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[bookmark: _Toc135076925]1.	Summary
This report details the tensile and shearing stresses experienced by a generic propulsion system’s compressor blade from an aluminium rivet and steel fastener. This required the use of finite element analysis software modelling in the form of ABAQUS. This report could go on to form evidence for Zonal Hazard Analysis, which is used to analyse the consequences of component failure upon a safety critical system (Annex B). 
[bookmark: _Toc135076926]2.	Background
Foreign object debris (FOD) is of great concern to the aerospace industry. It is defined as:
‘Any item or material, other than birds or wildlife, that originates from any source, either external to or part of an Air System, and which then has the potential to cause damage.’ [1]
It poses threats to the structural integrity of an aerospace platform and their associated systems. An example of the damage that can result from FOD to an aircraft system’s propulsion system can be seen in Figure 1, which demonstrates the effect of FOD on a propulsion system’s first stage compressor blades. There are many different and disparate sources of FOD, ranging from the local operating environment such as fragments from an aircraft taxiing surface to aircraft structural parts and attachments. Due to the broad range of potential FOD that could be investigated, it was necessary to focus on a specific category: aerospace grade rivets and fasteners. 
[image: ]
[bookmark: _Ref131428665]Figure 1 - Compressor Blade Damage Due to FOD [2]
As shown in Figure 1, an aircraft’s propulsion system is particularly susceptible to FOD ingestion and damage. This is due to the high speeds of rotation that the compressor and turbine blades are subjected to. For the purposes of this report, it was necessary to focus on a particular component of the propulsion system, in this instance the compressor blades. As seen in Figure 2, the compressor blades consist of rotors and stators, shaped in such a way to form an aerofoil. This enables the rotors to develop dynamic pressure whilst the stators generate static pressure. 
[image: ]
Figure 2 - Rotors and Stators of a Turbo Propulsion System [3]
[bookmark: _Toc135076927]2.1	Materials 
For this report the following materials were used.
Titanium and its alloys have many attractive mechanical properties which make them highly suitable for their use in compressor blades. It has elevated strength-to-density which acts as the primary incentive for the use in compressor blades coupled with exceptional corrosion resistant qualities. Further, it possesses attractive elevated temperature qualities and a resistance to compressive loads over an extended period, which is a characteristic of the turbo propulsion operating environment: creep resistance [4].   
Aluminium and its alloys are highly formable, enabling easy fabrication of small aerospace components, in this instance rivets. It is durable under highly stressed condition, and pressure and temperature extremes. Again, as with titanium and its alloys, it is corrosive resistant. 
Stainless steel is suited for its use for making fasteners (screws, bolts) due to their high tensile strength, durability, temperature resistance and corrosive resistance. 
[bookmark: _Toc135076928]2.2	Basic Concepts
For the purposes of this report, some of the basic concepts have been defined below: 
Strain  is defined as the change in the length of the material sample, divided by its original length:
[image: ]


Stress ) is defined as force per unit area of cross-section:
[image: ]
[bookmark: _Hlk135057200]
· Tensile stress - stress that tends to stretch or lengthen the material - acts normal to the stressed area
· Compressive stress - stress that tends to compress or shorten the material - acts normal to the stressed area
· Shearing stress - stress that tends to shear the material - acts in plane to the stressed area at right-angles to compressive or tensile stress 

[image: ]
[bookmark: _Ref135059351]Figure 3 - A stress-strain curve representative of most common metals [5]
From the graph in Figure 3, the following points have been defined [6]:
I. Proportional Limit/Limit of Proportionality: up to some maximum load the extension of the material sample is proportional to the applied load.
II. Yield Point: If the stress is increased beyond the elastic limit, a point is reached at which there is a marked increase in extension. This is the yield point. The internal structure of the material has changed – the crystal planes have effectively slid across each other. The material is said to be showing plastic behaviour. 
III. Ultimate Tensile Strength: also known as the breaking stress and is the maximum stress which can be applied to a material. 
IV. Fracture Point: Point at which the material ruptures/breaks. Brittle materials such as glass will tend to rupture at the ultimate tensile strength pint; whereas ductile materials such as steel will tend to extend to the fracture point before they rupture. 
V. Elastic behaviour: if the material returns to its original size and shape when the load which is deforming it has been removed.
VI. Plastic behaviour: if the material shows no tendency to return to its original size and shape when the load which has been deforming it is removed. 
Due to the high strain rates experienced in the simulations, it was necessary to apply the Johnson-Cook model which utilises the following equation:


Equation 1 - Johnson-Cook Equation


	Johnson-Cook Model Parameters

	Parameter
	Symbol
	Aluminium
	Steel
	Titanium Ti-6AI-4V

	Density
	ρ (kg m-3)
	2700
	7860
	4430

	Shear modulus
	G (Pa)
	2.69 x 1010
	8.18 x 1010
	4.4 x 1010

	Elastic modulus
	E (Pa)
	70 x 109
	20.9 x 1010
	11.6 x 1010

	Poisson’s ratio
	PR
	0.3
	0.28
	0.33

	Yield Stress
	A (Pa)
	1.67 x 108
	7.92 x 108
	8.62 x 108

	Hardening constant
	B (Pa)
	5.96 x 108
	5.1 x 108
	

	Strain rate constant
	C
	0.001
	0.014
	0.012

	Thermal softening exponent
	M
	0.859
	1.03
	0.8

	Hardening exponent
	N
	0.551
	0.26
	0.34

	Melting temperature
	TM (K)
	893
	1790
	1900

	Room temperature
	TR (K)
	300
	300
	300

	Ref. strain rate
	EPSO (s-1)
	1
	1
	1

	Specific heat
	Cp (J Kg-1 K-1)
	910
	477
	670

	Failure parameter
	D1
	0.0261
	0.05
	-0.09

	Failure parameter
	D2
	0.263
	3.44
	0.25

	Failure parameter
	D3
	-0.349
	-2.12
	-0.5

	Failure parameter
	D4
	0.247
	0.002
	0.014

	Failure parameter
	D5
	16.8
	0.61
	3.87

	Bulk modulus
	CI (Pa)
	5.83 x 1010
	1.59 x 1011
	


[bookmark: _Ref135070989]Table 1 - Johnson-Cook Model Parameters [7]
[bookmark: _Toc135076929]3.0	Modelling 
To create the model, the following steps were undertaken:
I. Part – the individual parts were created as shown in Figure 4. A curved surface was created to represent the aerofoil characteristics of the compressor blade. A generic rivet/fastener projectile was created which would strike the blade at an angle.

II. Properties were assigned to the materials as detailed in Table 1.

III. Assembly

IV. Interactions

V. Step

VI. Load

VII. Mesh

VIII. Job

IX. Visualizer

[image: ]
[bookmark: _Ref135070808]Figure 4 - Compressor blade and rivet/fastener
The following image captures the tensile stress acting on the aluminium rivet and compressor blade at – 400 m/s.[image: ]
[bookmark: _Ref135075144]Figure 5 - Tensile stress of rivet at -400 m/s



The shear stress forces acting on the rivet and compressor blade at -400 m/s.[image: ]
[bookmark: _Ref135075227]Figure 6 - Shear stress forces of rivet at -400 m/s
The following shows the tensile stress forces at an increased velocity of -600 m/s
[image: ]
Figure 7 - Tensile forces at -600 m/s



This image details the shear stress forces at an increased velocity of -600 m/s.
[bookmark: _Toc135076789][bookmark: _Toc135076930][image: ]Figure 8 - Shear stress forces at -600 m/s

The following image shows the tensile forces acting on the steel fastener and blade.
[image: ]
Figure 9 - Tensile forces of steel fastener and blade






Depicted below are the shear stress forces acting between the steel fastener and blade.
[image: ]
Figure 10 - Shear forces acting on steel fastener and blade
[bookmark: _Toc135076931]4.0	Conclusion
[bookmark: _Toc135076932]4.1	Limitations
The following limitations of the modelling should be noted:
I. The exact dimensions of both the compressor blade, rivet and fastener have been estimated.
II. General steel properties were utilised as opposed to the desired stainless steel.
III. The angle at which the rivet and fastener strike the compressor blade remained fixed; in practice the projectiles would most likely be tumbling, and its strike angle variable.
IV. The compressor blade remained fixed whereas in practice it would be rotating in the region of 50,000 rpm. 
[bookmark: _Toc135076933]4.2 	Analysis
Despite the limitations in the modelling, it has been shown that the force which produces failure on the compressor blade was tensile stress. In Figure 5 the tensile force was measured at a peak of 9.857 x 108 Pa compared to the shear forces in Figure 6 at 3.592 x 108. It can also be seen that the propagation of the tensile forces of a greater magnitude spread further throughout the compressor blade than that of the shear forces. Annex A shows the varying velocities at impact, which instead of depicting a single impact velocity, several varying velocities have been noted. It is presumed that these are indicative of a projectile which has not fully penetrated and ‘bounced off’ to some degree. 
The potential failure demonstrated through this modelling could be used to form evidence for a Zonal Hazard Analysis, as detailed in Annex B. 
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Annex A
Velocities of Rivets and Graphs
[image: ]
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Figure 11 - Velocity of Rivet at -400 m/s
[image: ]
[image: ]
Figure 12 - Velocity of Rivet at -600 m/s
[bookmark: _Toc135076936]Annex B
Zonal Hazard Analysis
As defined in ASEMS [8] :’Zonal Hazard Analysis is an analysis of the physical disposition of the system and its components in its installed or operating domain. It is used to examine Hazards and Safety concerns which result from where a system is located. It thus complements many of the Safety Analysis approaches which examine only functions of systems, by considering functionally unrelated systems that are located close together’.
The consequence of a compressor blade failing would be analysed using this technique and focus on ancillary systems e.g., impact of compressor blade if it strikes the adjacent hydraulic system. 
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