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Abstract: Disk burst accidents sometimes happen in aeroengines. To avoid tragic consequences, aeroengine casings must have
sufficient containment capability. Experiments and simulations need to be conducted to study the impact, distortion, and perfora-
tion caused by disk burst and which may give important clues to potential failure mechanisms. This paper presents some con-
tainment tests of high-speed rotating disk fragments, in which the original disks were burst into three equal fragments within a
predetermined rotating speed range. The failure modes of the containment casing varied significantly with the thickness of the
containment casing. Shearing, tearing, tensile fracture, and large plastic stretching deformation occurred in a thin-walled con-
tainment casing, while a thick-walled casing could contain disk fragments and withstand large plastic deformation. Numerical
simulations were carried out to study the impact process and failure modes further. Good agreement was found between the results

of the simulations and the tests.
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1 Introduction

In modern aeroengine design, engineers should
make sure that high-speed fragments can be arrested
and contained by the containment casing when a disk
burst accident happens. Otherwise, the disk fragments
may break through the casing and strike other system
components, such as hydraulic pipelines, electrical
and signal cables, oil tanks, and the airframe, which
may cause fatal results for the airplane and its pas-
sengers. Some special disks, such as turbine disks,
work mostly in high temperature gradients and are
subjected to high rotational velocity which results in
large centrifugal forces. These forces and other fac-
tors, may cause degradation and burst failure of the
critical disks. Even though disk burst accidents hap-
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pen infrequently nowadays, they are not completely
avoidable. Fig. 1 shows a CF6-80A2 engine high
pressure turbine disk burst accident that happened at
Los Angeles International Airport in June 2006
(Aviation Safety Network, 2006). In 2010, another
serious turbine disk burst accident (Fig. 2) was re-
ported in a Qantas A380 engine (Hradecky, 2010).
Therefore, it is significant and necessary to study the
containment capability of cylindrical casings im-
pacted by disk burst fragments.

Many studies have been devoted to research on
engine containment, but mostly on blade containment
by metallic casings (Sarkar and Atluri, 1996; Xuan
and Wu, 2006; Yuriy and Dmitriy, 2006) and fiber
reinforced composite casings (Roberts et al., 2002;
Sharda et al., 2006; Naik et al., 2009; Stahlecker et al.,
2009). Carney et al. (2009) presented a new con-
figuration of a containment casing consisting of a flat
plate with a radial convex curve section at the impact
point. Their study indicated that the curved surface
could force the blade to deform plastically, dissipating
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Fig. 1 A CF6-80A2 high pressure turbine disk burst acci-
dent which occurred at Los Angeles International Airport
(Aviation Safety Network, 2006)

Fig. 2 A Rolls Royce Trent 972 intermediate pressure
turbine disk burst accident which occurred near Singa-
pore (Hradecky, 2010)

energy before the full impact of the blade was re-
ceived by the plate. The curved casing was able to
tolerate a higher impact velocity before failure.
However, there have been few investigations into
disk fragment containment. Teng and Wierzbicki
(2008) conducted impact tests on an aircraft engine
containment panel obliquely struck by a titanium
turbine fragment. Using numerical simulations of
impact tests, they also made a comparison between
two leading commercial finite element codes,
ABAQUS/Explicit and LS-DYNA. A large difference
in the calculated energy dissipation was observed.
Hagg and Sankey (1974) developed an analytical
procedure to predict the containment result of disk
burst fragments in a cylindrical shell. They proposed
that the containment of missile-like steel disk frag-
ments by a steel cylindrical shell was a sequential
two-stage process, and set out the factors of the two

stages. However, in view of the limited application of
Hagg and Sankey (1974)’s method to other rotating
structures due to numerous approximations and sim-
plifications, Stamper and Hale (2008) used
ANSYS/LS-DYNA to develop an analysis method
that could provide more accurate predictions of con-
tainment failure limits for a wide range of disk and
containment geometries. The simulation results
showed a good correlation with burst data calculated
using Hagg and Sankey (1974)’s method, which
demonstrated the method’s potential as a reliable tool
for containment design. Frankenberger (1998) con-
ducted a turbine disk fragment containment test in a
UH-1 Huey helicopter. The disk ruptured into three
nearly equal sections which were eventually con-
tained within the Kevlar containment casing. Ac-
cording to recent disk burst accidents of acroengines
in service, a disk usually fragments into three roughly
equal pieces (Figs. 1 and 2).

