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Abstract: Aero-engine blade-off event could cause serious malfunction and endanger flight safety, which is an im-
portant issue widely concerned for a long period. This paper presents a comprehensive review on the regulation re-
quirements, the major research methods and status at home and abroad. Firstly, the relevant certification regula-
tions and standards about aero-engine structure safety due to blade-off event were overviewed and the research gaps
between the abroad and the domestic were compared. Then, the simulation and experimental methodologies on
aero-engine supporting structures undertake abnormal load due to blade-off event were discussed as major issue.
Finally, the safety certification verification technology system for aero-engine support structures during blade-off e-
vent was proposed.
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0 Introduction

The constructions and working conditions of
aviation gas turbine engines are complicated, es-
pecially those of the engine rotors which endure
long-term operation under severe conditions of
high load, high temperature and high speed. The
rotor parts (including discs, blades, wheels and
drums, etc.) are inevitably subjected to fatigue
fracture due to various complex causes, thus be-
ing hard to predict. Once the fatigue fracture oc-
curs in certain rotor parts, the broken part would
be thrown out by tremendous centrifugal force.

In more than one decade from 1988, numbers
of serious accidents happened to domestic military
airplanes caused by compressor or turbine rotor
blade fractures, and resulted in huge economic

081 Accidents due to rotor

losses and casualties
failures and serious accidents caused by blade-off

happened more than once nearly every year since
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1994 in China military aviation. From 1994 to
2004, at least 18 blade-off accidents occurred on
military aircrafts, and caused in-flight shutdown,
aircraft fire or crash, also resulted in huge eco-
nomic losses and casualties™*', On 17 Novem-
ber, 2007, the right engine of a Boeing 737-300
airplane of U. S. Southwest Airlines ingested an
unknown object during its flight. This led to the
falling of the intake cone which then hit a fan
blade and caused a blade fracture, and resulted in
severe damages to the engine and its mount, the
fuselage and the aircraft wings subsequently™.
As shown from the above cases, the engine blade
fractures may cause serious engine troubles such
as structural damages, in-flight shutdown or fire,
and threatening the safety of aircrafts.

The dynamic loads generated on the engine
after fan blade off (FBO) could be divided into

two types: one is the large-magnitude collision
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(impact) load within the engine caused by the
broken blade tip impacting the containment part
and the blade root touching other blades; the oth-
er is rotational load vector applied on the fan rotor
due to the unbalanced mass resulted from the loss
of the broken blade. The impact load and the un-
balancing load due to the blade-off would further
result in rotor failure and support part failure, es-
pecially for turbofan engine with large bypass ra-
tio, since the centrifugal force caused by first-
stage fan blade broken at root would reach 50—
60 t**", which are severe challenges to aircraflt
security. Since extensive researches have been
carried out on the structural containment of aero-
engine casing after fan blade-off, this paper main-
ly discusses the secondary containment issues.
The airworthiness regulations and standards
home and abroad on the structural safety of aero-
engine after blade out event are reviewed and
compared. The airworthiness verification meth-
ods are listed, and the critical numerical simula-
tion technology and testing validation method are
summarized and compared. In the end, the tech-
nology roadmap on the blade out issue is given
and the construction method of the airworthiness
compliance verification system is proposed for the
safety of aero-engine load carrying structures dur-

ing blade our event.

1 Airworthiness Regulations and
Standards

To improve aero-engine safety, organizations
around the world proposed clear provisions and
requirements on engine structural safety in air-
worthiness regulations and military standards, in-
cluding the Federal
Standards Part 33 (FAR33)Y7 of the United
States, the European standards (CS-E)*), and
the China Civil Aviation Regulations Part 33
(CCAR33)™", ete.

Aviation Airworthiness

1.1 Airworthiness requirements

For flight safety, the engine structure must
be able to withstand the huge ultimate dynamic

load generated by fan blade-off. In a large-sized

commercial engine, such transient dynamic event
may last from 20 to 600 ms. As an indispensable
aero-engine certification process, the containment
of blade-off must be considered in engine design.
Regarding this, the US Federal Aviation Regula-
tions FAR33. 94 explicitly specified that, at the
highest operation speed, after the blade is broken
from the root (or from at least 80% point of the
blade on blisk), the engine must be able to con-
tain the broken piece and continue to work for 15
s without engine fire or mount falling off, unless
an automatic shutdown is induced by the engine
damage. FAA requires engine manufacturers to
successfully verify via real test whether their en-
gines are capable to withstand fan blade-off and
remain on engine mounts, and continue to work
for at least 15 s with no broken pieces flowing
away and no engine fire simultaneously™®’.

