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Abstract 

A finite element analysis is used to study the impact and the containment aspects of rotor blade fragments that are 
produced during a aircraft jet engine rotor failure. The impact and containment studies are performed on a ring-type 
containment structure and various fragment types are considered in this study. For each type of fragment, the ring 
thickness is varied incrementally and the ring response, residual kinetic energy level of the fragments, magnitude of 
impact forces and the overall containment or failure are determined. First, only a single fragment is considered and the 
rotor is assumed to contain no other blades. Next, the remaining blades are introduced and the effects of multiple 
collisions with the other blades on the containment are analyzed. The explicit, nonlinear finite element code Dyna3d is 
used for the numerical computations in this study and the results are compared with the experimental results performed 
on a T58 rotor at the spin facility of the Naval Air Propulsion Test Center. 
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1. Introduction 

A major hazard in modern jet powered commercial and military aviation is the failure of 
a turbine blade or a disc at very high rotational speeds. The consequences of such an event can 
range from minor to catastrophic, depending upon a number of factors and circumstances. The 
high-energy fragments released during a turbine failure could damage fluid lines, control systems 
hardware, airframes and such incidents can affect the flying performance in a number of direct and 
indirect ways and some can even lead to loss of airplane and hundreds of passenger fatalities. 

Turbine rotor failure occurs for a number of reasons, the primary one being fatigue due to 
normal engine operation in a high-temperature environment for a sustained period of time. 
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Additionally, they may occur due to overheating, birdstrikes, blade detachment, material defects, 
etc. A high level of quality control, inspection and maintenance procedures have kept these failures 
to a minimum, but statistics over the last 15 years indicate that the reliability approach has reached 
its limit and a certain number of turbine failures are bound to happen each year. Under such 
circumstances, it is necessary to develop preventive measures that will contain the high-energy 
fragments in a manner so that all potentially dangerous situations can be averted. 

Rotor failure produces both high-energy disc fragments and relatively low-energy blade frag- 
ments. The blade fragments are relatively smaller than the disc fragments and are less destructive, 
though data collected over a long time indicate that they are more likely to occur during a rotor 
failure. Under the present guidelines, the engine design requires that the blade fragments are 
contained within the engine casing structure. It is not practically feasible to contain the disc 
fragments without incurring high penalty in terms of weight and performance, hence the preventive 
type approach appears at present the only viable strategy against occurrence of disc failure. The 
objective of the present study is to develop computational modeling techniques to analyzed the 
impact of blade rotor fragments on containment structures. Rotor fragments, consisting of a single 
blade and three blades attached together, are released and the deformation response of the ring is 
computed. The collision of the rotor fragments with the normally operating rotor blades is also 
modeled in this analysis. A failure criterion based on the effective plastic strain in the region of 
impact is used is used to determine the failure of the containment ring due to impact. For each type 
of fragment, the ring thickness is varied incrementally and the ring response, residual kinetic energy 
level of fragments, magnitude of impact force and the overall containment or failure is determined. 
In the first phase, the study is carried out for the case where the other blades are not present on the 
rotor. Next, the remaining blades are introduced and the effects of the multiple interaction with the 
other blades on the overall containment process is analyzed. The results obtained in this study are 
compared with the experimental test results of a T58 rotor performed at the spin chamber facility of 
Naval Air Propulsion Test Center. 

The numerical computation in the present study is performed by using DYNA3D, which is an 
explicit, nonlinear finite element code developed at Lawrence Livermore National Laboratory for 
simulation and analysis of large deformation dynamic response of structures. Being an explicit 
code, a large number of relatively small time steps is used and it is generally applicable to problems 
where the loading and response are of short duration and contain high-frequency components. It 
has many material models to represent a wide range of material behavior, including elasticity, 
plasticity, composites and thermal effects. It has a sophisticated contact interface capability to 
handle impact and mechanical interaction among different bodies. Failure models of materials are 
also available to simulate fracture and fragmentation of plates or shells that can be used to show 
the penetration and petalling effects normally associated with high-speed impact. 

