate at various speeds, the results are
compared with the experimental ones to validate the bird model.
The SPH bird model is developed using LS-Prepost. In this study, cylindrical bird model
with circular ends has been used, as shown in Figure 3.3. Dimensions of the bird like cylindrical
length, diameter, density etc are calculated using empirical formulae form literature [29].

Figure 3.3 4-lb SPH bird model with rectangular ends
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Mass of bird taken is 4-lb or 1.81 kg, Using the mass of the bird density, diameter and length are
then calculated accordingly as,
Mass = 4lb = 1.81 kg
The following formulas were taken from a study published by Australian transportation Safety
Bureau [29], explaining development of various SPH bird models.
Density = 959-63×log10(Mass) = 942.7 Kg/m3

(3.1)

Diameter = 0.0804×mass0.335 = 0.098 m

(3.2)

Length =

4𝑀
𝜋×𝜌×𝐷2

=

4×1.81
π×942.74×0.0982

= 0.254 m

(3.3)

In the LS-Dyna, the bird model is defined by using MAT NULL card and an Equation of
State (EOS) is specified. The EOS used in this study is EOS TABULATED, which is governed
by the equation
P = C(εv)+ γT(εv)

(3.4)

where C represents the function and temperature is represented by T which depends on
volumetric strain εv. The volumetric strain is natural logarithm of the relative volume V. For
impact process like bird strikes, temperature T is negligible. Thus, the term γT(εv)E becomes
zero, and the EOS becomes
P = C(εv)

(3.5)

The EOS TABULATED card is used in the LS-Dyna, where the volumetric strain and tabulated
points for function C are substituted. This EOS for SPH bird model is defined by the
composition of 90% of water and 10% air [26].
An Equation of State (EOS) is often coupled with the material model either out of
necessity (such as null model) or to override hydrostatic pressure calculations of the material
model. The tabulated EOS provides flexibility in modelling the hydrodynamic response of
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materials that exhibit sharp transitions in the pressure- density relationship, such as those induces
by phase transformations. The tabulated Equation of State is linear, as shown in the Table 3.1.

Table 3.1 EOS tabulated for SPH bird Model [26]
εv
1
0
-0.0953
-0.1044
-0.1124
-0.1178
-0.1258
-0.131
-0.1484
-0.2327
3.3

C
-5000
0
294
1407
2940
4410
5880
7350
14700
73500

Validation of 4-lb Bird Model by Impacting on an Aluminium Plate
To validate the 4-lb SPH bird model, the 4-lb bird model is impacted on an aluminium

(Al 7075 T6) plate, and the results are compared with the ones from experimental tests from
literature. In this experimental study, Cessna conducted the actual physical testing of birdstrike
[3].
The birdstrike setup is consisted of an Aluminium (Al 7075 T6) plate with length of
914.4 mm and width of 609.5 mm. The bird impact is carried out at the centre of the plate as
shown in Figure 3.4.
The aluminium plate is constrained along X, Y and Z directions at all end nodes. The
thickness of aluminium plate used are 0.25”, 0.16” and 0.1,” and the bird is impacted with speeds
of 265 knots, 269 knots and 275 knots respectively, as per the experiments. The material
properties assigned to plate is shown in Table 3.2
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Figure 3.4 Bird strike setup on Al plate for 4 lb bird

Table 3.2 Material Properties of Aluminium Plate [30]
Density

2810 kg/m3

Ultimate Strength

570 MPa

Yield Strength

505 MPa

Modulus of Elasticity

72000 MPa

MAT PLASTIC KINEMATIC card is used in LS-Prepost to define the material
properties of the aluminium plate. SECTION SHELL card was used to assign the thickness to the
aluminium plate.
The SPH bird model was considered as node, and the velocity is given to this node set
using the INITIAL VELOCITY card in LS-Prepost. The analysis is carried out for 5ms and
simulations are compared with Cessna test results.
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As seen in Figure 3.5, the 0.25” Aluminium plate is dented when impacted with smaller
4-lb bird with a velocity of 265 Knots. The deformation measured is about 1.2 inch. Similarly,
0.16” plate has a deformation of 1.8 inch when impacted with a velocity of 269 knots as shown
in Figure 3.6. When the 4-lb bird is impacted on 0.1” Aluminium plate with a velocity of 275
knots, it is seen that the Aluminium plate fails as shown in Figure 3.7.