In the Item 810 of CS-E, aero-engine should
keep operating for at least 15 s without engine fire
or mount failure after a (compressor or turbine)
blade breaks from root or damages more than
80% at maximum engine power.

China Civil Aviation Regulations Part 33
(CCAR33) is developed with reference to the
11th Amendment of the US Federal Aviation
Regulations FAR-33.
(CCAR-33-R1) come into force on 19 April 2002,
with reference to the 20th Amendment of FAR-
33. In January 2011, the Civil Aviation Adminis-
tration of China revised the Airworthiness Regu-
lations on Aero-engine to CCAR33-R2. Item
33.23 of CCAR33-R2 (Components and struc-
tures of engine mount), Item 33.75 (Safety A-

The first revision of it

nalysis) and Item 33. 94 (Blade Containment and
Rotor Unbalance Test) also explicitly state that,
while running at maximum permissible speed, the
engine should contain broken pieces and keep op-
erating for at least 15 s without engine fire or
mount failure after a most dangerous (compressor
or fan) blade-off occurs at the outermost disk

mortise or a blisk damage more than 80%.
1.2 Military standards

The U. S. standards MIL-STD-1783 ( here-

inafter referred to as 1783) was initiated in 1969,
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and officially released on 30 November 1984. It
could be considered as the latest American mili-
tary standard for structural strength and service
life of aero-engine. It has also been fully adopted
by the U. S. Air Force standard MIL-E-87231
which issued on 30 September 1985. On 15 Octo-
ber 1973, a new military specification MIL-E-
5007D (hereinafter referred to as 5007D) was is-
sued.

The British specification DEF STAN 00-971
(hereinafter referred to as 00-971) issued on 5
May 1987 is the latest general specification for
military engine in U. K. , and it replaces the mili-
tary standards D. ENG2100 and 2300 which were
issued 20 years before. Referred to the American
standards 5007D and 1783, 00-971 has many re-
quirements same to them. However, there are
more specifications on and more methods for
structural strength and service life in 00-971 in
numbers and details than those in 1783. The
characteristic of 00-971 is its strong operability,
containing lots of strict definitions and explana-
tions inherited and developed from British experi-
ences, so that its implementation would not incur
too much controversy™*,

The military standard of the People’ s Re-
public of China GJB241-87 (hereinafter referred
to as GJB241-87) was issued on February 17th,
1987 with the U. S. 5007D as its blueprint™*, Tt
is the first general specification for military aero-
engines in China. Based on G]JB241-87, a revised
version GJB241A replaced the GJB241-87 in 2006
with reference to relevant contents written in
U. S. military standards MIL-E-5007E, MIL-E-
5007F, and JSGS-87231A.

1.3 Comparative analysis

It is clearly written in both FAR33 and
CCAR-33 that the engine should be able to oper-
ate continuously for 15 s and maintain its shut-
down capability during the period from blade-off
to engine shutdown (Fig. 1).

It is also required in both military standards

1783 and 00-971 that the rotors, bearing seats,

FAR33,CCAR-33
Item 33.23,Item 33.94

Continue to operate for
15 s without engine
mount failure

Maintain
shutdown
ability

Blade off Shutdown

FAR33, CCAR-33
Item 33.75

Fig. 1 Comparison of airworthiness standards

support cases and engine mounts should not be
damaged to fail under the unbalanced centrifugal
forces generated by a rotor blade-off.

Table 1 lists the comparison of military
standards in different countries. Generally, the
unbalanced centrifugal force generated by blade-
off (on fan, low pressure compressor, or tur-
bine) may be more than 15 times maneuver load,
which means it is an abnormal load applied on
structural parts such as rotor, bearing seat, sup-
port case and engine mount. Once a fan blade-off
occurred on an aero-engine developed in China by
the end of 1970s, and resulted in extremely se-
vere secondary damages since such abnormal load
had not been considered in the ultimate strength
of both disc-shaft connections and bearing seats.
That is a lesson worth remembering. The static
tests of engine bearing seats carried out by other
countries also showed that the requirement on
consideration of abnormal blade-off load is rea-
sonable*,

Although in Chinese standards GJB241A and
5007D there are no concepts as limit load and ab-
normal load, they are useful. Actually all engine
parts which have strength and stiffness require-
ments must withstand these two loads. The limit
(yielding) load is the maximum load engine parts
endure within working envelope, which may
bring elastic deformation to related parts but such
deformation is neither destructive nor permanent,
giving no significant influence on engine operation
or performance. Engine parts could maintain
their normal working under limit load. Abnormal

load does not appear in normal engine operation.