2. Background 

A number of investigators have performed experimental studies and have created analytical 
models of the rotor burst and containment process. Mangano [l] carried out rotor burst 
experiments in the rotor test facility at the Naval Air Propulsion Test Center to develop criterion 
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and data for the design of optimum lightweight devices for protection of vital aircraft parts 
and passengers. In the experiments, turbine rotors were modified to burst into equal pie 
sector segments and made to impact a freely supported ring made of different materials. 
McCarthy [2] studied the effects of engine rotor blade fragment size, weight, energy 
and momentum on UK engines. The largest and heaviest fragments were generated when the disc 
portion of the rotor broke apart and they were the most destructive and were most likely to 
be uncontained by the casing. Hagg and Sankey [3] conducted a number of tests where slender 
rods with different length-diameter ratios and velocities were impacted against steel plates with 
edges clamped in relatively rigid frames. From the experiment, two stages of failure were identified. 
In stage 1, failure was due to compression and shearing of the material over the perimeter of the 
impact area, and stage 2 failure was due to the tensile strain exceeding the failure limit over the 
extended volume of the material. To model the test results, an effective target mass was identified 
which was the area of the target initially affected due to the impact and was measured from 
the experiments. A perfectly plastic collision between the impactor and effective target was as- 
sumed and conservation of linear momentum was used to determine the final velocities. The net 
energy loss was computed and if is exceeded the shearing and compression energy at failure of the 
material, then a stage 1 failure was assumed to have occurred. Otherwise, the residual kinetic 
energy of the impactor was compared with the tensile energy at failure to determine the stage 
2 failure. 

Witmer and Wu [4] developed a spatial finite element method to study the response of 
containment rings that can undergo large elastic, plastic deformation and is subjected to impact by 
rotor fragments and compared their findings with the experimental results obtained in a spin 
chamber facility. The rotor fragment was assumed to be rigid and post impact velocities between 
the fragment and the nodes of the finite element model were determined from conservation of 
linear and angular momentum principles. It was assumed that during contact, only the normal 
forces were generated and frictional forces were ignored and a coefficient of restitution term 
was used to represent perfectly elastic, perfectly plastic or intermediate behavior during 
contact. The predicted ring response agreed fairly well but the predicted blade fragment 
motion was not in satisfactory agreement with the experimental observations. Gerstle [S] 
developed a large deflection finite element code for the prediction of rotor fragment contain- 
ment shield test using newly developed ballistic fabrics. For the fragment, an effective target 
radius was assumed and for the containment shield, an instantaneous equivalent rigid mass and 
velocity were assumed to exist. Post impact velocities were determined from conservation of 
linear and angular momentum. Correlation with experimental data showed fair agreement with 
the initial transients. Mathis et al. [6] used commercially available software codes ABAQUS 
and DYTRAN to study the impact response of flat plates and circular rings when they were 
struck by rigid impactor. The maximum displacement reaction forces and internal energy were 
determined for different impactor energy levels. No failure criterior was considered in this 
analysis. Dewhurst [7] studied the case where a single blade was contained but remained in 
the plane of the rotor that caused the other blades of fail and subsequently large hoop stresses 
were created which resulted in brittle tensile failure in the containment ring. From 
experimental and field data, he concluded that during multiple blade failure, the rings were thick 
enough to prevent shear type of failure but the thickness was not sufficient to prevent a tensile 
failure. 
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3. Description of the model 

Four different cases are investigated to study the effects of the multiblade interaction on the 
containment of rotor fragments. The rotor model is based on the T-58 rotor on which a large 
number of impact and containment tests have been carried out in the past and some data are 
available in the published literature. In the first case, the rotor consisting of a single blade is 
released to impact against a ring containment structure. In the second case, the rotor contains the 
remaining blades and again a single blade is released and its interaction with the ring and with the 
remaining blades is assessed. In the third case, the rotor fragment consists of three blades that are 
attached together on a piece of the rim and this impacts against the containment ring. In the fourth 
case, the effects, of multiple interaction among the three bladed rotor fragment, the remaining rotor 
blades and the containment casing is investigated. The T-58 rotor has a angular speed of 
20000 rpm and the mass of the single blade is 0.084 Ibm. The initial kinetic energy of the single 
blade fragment is 10368.0 lb in., and the kinetic energy of the three bladed fragment is 34391.1 lb in. 
The geometrical and material properties of the rotor fragment and the containment ring are given 
in Tables 1 and 2. 