Figure 3.5 Deformation of 0.25” Aluminium plate @ 265 Knots
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Figure 3.6 Deformation of 0.16” Aluminium plate @ 269 Knots

Figure 3.7 Deformation of 0.1” Aluminium plate @ 275 knots
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The results of 4-lb bird strike on Aluminium plate are tabulated and compared with the
results from Cessna experimental tests, as shown in table 3.3. It can be seen that the variation in
deformation is about 16% which can be acceptable.
Table 3.3 Comparison of deformation in testing results and simulation results for 4-lb bird model

0.25 inch,
265 knots
0.16 inch,
269 knots
0.1 inch,
275 knots

Experimental
Deformation
1.0 inch

Simulation
Deformation
1.2 inch

1.5 inch

1.8 inch

Material Failure

Material Failure

3.4 Development of 8-lb Bird Model
The 8-lb bird model is developed, as shown in Figure 3.8, using the same empirical
formulas from literature [26] used for 4-lb bird development. Mass of the bird taken is 8-lb or
3.63 kg, and using this mass, other parameters like density, diameter and length of bird model are
calculated.
Mass = 8lb = 3.63 Kg
Density = 959 - 63×log10(Mass) = 923.74 Kg/m3

(3.6)

Diameter = 0.0804×mass0.335 = 0.124 m

(3.7)

Length =

4𝑀
𝜋×𝜌×𝐷2

=

4×3.63
π×942.74×0.1242

= 0.326 m

Figure 3.8 8-lb SPH bird model with rectangular ends
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(3.8)

The 8-lb Bird model is developed and impacted with various speeds on an aluminium
plate of various thickness and the results are compared with results of 4-lb bird model. The 8-lb
bird model impact setup is shown in Figure 3.9. Bird is placed close to the plate to reduce the
computing time.

Figure 3.9 Bird strike setup on Aluminium plate for 8-lb bird
As seen in Figure 3.10, the 0.25” Aluminium plate is dented when impacted with a larger
8-lb bird with a velocity of 265 Knots. The deformation measured is about 1.8 inch. Similarly,
the 0.16” plate has a deformation of 2.6 inch, when impacted with a velocity of 269 Knots as
shown in Figure 3.11. When the 8-lb bird is impacted on 0.1” Aluminium plate with a velocity
of 275 Knots it is seen that the Aluminium plate fails as shown in Figure 3.12.
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Figure 3.10 Deformation of 0.25” Aluminium plate @ 265 Knots

Figure 3.11 Deformation of 0.16” Aluminium plate @ 269 Knots
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Figure 3.12 Deformation of 0.1” Aluminium plate @ 275 Knots
3.5

Comparison of 4-lb vs 8-lb bird impact on Al plate
Results obtained in 4-lb bird impact on Al plate and 8-lb bird impact on Al plate

are compared as shown in table 3.4, it is seen that the damage caused by the 8-lb bird is
significantly higher than the damage caused by 4-lb bird. The deformation caused by 8-lb bird is
around 30% higher when compared to deformation caused by a smaller 4-lb bird. Also, the area
of the aluminium plate affected by 8-lb bird model is significantly higher when compare to hat of
the area effected by 8-lb bird model.
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(a)

(b)

Plate Thickness: 0.25 inch

Plate Thickness: 0.16 inch

Bird velocity: 265 Knots

Bird velocity: 269 Knots

(c)
Plate Thickness: 0.1 inch
Bird velocity: 275 Knots
Figure 3.13 Comparison of deformation of Al plates for 4-lb and 8-lb birds
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Figures 3.13shows the comparison between the deformation of Al plate when impacted with 4lb and 8-lb birds at various velocities.