As the consequences of failure to contain aero-
engine disk burst fragments are severe, studies con-
cerning this issue are important. This paper presents
an experiment involving high-speed rotating disk
burst fragments impacting on a containment casing,
and a corresponding numerical simulation using a
nonlinear finite element method, which proved to be a
reliable tool and gave results consistent with the test.
This paper is divided into four sections. After the
Introduction, Section 2 describes the testing facility,
procedures and results, while Section 3 addresses the
material model and simulation results of all tests, and
is followed by the conclusions.

2 Disk fragment containment test
2.1 Test arrangement

Disk fragment containment test was conducted
in the high-speed rotor spin testing facility at the
High-Speed Rotating Machinery Laboratory (Hi-
RoMa Lab.) of Zhejiang University, China. For such
tests, ideally, the materials for the disk and contain-
ment casing and the working temperature should be
the same as those used in an aeroengine. However, in
consideration of the testing cost and material acces-
sibility, Chinese standard 45 steel at room tempera-
ture was used in the experiment both for the disk and
casing, in place of the usual material.



Xuan et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2012 13(9):665-673 667

Before tests, material properties were measured
on uniaxial tension test specimens of the disk and
casing (Table 1). In the tests, a disk of uniform
thickness (#) 30 mm, with inner diameter (D;) 40 mm
and outer diameter (D,) 280 mm, was fixed on the top
end of a high-speed vertical rotating shaft. The con-
tainment casing was circular and unflanged, sup-
ported by three symmetrically located legs (Fig. 3).
Three tests were designed for the investigation by
means of fabricating three containment casings with
the same inner diameter (D) but different wall
thickness (J). The three tests were designed as un-
contained, close to critical contained, and contained,
respectively. Dimensional parameters of the disk and
the containment casing are presented in Table 2.

According to the accident records of engine
rotor disk ruptures in service, a rotating disk gener-
ally breaks into three fragments of roughly uniform
size and shape due to centrifugal force, so the disks
were pre-notched with three symmetrical radial
through-thickness cracks from the outside to the
inside. The notches with a pre-notched length (/)
caused a stress concentration which was sufficient to
induce the rotating disk to rupture at the desired
speed. Enamel covered circuit wire of 0.3 mm di-
ameter was affixed to the inner wall surface of the
casing and connected to the signal line of the tester
automatic control system to make up the special
triggering system. When the disk burst fragments
impact on the casing, the circuit is cut off triggering
the control system, then the motor auto-stops quickly
with the flexible shaft.

2.2 Test results

Experimental data of the disk burst speed (7,)
and kinetic energy of a 1/3rd disk fragment (Ex) in the
three tests are listed in Table 3. Post-test rearranged
fragments of the disk and the containment casing for
the three tests are presented in Fig. 4. Among the three
test results, small differences in the final pre-notched
length / could account for the variance of the disk
burst speed.

In test 1 (Fig. 4a), the disk fragments were not
contained when the disk burst at a speed of 11605
r/min. Three relatively uniform sized pieces of the
containment casing separated at three symmetrical
locations with an angular interval of 120°, which
revealed that the three disk fragments burst out almost

Table 1 Material properties of the disk and the con-
tainment casing measured in uniaxial tension

. Value
Material property Disk Casing
Yield stress, o, (MPa) 650 645
Ultimate stress, o, (MPa) 837 841
Stress at fracture, o; (MPa) 687 678
Elastic modulus, £ (GPa) 203 202
Elongation, 0 (%) 17.7 19.0
Reduction of area, y (%) 48.5 47.9

Fig. 3 Test rig sketch (a) and pretest photo in testing
chamber (b)

The unit is mm. 1: containment casing; 2: disk; 3: fixture;
4: casing supporting leg; 5: supporting ring; 6: supporting
blocks; 7: testing chamber floor; 8: flexible shaft; 9: fixed bolts

Table 2 Dimensional parameters of the disk and the
containment casing

Containment casing Disk
No. Dy D; D, h r
(mm) (mm) (mm) (mm) (mm) (mm)
1 4 107.1
2 6 304 40 280 30  107.6
3 8 107.5

" I is the final value of the notch length
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simultaneously. There were continuous impacts, and
three sliding dents along the disk rotating direction at
intermediate height were left on the inner wall surface
of the containment casing. The same phenomenon
was observed in the other two tests. The failure pat-
tern of the containment casing was shearing and ten-
sile fracture with large plastic deformation. The ki-
netic energy of the disk fragments was dissipated by

Table 3 Experimental data of the three tests

No. o (1/m) Ex (D) Containment result
1 11605 34743 Uncontained
2 11523 34253 Uncontained
3 11531 34301 Contained

Fig. 4 Post-test rearranged fragments of disk and con-
tainment casing for test 1 (a), test 2 (b) and test 3 (c)

shearing, extensive bending, and stretching deforma-
tion of the casing, plus sliding friction between the
casing and the disk fragments. Compared with the
other two tests, the thinner containment casing im-
pacted with about the same kinetic energy, but suf-
fered more bending and stretching deformation and
tore into three pieces (Fig. 4).