The containment ring is assumed to be made of aluminum and is modeled by 1800 four noded 
shell elements and it is not restrained by any support. The blades are modeled as shell elements and 
the central hub is taken as rigid and is modeled by eight noded brick elements. One pair of contact 
surfaces is defined to model the impact of the released blade with the containment ring. Another 
pair is defined for the possibility of contact of the blade with itself to model the curling phenom- 
enon of the blade tip when it comes with high-speed contact with the ring. When other blades are 
also present in the rotor, then additional contact surface pairs are needed to model the contact 
between the released blade and the following blades and also among the existing blades on the 
rotor with each other. When the three bladed fragment is considered where the blades are attached 
to the rim of the rotor, it is further necessary to define additional contact surface pairs to model and 
contact between the rim and other blades and between the rim and the containment ring. Since 
a large number of contact surface pairs can be computationaly very expensive, it is important to 
define only those which are important. With this consideration in mind, only nine following blades 
in a rotor of forty-eight blades are modeled with contact surfaces to model the multiblade 
interactions. For the remaining blades on the rotors, contact surfaces are defined only for the 

Table 1 
Geometric properties of the blade and the containment ring 

Ring radius 
Ring axial length 
Blade length 
Blad axial length 
Tip clearance 
Angular velocity 
Blade mass 
Blade moment of inertia 

7.0 in 
1.5in 
3.75 in 
0.9 in 
0.2 in 
2094.4 rad/s 
0.084 lbm 
0.0958 lbm in2 
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Table 2 
Material properties of the blade and the containment ring 

Blade (steel) Containment ring (aluminum) 

Young’s modulus 
Poisson’s ratio 
Yield stress 
Density 
Failure strain 

22.5 x lo6 psi 
0.25 

90 000 psi 
0.283 lbm/in3 
0.3 

10.5 x lo6 psi 
0.33 

44 000 psi 
0.1 lbm/in3 
0.1 

blades tips. This is necessary because when the ring is hit by the primary fragment, it deforms from 
its initial circular shape and as a result, comes into contact with the blade tips. The effective plastic 
strain at failure for the containment ring material is set at 0.1 and if this value is exceeded then the 
element is assumed to have failed and is deleted. If the entire row of elements along the axial 
direction of the ring fail, then it signifies non-containment of the fragment. 

4. Results and discussion 

For each type of fragment, the ring thickness is varied incrementally between 0.04 in. and 0.28 in. 
and its effect on the containment of the fragment is studied. The kinetic energy of the fragment is 
plotted with respect to time as it is released and impacts the containment ring and other blades on 
the rotor. The net contact force on the containment ring is also plotted with respect to time to 
assess the magnitude of the force. 

In Fig. 1, the state of deformation of the containment ring and the blade are shown at four 
different time intervals. The simulation is run for two mili-seconds and the blade fragment is given 
an initial angular speed of 20 000 rpm. The blade undergoes a curling motion after its impact with 
the ring. The containment ring also undergoes large plastic deformation though the maximum 
plastic strain is well below the effective plastic strain at failure. The containment ring of thickness 
0.16 in. is able to contain the fragment. In Fig. 2, The final deformed shape of the containment ring 
is compared with the deformed shape of a ring obtained in a spin chamber facility at the Naval Air 
Propulsion Test Center. While no quantitative data is available for the strains and displacements 
from the experiments for comparison purpose, a good qualitative agreement can be found for the 
overall deformed shapes between the computed and the experimental results. In Fig. 3, the 
interactions among a three bladed fragment attached to a rim, containment ring and the other 
blades are shown at four different time intervals. The unbalanced forces that arise when the rotor 
fragment is released is neglected in this analysis and the central disc is assumed to be rigid and is 
modeled by solid elements and a constant rotational speed is prescribed on it for all times. The 
remaining rotor blades are attached to the disc at the shell-solid interface and they rotate with the 
disc. It can be seen that the following blades undergo large deformation after contact with the three 
bladed fragment and some of the following blades actually break when the plastic strain exceeds 
the failure strain limit. The rotor fragment causes the containment ring to deform by a significant 
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TX3 ROTOR ONE-BLADE FRAGMENT H 
time = 0.0OOOOE+00 

disp. scale factor = O.lOOE+OI (default) 