No. 5 Liu Shuangli, et al. Failure Assessment of Aero-engine Support Structure--+ 841

Table 1 Comparison of military standards

Source Specification Term

Content

4.8.6 The rotors, bearings, support system and engine mount

U.S. MIL-STD-1783

should satisfy the limit load requirements when a (fan, com-

5.8 pressor or turbine) blade breaks from root at engine maxi-

mum permissible static speed.

The engine should keep operating for 15 s without damages.,

U. K. DEF STAN 00-971 19.3.6

which may endanger aircraft safety after a (compressor or

turbine) blade breaks from root at maximum engine speed.

3
.8

China GJB241A . 6.
4.4.2.4.6

The engine should have sufficient strength to withstand single
or composite limit loads without catastrophic damages.

It is a strength margin reserved to ensure no inte-
gral structural destruction occurs in abnormal
conditions such as misuse. Usually it is required
that engine parts should not be destroyed under
abnormal load, but permanent deformation is
permitted and the parts are not required to keep
working. It is suggested to add some appropriate
requirements on abnormal load concerning blade-
off in GJB241A based on Chinese engine develo-
ping experiences and by referring to 1783 and 00-
971.

2 Verification Methods

2.1 Analysis on blade-off mechanism

Blade off refers to part or entire rotor blade
breaks and impacts the casing during engine oper-
ation™1. The fan blade-off process could be at-
tributed to nonlinear impact dynamics and rotor
dynamics. The first phase after fan blade-off is
the unbalanced rotor rotation and a new axis
comes into appearance due to unbalanced load.
The second phase begins when the broken blade
hits engine casing and splinters into pieces. These
pieces fly along radial direction, curls and breaks
into fragments when they impact the engine cas-
ing. The third phase is characterized by casing
failure in the form of plastic deformation and
damages due to huge impact load on tiny area in a
very short time. In the fourth phase, the root of
the broken blade impacts adjacent blades as rotor
continues its rotation. At this moment, the dy-

namic behaviors of the remaining blades appear to

be frictions between blades and casing or between

blades and stators due to unbalanced rotor rota-
tion and casing deformation. These would cause
the rupture of rotor blades. The fifth phase is the
last phase that the unbalanced dynamic load
transfers to the overall structure. The energy
which rotor transmits to support parts through
impacts and bearings would generate huge load
and then transfer to other engine parts, leading to
failures of flanges connected by bolts, or resul-
ting in failures of relevant protection systems.

It is required in engine structural integrity,
reliability and airworthiness that engine structure
should be able to withstand blade-off load and
continue to run for at least 15 s without non-con-
[37]

tainment or engine fire There are strict regu-

lations and requirements on casing containment in

aero-engine specifications™*",

Early studies on
engine and rotor response to blade-off mainly fo-
cus on the worst condition, estimating the maxi-
mum response amplitude of rotor system under
sudden unbalanced load™"*, The purpose is to
ensure that the rotor system could withstand the
critical load. However, more theoretical and ex-
perimental researches need to be carried out on
the influences of abnormal blade-off load on
structural safety of engine support parts such as
rotor-bearing system and engine-mount-pylon.
The technology roadmap of the research on the
dynamic response of the aero-engine during blade

out event is proposed in Fig. 2.
2.2 Numerical analysis methods

The numerical analysis generally used in

aviation combines an explicit analysis for impacting
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Fig. 2 Technological roadmap of research on dynamic response of the aero-engine during blade out event

phase by a fine finite element model of a fan and
casing sector, and an implicit analysis for post-
impact phase (which involving rotor dynamic re-
sponse) by a rough grid model of engine including
cradle and part of wings.