Test 2 was designed to be a critical containment
casing. The post-test scene in Fig. 4b shows that the
containment casing was torn apart at the position
marked ‘1’ but the disk fragments did not have
enough energy to tear the casing into three parts at the
positions marked ‘2 and ‘3’. The containment casing
was not perforated upon the initial impact. Afterwards,
the disk fragments slid ahead along the inner wall of
the casing in the rotating direction. But under the
shear force produced by the outside edges of the disk
fragments, three crack bands were created on the wall
of the casing with the width almost equal to the
thickness of the disk. At the same time, a short crack
not long enough to generate a slit also formed in the
impact zone marked ‘2’. The containment casing after
the test had a large amount of deformation, while the
disk fragments were nearly undeformed, as in the
other two tests. In addition, a concave impact region
could be seen in the zone marked ‘3’. From these test
results, it can be concluded that the dissipation of the
kinetic energy is due to shear deformation and sliding
friction in the impact region followed by extensive
bending and stretching deformation due to structural
excitation, as also found by Gerstle (1975). The fail-
ure pattern of the containment casing is plastic
stretching deformation, shearing and tensile fracture.
This is consistent with test 2 being close to critical
containment.

In test 3 (Fig. 4c¢), all the disk fragments were
successfully contained within the cylindrical casing.
Under the impact of the three roughly equal frag-
ments, the containment casing deformed from a
circular to an oval-triangle shape. It can be inferred
that the disk fragments impacted with each other and
slid along the inside wall surface of the casing for a
long time, until the kinetic energy of the disk frag-
ments had completely dissipated. The dissipation of
the disk fragments’ kinetic energy was due mainly to
extensive bending, stretching deformation and slid-
ing friction in the impact region of the cylindrical
casing.
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All the tests were conducted according to the
predesigned purpose. It is clear that the containment
capability of the casing improved with the increasing
thickness of the wall.

3 Numerical simulation and analysis

It is difficult to obtain more useful information
during the testing process, but numerical simulation
may offer more information. So the three tests were
all simulated, and the results were compared with
those derived from the tests in order to validate the
numerical model. Some test results discussed in Sec-
tion 2.2 were also used to develop the material model.

3.1 Material model

For the ductile materials of the disks and casings,
the Johnson-Cook (J-C) model was employed. The
J-C model takes into account high strain rate sensi-
tivity, large deformation, and material softening due
to adiabatic heating and damage, so it is quite well
suited to problems of metal impact and penetration.
Johnson and Cook (1983) expressed the von Mises
flow stress as

o, :[A+B(Ep)”]{l+Cln(Z—pH[l—T*’”J, (1)

0

where A is the yield stress, B is a material constant, 7 is
the hardening parameter, C is the strain rate sensitivity,

m is the temperature sensitivity parameter, £ is the
effective plastic strain, £” is the effective plastic strain
rate, &, is a reference strain rate, and T " is the

non-dimensional temperature defined as follows:
T* = (T - %)/(Znelt - Zz))’ TE) <T< Tmell 4 (2)

where T 'is the current temperature, Ty, is the melting
point temperature, and 7j is the room temperature.
The expression in the first set of brackets gives the
stress as a function of strain for £° / £,=1.0 and T "=0.

The expressions in the second and third sets of
brackets represent the effects of strain rate and tem-
perature, respectively.

The fracture model proposed by Johnson and

Cook (1985) includes a damage parameter D, which
is summed over all increments of deformation, and
defined as

D=3 —", 3)

where Ag, is an increment of accumulated equiva-

lent plastic strain that occurs during an integration
cycle, and & is the equivalent strain at fracture. ey, is
assumed to be dependent on a non-dimensional plas-

. . ok —_ . . .
tic strain rate, £* = £°/£,, a dimension-less pressure-
. . . * .
deviatoric stress ratio (o = p/ o =—R_, where p is

the pressure and o is the effective stress) and a
non-dimensional temperature 7°. Under the condi-
tions of strain rate, temperature, pressure and
equivalent stress, fracture is then allowed to occur
when D=1.0. The general expression for the strain at
failure ¢¢is

& =D, + D,exp(Dyo”) |[1+ D, In&" |[1+D,T" ], (4)

where D1, D,, ..., Ds are failure constants determined
from material tests. When this failure criterion is met,
the deviatoric components of stress are set to zero and
remain zero during the rest of the analysis. The ele-
ment kill algorithm is used to delete the failed ele-
ments from the mesh.