T58 ROTOR ONE-BLADE FRAGMENT H 
time = O.l1996E-02 

T58 ROTOR ONE-BLADE FRAGMENT H 
time = 0.59985E-03 

disp. scale factor = O.lOOE+Ol (default) 

T58 ROTOR ONE-BLADE FRAGMENT H 
time = O.l8999E-02 

disp. scale factor = O.lOOE+Ol (default) disp. scale factor = O.lOOE+Ol (default) 

Fig. 1. Interaction between a single blade fragment and the containment ring (ring thickness: 0.6 in). 

amount and after some time the fragment is able to nest within the ring without being in any further 
contact with the remaining blades. The containment ring thickness is 0.24 in and the fragment is 
contained. 

The kinetic energy variation of a single blade and the resulting contact force on the ring for the 
case of no multi-blade interaction is shown in Fig. 4. The initial tip clearance is 0.2 in and till the 
fragment comes into contact with the ring, the kinetic energy remains constant. The kinetic energy 
subsequently decreases as the blade makes contact and as can be expected, the residual kinetic 
energy decreases as the ring thickness is increased. The ring fails when its thickness is 0.04 in, for 
higher values of thickness, it is able to contain the fragment. The contact forces are plotted for two 
different values of ring thickness and for the larger thickness, the ring is able to absorb much higher 
contact forces. In Fig. 5, the effect of the remaining blades on the rotor is investigated. The kinetic 
energy of the fragment receives a boost as it is impacted by the following blade. Due to additional 
interactions with the remaining blades, the ring fails to contain the fragment when its thickness is 
less than or equal to 0.16 in. The peaks of the resultant contact forces are far higher when the 
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T58 ROTOR ONE-BLADE FRAGMENT H 
time = O.l8999E-02 

disp. scale factor = O.lOOE+Ol (default) 

Computation Experiment 

Fig. 2. Final defromed shape of the containment ring after impact by a single blade fragment and its comparison with 
experimental observation. 

multi-blade interactions are considered. In Figs. 6 and 7, the kinetic energy and resultant force 
variation are shown for the three bladed rotor fragment. 

In Fig. 8, the effect of multiblade interaction is contrasted with the case when the other blades are 
not present on the rotor. For about 0.4 ms, the kinetic energy variation is the same for the two 
cases, which signifies the fact that the first following blade has not yet made contact with the 
released fragment. After contact with the first following blade, the fragment receives a boost in 
energy. The second peak is due to contact with the second following blade. The residual kinetic 
energy of the fragment is more when other blades are present on the rotor. When the ring thickness 
is 0.24 in, the boost is energy due to impact from the following blade can still be seen in Fig. 9, but 
in terms of magnitude, it is less than the case when ring thickness is equal to 0.04 in. This is due to 
the fact that the thicker ring is able to exert a greater force on the rotor fragment and the increase in 
the retarding force on the fragment causes it to receive a lesser energy boost. When the three bladed 
fragment is considered for a ring thickness of 0.04 in, the impact from the following blade causes the 
kinetic energy of the fragment to go above its initial kinetic energy, as shown in Fig. 10. When the 
thickness is equal to 0.24 in, there is no increase in the fragment energy level after contact with the 
first following blade, though the fragment has a slightly higher residual energy level, as shown in 
Fig. 11. 