Table 3.4 Comparison of simulation results for 4-lb and 8-lb birds
Deformation on
Aluminium
Plate by 4-lb
Bird Model

Affected Area
on Aluminium
Plate by 4-lb
Bird Model

Deformation on
Aluminium
Plate by 4-lb
Bird Model

Affected Area
on Aluminium
Plate by 4-lb
Bird Model

1.2 in

32.4in2

1.8 in

41.2 in2

0.16 inch,
269 knots

1.8 in

38.9 in2

2.6 in

49.6 in2

0.14 inch,
275 knots

Material Failure

57.2 in2

Material Failure

69.3 in2

0.25 inch,
265 knots
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CHAPTER 4
BIRD STRIKE ON FAN BLADE OF A JET ENGINE
The SPH bird models (4-lb and 8-lb) are impacted on the jet engine propeller and results
are compared. The jet engine propeller is modelled in CATIA V5 and the meshing is defined in
Hypermesh. The dimensions of the propeller are taken from the literature [23].
4.1

Geometry
The fan blade shape was inspired with a general commercial aviation fan blade geometry

used in smaller turbofan engines. Blades were modelled with their bases fixed using rigid
connections constraining both translational and rotational motion relative to the central hub.
A uniform thickness of 3 mm was allotted to the blades, this is in accordance with the
average blade thickness in smaller turbofan engines. The diameter of the assembled model
(blades and hub) was 1.75m. Figure 4.1 Shows the fan blade assembly of the aircraft engine.

Figure 4.1 Fan Blade assembly of an aircraft engine
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4.2

Material Models
Material properties for the blades were defined as an isotropic, elastic-plastic material

model to include yield and failure of aerospace grade titanium (Ti-6Al-4V, ASTM Grade 5).
This material is commonly used in fan blade manufacturing due to its high strength and low
density. Material properties of the blades are defined, as shown in Table 4.1.
Table 4.1 Material properties for Fan blades [23]
Density, ρ (kg/m3)

4420

Elastic Modulus, E (GPa)

112.5

Poisson’s Ratio υ

0.31

Post-Yield Modulus Ey (GPa)

1.59

Yield Strength Sy (MPa)

980

Ultimate Strain εf

0.1

Blades are connected to the central hub thus forming a rotating sub structure. The
Hub is a thick component when compared to the fan blades and is not likely to experience
damage or failure because the fan blades will fail before damaging loads were transferred to the
hub. Hence the hub stresses are not determined, and it was assigned with rigid steel material
properties. Material properties of the hub are defined, as shown in Table 4.2.
Table 4.2 Material properties Hub [23]
Density, ρ (kg/m3)

7800

Elastic Modulus, E (GPa)

193

Poisson’s Ratio υ

0.305

Post-Yield Modulus Ey (GPa)
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Yield Strength Sy (MPa)

690

Ultimate Strain εf

0.1
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4.3

Contact Modelling
In case of bird impacting the fan blades directly, it is important to assign the proper

contact between
•

Bird and fan blades,

•

Fan blades and hub,

•

Fan blades with other blades,

•

Blades with themselves.

Contact between bird and fan blades was defined by using node to surface contact where bird
is the node and blades are surface. The impact of the bird with a blade induces reaction loads that
counter the rotational forces of the blade thus deforming the blade enough or fracture, portions of
the same blade may even come into contact with the remaining blade.
4.4

Preloading of Fan Blades
As the fan blades rotates, centripetal forces acting on each fan blade pull it towards the

hub centre and maintain its circular path around the axis of rotation. This induces stresses that
are greatest at the base of the blade and decrease gradually along the length of the blade
becoming zero at the tip. I order to predict damage, it is necessary to assess stress and strain in
the blades because of both bird impact and the initial stress field caused by the fan assembly
rotation.
The large diameter of rotation of fan blades made preloading the structures a necessity.
Other rotating components, such as hub have a smaller diameter of rotation. Hence, hub is not
included in the preloading analysis. Figure 4.2 shows the pre-loading of the blades.
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Figure 4.2 Pre-loading of fan blade assembly