3.2 Numerical model and simulation results

In the three simulations, the geometric configu-
rations of the disk and containment casing were the
same as those used in the tests. The finite element
model (Fig. 5) consisted of a containment casing with
a support underneath, and three initially separated and
symmetric disk fragments, each with an angular ve-
locity corresponding to the burst speed in the test. In
the model, crack propagation was simplified by as-
suming that the crack time was zero, causing three
equal disk fragments to separate from each other at
the start of calculations. For each containment casing,
the element density was uniform with an element size
0of 0.995 mm in the circumferential direction, 1.0 mm
in the height direction, and 1.0 mm in the through-
thickness direction. There was no need to mesh the
disk fragments with smaller element sizes because
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their deformation was very small according to the test
results. By default, the element type employs one
point integration plus viscous hourglass control for
faster element formulation. This is advantageous in
terms of computation time savings and robustness in
cases of large deformation. Single surface contact was
chosen as the contact type, and the effect of friction
between the disk fragments and the containment cas-
ing was also taken into account. The material pa-
rameters of the 45 steel used in the simulation are
listed in Table 4 and are taken from Chen et al. (2007).

Figs. 68 show the simulation results at different
times for the three tests, respectively. The total time of
each simulation was 3.0 ms. For the simulation of test
1, von Mises stress contour plots at four different

time points are shown in Fig. 6. The failure patterns of
the containment casing are shearing, tensile fracture

Fig. 5 Initial finite element model

Table 4 Parameters of 45 steel used to define the Johnson-Cook (J-C) material and fracture model

Parameter Value Parameter Value Parameter Value
J-C constitutive relation constant J-C fracture criterion constant Physical constant
&6 1 D, 0.10 E (GPa) 200
A (MPa) 630 D, 0.76 v 0.3
B (MPa) 822 D; 1.57 P (kg/m®) 7.8x10°
C 0.064 D, 0.005 T (K) 1795
n 0.47 Ds —0.84 T: (K) 300
m 1.06
1.098E-02 1.158E-02 -
9.879E-03 I 1.042E-02 I
8.701E-03 - 9.263E-03
7.684E-03 8.107E-03
6.586E-03 - 6.950E-03 -
5.489E-03 - 5.793E-03 -
4.391E-03 4.637E-03 -
3.293E-03 3.480E-03
2.196E-03 2.324E-03
1.098E-03 I 1.167E-03 :I
1.052E-05 -

5.833E-07

1.164E-02
1.048E-02
9.319E-03
8.156E-03
6.993E-03
5.830E-03
4.667E-03 -
3.504E-03~
2.341E-03
1.178E-03
1.527E-05

(d) 1.105E-02
9.947E-03
8.844E-03
7.740E-03
6.637E-03 -
5.533E-03 |
4.430E-03
3.326E-03

2.223E-03

1.119E-03

1.591E-05

Fig. 6 Simulation process of containment test 1 (unit of the von-Mises stress: 10° MPa)
(a) =0.48 ms; (b) =0.93 ms; (c) =1.26 ms; (d) =1.86 ms
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9.086E-03
8.077E-03
7.067E-03 -
6.057E-03 -,
5.048E-03
4.038E-03
3.029E-03 -
2.019E-03 ]

1.010E-02 ]

1.010E-03
2.540E-07

1.103E-02
9.932E-03 ]
8.830E-03
7.720E-03 -
6.627E-03 -
5.525E-03 |
4.423E-03
3.321E-03 1
2.219E-03
1.117E-03
1.565E-05

1.029E-02
9.153E-03
8.013E-03 -
6.872E-03 -
5.732E-03 -
4.592E-03
3.452E-03 -
2.312E-03 o
1.172E-03
3.227E-05

1.143E-02 ]

1.096E-02
9.866E—03]
8.771E-03
7.677E-03 -
6.582E-03
5.487E-03 ]
4.392E-03
3.298E-03 -
2.203E-03 ¢
1.108E—03]
1.373E-05

Fig. 7 Simulation process of containment test 3 (unit of the von-Mises stress: 10° MPa)

(a) =0.48 ms; (b) =0.90 ms; (c) =1.29 ms; (d) =1.89 ms

1.075E-0
9.674E—0§]
8.599E-03
7.524E-03-
6.449E-03-
5.374E-03
4.300E-0
3.225E-0
2.150E-0
1.075E-03
3.045E-07.