In Fig. 12, the residual kinetic energy of a single blade fragment with multiple interaction as 
determined from analysis is compared with the experimentally observed results. From the experi- 
ments, the critical ring thickness to contain the fragment is found to be about 0.13 in and from the 
computed values, the critical thickness for containment is determined to be 0.16 in. The residual 
kinetic energy level as predicted by the computed results is in fairly good agreement with the 
experimentally observed results. In Tables 3 and 4, the residual kinetic energy levels of a single and 
three bladed fragment along with the containment results are shown. It can be observed that when 
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T58 ROTOR THREE BLADED FRAGMENT T58 ROTOR THREE BLADED FRAGMENT 
time = 0.00000E+00 time = 0.59993E-03 

disp. scale factor = O.lOOE+Ol (default) disp. scale factor = O.lOOE+Ol (default) 

T58 ROTOR THREE BLADED FRAGMENT 
time = O.l0999E-02 

T58 ROTOR THREE BLADED FRAGMENT 
time = O.l7000E-02 

disp. scale factor = O.lOOE+Ol (default) disp. scale factor = O.lOOE+Ol (default) 

Fig. 3. Interactions among a three bladed fragment, containment ring and the other blades (ring thickness: 0.24in). 

Fig. 4. Kinetic energy variation of a single blade fragment and resultant contact force on the ring for different thickness 
of the ring (no multi-blade interaction). 
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Fig. 8. Kinetic energy variation of a single blade fragment and resultant contact force on the ring of thickness 0.04 in 
(with and without multi-blade interaction). 

Fig. 9. Kinetic energy variation of a single blade fragment and resultant contact force on the ring of thickness 0.24 in 
(with and without multi-blade interaction). 

Fig. 10. Kinetic energy variation of a three bladed fragment and resultant contact force on a ring of thickness 0.04 in 
F(with and without multi-blade interaction). 
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Fig. 12. Residual kinetic energy of a single blade vs. containment ring thickness. 

the other blades are present, thicker rings are required to contain the fragment. This is partly due to 
the additional energy the fragment receives due to impact with the following blades. Moreover, the 
presence of the other blades help to constrain the shape of the deformed ring, as shown in Fig. 3, 
where the remaining blades act as support and try to preserve the original circular shape. In 
contrast, when the other blades are not present, as in Fig. 1, the ring deforms and stretches along 
the direction of impact. Thus, when the remaining blades act to preserve the original shape, greater 
tensile loads are generated on the ring as it is pressed upon by the impacting fragment, and as 
a result, thicker rings are required to contain the fragment. 
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Table 3 
Residual kinetic energy of a single blade fragment 

Ring thickness 
(in) 

Without other blades With other blades 

Residual energy Containment Residual energy Containment 
(lb in) (lb in) 

0.00 
0.04 
0.08 
0.12 
0.16 
0.20 
0.24 
0.28 

10368.0 _ 

4909.3 no 
541.2 yes 
219.3 yes 
251.1 yes 
245.2 yes 
239.3 yes 
_ - 

10638.0 _ 

5553.5 no 
1030.5 no 
893.0 no 
647.5 no 
456.1 yes 
450.4 yes 
425.2 yes 

Table 4 
Residual kinetic energy of a three blade fragment 

Ring thickness 

(in) 

Without other blades With other blades 

Residual energy Containment Residual energy Containment 
(lb in) (lb in) 

0.00 
0.04 
0.08 
0.12 
0.16 
0.20 
0.24 
0.28 

34391.1 _ 

25236.4 no 
5662.3 yes 
4340.0 yes 
2679.3 yes 
2136.5 yes 
1498.5 yes 
_ _ 

34391.1 _ 

32766.9 no 
25986.5 no 
15087.9 no 
6560.8 no 
4106.9 no 
2998.2 yes 
2564.2 yes 

5. Conclusions 

In this study, a transient, nonlinear finite element method is used to analyze the impact response 
of high-energy rotor fragments on ring-type containment structures. The method can model large 
deformation response and failure of aircraft engine containment structures and a sophisticated 
contact search interface capability is used to model the mechanical interactions among different 
bodies. The failure criterion is based on the effective plastic strain exceeding a critical value. The 
effects of multiple collisions among the remaining blades and the rotor fragment on the contain- 
ment process are evaluated and compared with the cases where the other blades are absent. The 
critical ring thickness value and the residual kinetic energy levels of the fragment as determined 
from spin chamber experiments agree fairly closely with the predicted analytical findings. The 
methodology as developed here can be used to model and analyze more complicated aspects of 
roter failure in aircraft jet engines. 
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