For the typical impact phase in the contain-
ment, there has been a great number of research,

At a-

involved an energy balance

which have mature numerical methods.
broad, Kraus et al, "%
method based on the comparison of the kinetic en-
ergy of the released blade and the strain energy of
the containment zone to the containment design
procedure and introduced LS DYNA simulations
for the analysis of the safety of blade containment
in turbine casings, which allow for the considera-
tion of several crucial effects that cannot be as-
sessed  with  the conventional methods.
Armendadriz et al. ™* focused on the response of
the structure after the break of a propeller blade
until the end of the phenomenon and analyzed the
effects of stiffness and strength changes on the
engine mounting system in a non-linear explicit fi-

evl™ presented the

nite element solver. Leont’
results of simulating the dynamic characteristics
of turbofan engines (TFE) during and after fan
blade-out using a nonlinear unsteady engine mod-
el.

At home, Xuan et al. "’ presented the re-

sults of a series of blade containment tests where

a double edge notched blade was released at cer-
tain rotating speed which subsequently impacted
the inner wall of the containment ring. He et

L6481 carried out experiments on high-speed

al.
spin tester and numerical simulations employing a
sufficiently fine mesh and suitable material rela-
tions to study the mechanism of the aero-engine
fan blade/casing impact process. The effect of the
mesh sizes, contact penalty factor and the friction
coefficient in the simulation were investigated. In
addition, the effects of multi-blade interaction on
the blade containment capability of the aero-en-
gine casing were studied and found that multi-
blade effects enhance the penetration ability of the
released blade. Wang"* investigated the dynamic
influence of a safety design named “fusing” by
mechanism analysis and established an explicit
FBO model to evaluate the effectiveness and po-
influence of fusing design.

tential dynamic

Yang"

") explained the key points of aero engine

containment requirements in FAR Part 33, and
introduces the implementation of MS analysis and
fan blade-off test in the engine airworthiness cer-
tification.

Shmotin and his collaboratorst® used the
above method to research the structural contain-
ment behavior after FBO (Fan Blade Off), inclu-
ding prestress calculation, impact and unbalance

simulation, etc. , taking LS-DYNA as the solver.
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As early as in 1983, Stallone and his col-

[36]

leagues-**" were the first to try to analyze in time

domain the rotor dynamic effects generated by

52]

unbalanced FBO load. Lawrence et al. ™ re-
searched the influences of asymmetric rotors
(caused by blade-off) on fan blade-off response.

I analyzed the effects of rotor im-

Cosme et al.
balance after blade-off with a solver called Plex-
us, compared the simulation with the test results
of a hollow blade FBO. The comparison showed
the simulation correlates well with test results on
the impacting position, the interval between first
impact and root impacting trailing blade, the
main occurrences, and the time it took to reach
the maximum value. Sinha et al. ®***1 used an en-
gine LS-DYNA model to simulate the whole
process of blade-off. They simulated the FBO
during 80—100 ms at engine level, and analyzed
the blade trajectory, the energy dissipation, the
rotor orbit, the impacting and rubbings between
rotor and stator as well as between two rotors.
Husband™* established an engine model including
nacelle, air intake and exhaust cone, aluminum
honeycomb and Kevlar, filling in the gaps in FBO
transient and long-time simulation. Jain"™ estab-
lished an accurate three-dimensional model for a
third stage fan rotor, casing and low-pressure
shaft; studied the mesh refinement, the contact
modeling, the high-strain-rate effect, and the ro-
tor centroid changes; and compared them with
test results.

Either explicit or implicit method has short-
comings and limitations, so it is difficult to use
only one of them to analyze the entire process. In
2009, the Boeing Commercial Airplanes and the
MSC Software worked with world-wide jet engine
manufacturers and NASA to develop a unified
process simulation software for engine fan blade-
off. Sadeghi et al. of MSC Software used MD
Nastran to conduct efficient multi-disciplinary
simulation for aero-engine blade-off, proposed a
hybrid approach which combined explicit and im-
plicit methods during integration process. Taking
advantages of the two methods, this approach is