8.837E-03
7.856E-03
6.876E-03 -
5.895E-03 -
4.914E-03
3.934E-03
2.953E-03 -
1.972E-03 l

9.818E-03 ]

9.913E-04
1.056E-05

1.071E-02
9.526E-03
8.337E-03
7.149E-03
5.961E-03
4.773E-03
3.584E-03 1

1.190E—02]

, 2.396E-03

8.133E-03
7.230E-03
6.327E-03 -
5.424E-03
4.520E—03_I
3.617E-03
2.714E-03 il
1.811E-03
9.074E-04 ]
4.180E-06

9.037E-03 I

Fig. 8 Simulation process of containment test 2 (unit of the von-Mises stress: 10° MPa)

(a) =0.48 ms; (b) =0.96 ms; (c) =1.32 ms; (d) =2.10 ms
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and large plastic deformation, which closely match
the failure patterns found in the test (Fig. 4a). Large
plastic deformations occur in the casing and continue
until 0.93 ms, then tension cracks occur on the outer
surface of the casing. As the disk fragments continue
to impact the casing, the cracks propagate quickly and
then the casing breaks into pieces at 1.86 ms. Sur-
prisingly, we found that asymmetries occurred in the
result because the finite element model included ele-
ment failure. These were also observed by Stamper
and Hale (2008). They pointed out that the inclusion
of element failure and subsequent erosion led to
asymmetric results despite the use of symmetry in
mesh, boundary conditions and impact loads. In the
simulation of test 1, the disk fragments fly out after
the containment casing is torn up. After the disk
fragments impact on the containment casing, the ki-
netic energy decreases and the plastic deformation
energy increases for both the disk fragments and the
containment casing. However, the energy absorbed by
plastic deformation of the disk fragments is small,
which is consistent with the facts observed in the tests
that the disk fragments remained almost undeformed
and that upon the initial impact the energy dissipated
fast through the containment casing by plastic de-
formation, but then dissipated more slowly.

For the simulation of test 3, von Mises stress
contour plots at four different time points are shown
in Fig. 7. Some elements eroded on the inner wall
surface of the casing under the impact of the disk
fragments. Global plastic deformation occurs on the
casing which finally takes on an oval-triangle shape,
while the disk fragments are almost undeformed,
which is in agreement with the test result shown in
Fig. 4c. The 8 mm-thick casing wall begins to be
impacted by the three disk fragments at 0.48 ms and
subsequently generates plastic bending and stretching
deformation till the end of the simulation. Due to the
frictional interaction between the casing and the disk
fragments, the containment casing finally rotates
together with the disk fragments.

For the simulation of test 2, von Mises stress
contour plots at four different time points are shown
in Fig. 8, The results show that the casing contains the
disk fragments, contrary to the experimental result
shown in Fig. 4b. Many factors may have contributed
to the differences between the simulation and the test.
Firstly, test 2 was designed close to the critical con-
tainment. It is well known that consistency is very

difficult to obtain between simulations and tests near
the critical point, where the final results are very
sensitive to small changes in initial conditions such as
the ballistic limit in the armor piercing field. Secondly,
the descriptions of the dynamic behaviors of the ma-
terial can be violated if improper material models or
model-related parameters are used. It is still a huge
challenge for researchers to describe accurately the
dynamic behaviors of materials. Last but not least,
some other factors, such as the mesh size, the
boundary conditions and the contact-impact descrip-
tions, also have large effects on consistency.

Comparisons of the tests and relative simulation
results can be made from Fig. 4 and Figs. 6-8. The
nonlinear simulation method used in this study could
be a reliable way to analyze an aeroengine contain-
ment capability in similar disk burst cases.

4 Conclusions

Tests of disk burst fragments impacting on con-
tainment casings and corresponding numerical simu-
lations using a nonlinear finite element method are
presented in this paper. Based on this investigation,
some conclusions can be drawn as follows:

1. For identical disk fragments with nearly the
same burst speed, failure patterns vary significantly
depending on the thickness of the containment casing
wall. Shearing, tearing and tensile fracture plus ex-
tensive stretching deformations occur for thinner
containment casings; however, large plastic bending,
stretching deformation and friction are the main en-
ergy absorption modes for thicker containment cas-
ings which could contain the disk burst fragments.

2. This study demonstrates that the nonlinear fi-
nite element method used in this paper is an alterna-
tive and reliable tool for aeroengine containment
structure design.
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