4.5

Bird Impact Model Setup
After the stress analysis of the structure the bird impact simulations were carried out. The

initial bird linear velocity, relative to engine was 100m/s. This is consistent with take-off speeds
for commercial aircraft and velocities required by FAR 33.76 for bird ingestion certification. The
initial rotational velocity of the fan assembly selected to be 525 rad/sec, corresponding to 5000
RPM. The bird was aimed at 60% of the mid-span of the blades; the minimum impact location
required for bird ingestion certification is 50% as per FAR 33.76. The bird was positioned close
to the fan blades to reduce the computation time. Bird strike setup on fan blades is shown in
Figure 4.3.
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Bird

Figure 4.3 4 lb bird strike setup on fab blade assembly
4.6

4-lb Bird Impact Analysis
Figure 4.4 shows the state of bird during the process of impact of small 4-lb bird. It is

seen that the bird was sliced by the first blade as it encountered and began deforming
significantly after interaction.

(a)

(b)

(c)

(d)

Figure 4.4 Bird sliced due to impact with fan blade assembly
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The bird was split into multiple impactors during the initial impact, with portions of it
coming in direct contact with other blades

(a) t = 0 ms

(b) t = 1 ms

(c) t = 5 ms

(d) t = 10 ms

Figure 4.5 Damage progression for 4 lb bird impact at various intervals
Figure 4.5 Shows the bird impact process at various time intervals suring simulation. It is
seen that upon impact the bird is sliced into various pieces causing damage to the blades. This
impact causes 4 blades to detach from hub. These detached blades can cause a lot more damage
when thay come in contact with other blades and the outer casing of engine. The sizes of the
detached blades range from small paticle mass to large pieces, with high velocities. This piecs
could impact other parts of the aircraft like fuselage structures and result in significant damage.
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Figure 4.6 Internal Energy vs Time for 4-lb bird impact

Figure 4.7 Force vs Time for 4 lb bird impact

After the simulation, various graphs such as internal energy versus time for the blades, force
versus time for the blades and X versus Y displacement for the hub were plotted. Figure 4.6
shows the plot between internal energy of blades and time. The internal energy (J) was plotted on
Y-axis whereas time (ms) was plotted on the X-axis. It can be seen from the plot that the blades
experience a high amount on internal energy during impact and reaches a maximum of 47.5 kJ.
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Figure 4.8 X vs Y rigid body (hub) displacement for 4-lb
Figure 4.7 shows the plot between the impact forces on Y-axis and time on X-axis. It is seen that
the blades experience maximum impact forces of 731.3 N during the time of impact. Figure 4.8
shows the orbital plot of the hub, plotted with X-displacement (m) on X-axis and Y-displacement
(m) on Y-axis. It can be observed that the hub experiences displacement of 0.2m in both the
directions normal to the impact direction.

4.7

8-lb Bird Impact Analysis
Large 8-lb bird model was impacted on the rotor blades of an aircraft engine according to

FAR 33.76 requirements for an engine certification, the setup is shown in figure 4.9 is similar to
that of smaller 4-lb bird impact. The initial bird linear velocity, relative to engine was 100m/s.
The initial rotational velocity of the fan assembly selected to be 525 rad/sec, corresponding to
5000 RPM. The bird was aimed at 60% of the mid-span of the blade. The bird was positioned
close to the fan blades to reduce the computation time and following observations were made.
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Figure 4.9 8 lb Bird strike setup

(a) t = 0 ms

(b) t = 1 ms

(c) t = 5 ms

(d) t = 13 ms

Figure 4.10 Damage Progression for 8-lb bird at various time intervals
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Figure 4.10 shows the damage progression on the blade assembly when it is impacted
with a large 8-lb bird at various time intervals during the simulation. It is seen that upon impact
the bird is sliced into various pieces causing damage to the blades. This impact causes 4 blades to
detach from hub. This can cause increase in vibrations and these detached blades can cause a lot
more damage when thay come in contact with other blades and the outer casing of engine.

Figure 4.11 Internal Energy vs Time for 8 lb bird impact

Figure 4.12 Force vs Time for 8 lb bird impact
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After the simulation, various graphs such as internal energy versus time for blades, force versus
time for blades and X versus Y displacement for the hub were plotted. Figure 4.11 shows the plot
between internal energy of blades and time. The internal energy (J) was plotted on Y-axis
whereas time (ms) was plotted on the X-axis. It can be seen from the plot that the blades
experience a high amount on internal energy during impact and reaches a maximum of 83.0 kJ.

Figure 4.13 X vs Y rigid body (hub) displacement for 8-lb

Figure 4.12 shows the plot between the impact forces on Y-axis and time on X-axis. It is seen
that the blades experience maximum impact forces of 1023.8 N during the time of impact. Figure
4.13 shows the orbital plot of the hub, plotted with X-displacement (m) on X-axis and Ydisplacement (m) on Y-axis. It can be observed that the hub experiences displacement of about
0.25m in both the directions perpendicular to the impact direction.
Table4.3 provides comparison between the damages from the 4-lb and 8-lb bird strikes.
As shown in the table the variation in internal energy of blades in 8-lb bird model impact is
around 40% higher than that of 4-lb bird model impact. Similarly, the impact forces of 8-lb bird
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model were 28% higher than that of 4-lb bird model impact. Also, the X versus Y displacement
in 8-lb bird impact is around 18% when compared to 4-lb bird model impact.

Table 4.3. Comparison between 4-lb and 8-lb Birdstrike damage

Internal Energy(J)

4-lb Bird

8-lb Bird

47,473

82,960

732.2

1024.0

0.41

0.50

Force (N)
X vs Y Hub Centre
Displacement (m)
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CHAPTER 5
CONCLUSION AND RECOMMENDATIONS
5.1

Conclusions
The objective of the study was to develop a computational methodology to certify an

aircraft engine for bird strike using both the 4-lb bird model as well as 8-lb bird model. The
small bird (4-lb) was developed using the Smooth Particle Hydrodynamics (SPH). It was
validated by impacting it on an aluminium plate of varying thickness at various speeds. The
results obtained were then compared with the experimental results from the tests carried out by
Cessna. It was found that for thickness 0.25” and 0.16” the variation in deformation of
simulation results from experimental results was around 16%. For Aluminium plate of 0.1”
thickness, it was found that it failed in both experimental tests and simulation results. The
comparison shows rational correlation between the test and simulation results.
A larger 8-lb bird model was then developed utilizing the same procedure as in the 4-lb
bird model. Same simulations were carried out for 8-lb bird with same thickness of aluminium
plate and speeds of SPH bird. It was found that the variation in deformation in simulation results
of 4-lb bird model and 8-lb bird model is around 30%. The 0.1” panel in both simulations
experienced material failure.
The SPH bird models were then impacted on the rotor blades on an aircraft engine. The
rotor blades were modelled in CATIA V5. Meshing was done in the Hypermesh and all the
material properties were defined in LS Prepost. The SPH bird models (4-lb and 8-lb) were
impacted on this rotor blades according to FAR 33.76 and results were recorded and compared.
It was found that the internal energy of the blades for 8-lb bird impact was 28% more
than that of 4-lb bird impact. Also, the forces experienced by the blades for impact with 8-lb bird
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was 28% more than that of 4-lb bird impact. The X vs Y-displacement with respect to time for
both the cases was found out and orbital plot of X-displacement vs Y-displacement for the
central hub was plotted. It is found that the displacement of hub in 8-lb bird impact is about 18%
more than that of 4-lb bird impact.
Overall it can be concluded that the impact of 8-lb bird could cause more damage when
compared to the 4-lb bird. Hence the impact of larger bird (8-lb) should be considered in FAR
regulations for bird impact on aircraft engines and other parts.
It can also be concluded that the computational methodology can be used for certification
as it is less time consuming and less expensive when compared to physical testing.
5.2

Recommendations
As a part of future work, analysis can be carried out on the rotor blades with an outer

casing and the penetration of blades can be studied after the birdstrike can be studied.
Different types of bird models can be used for testing and results can be compared to find
out which model gives the best results. Also, some parameters such as EOS, cavitation pressures
can be varied and results can be compared.
Composites material can be applied to the blades and the tests can be carried out and
results can be compared.
Different types of computation methods including the Lagrangian, Eulerian, ALE can be
used other than SPH and results can be compared.
Finally, the birdstrike simulations can be carried out on different parts of an aircraft
including fuselage, leading edge, empennage and windshield, etc.
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