called an integration way for analysis on fan

blade-off and rotor dynamics (i. e. , the SOL 700
and SOL 400 in MD NASTRAN) "/,

2.3 Test verification

In the 1970s, the U. S. Lewis Research Cen-
ter cooperated with Pratt & Whitney to conduct a
test on the dynamic response of flexible rotor sys-
tem under blade-off load. Unbalanced load was
applied suddenly to rotor running above critical
bending speed to simulate blade-off on engine ro-
tor. As shown in the schematic diagram of test
rig (as shown in Fig. 3), five discs were symmet-
rically placed on the axis, the four at both ends
were used to generate gyroscopic moment and the
middle one had holes in it. Balancing masses were
installed in holes during normal operation, and
the unbalanced load generated suddenly when one
mass flew out. The test results showed that a
sudden unbalanced load applied to the rotor would
trigger a transient response first, appeared as sig-
nificant beat vibration if the temporal speed near a
certain first-order critical speed. The vibration
amplitude reached steady-state imbalance re-
sponse amplitude within the first vibration cycle
after sudden unbalanced load generated. Then the
amplitude reached to the maximum after another
2 to 3 vibration cycles, and the maximum value
would be 2 to 4 times larger than the steady-state
imbalance amplitude (according to the proximity
of temporal speed to critical speed). After the
beat vibration stopped, the occurance of a steady-
state large imbalance vibration to the rotor would
depend on the structure of the missing rotational
part. Steady-state imbalance vibration may occur
after the transient response and beat vibration
disappear, or the rotor vibration may be unstable
and even lead to shaft broken if plastic bending

deformation occur to the shaft under the unbal-

Flexible Horizontall -
coupling U[I probe |4
S o
J

0
“\Vertical y [
probe |[Balancing hole

Fig.3 Test rig of flexible rotor subjected to sudden un-

balanced load"**”
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anced load™*.

Kalinowsk et al. ®*1 established a rotor simu-
lation test rig for blade-off to study the dynamic
characteristics of rotor system under sudden un-
balanced load, as shown in Fig. 4. They re-

searched rigid rotor system at subcritical state,

verified impact effect of sudden unbalanced load

response, and obtained test data for their me-
[60]

chanical model and simulation analysis

Fig. 4 Rotor simulation test rig for blade-off

Li et al. of Beijing University of Aeronautics
and Astronautics presented systematic experi-
mental research results for transient response of
rotor system with elastic damping support after
blade-off®’. They conducted tests at different ro-
tor speed, with different film clearances of
squeeze film damper (SFD), and by applying dif-
ferent sudden imbalance. Hong et al. conducted
respective research on rotor system dynamics un-
der large imbalance load"*”. Aimed at the aero-
engine dynamic response to blade-off load, they
analyzed the physical process and mechanical be-
havior of engine structures including casing, ro-
tor-bearing system and engine mount. The exper-
imental analysis model for rotor system dynamics
was established based on the structural and me-
chanical characteristics of turbofan engine with
large bypass ratio, and numerical simulation was
carried out. Yet experimental simulation research
on engine FBO has not been published. Wul®
from Nanjing University of Aeronautics and As-
tronautics established a scaled engine rotation
simulation test rig for blade-off, as shown in
Fig. 5. During blade-off tests, they set sensors or
transducers at key positions to pick up displace-

ment, force and acceleration so as to measure the

(a) Overall structure

Front
supporting

point Medium Rear supporting

supporting point
point

(b) Simulated engine structure

(c) Photos of subscale blade-off testing rig

Fig. 5  Scaled engine rotation simulation test rig for

blade-off

axis orbit, load of main bearing structures, vibra-
tion of and force on bearing seat, as well as en-
gine vibration.

In summary, numerous studies have been
conducted overseas on damage mechanism and
computer simulation of blade-off in recent years.
A series of theoretical methods valuable both in
scientific and engineering have been found for en-
gine dynamic response to blade-off. All these effi-
ciently guide the structural dynamics design for
engine safety and greatly reduce the time and cost
expended in traditional test verification. While in
the independent development of high bypass ratio
turbofan engine in China, the structural integrity
and safety design under severe load conditions

still lack experiences.
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3 Developing Trend

Summarizing the airworthiness verification
systems in developed countries, it can be conclu-
ded that, the airworthiness verification system is
a closed loop in principle. All airworthiness com-
pliance verification systems contain basically the
numerical simulations and verification testing es-
timations in different level, including coupon
tests, component tests, rig tests, engine tests
and so on. A wide variety of design criteria have
been proposed in western developed countries af-
ter years of investigation, which could be used in
the design and manufacture process and build up
strict technical barriers from the developing country.

Furthermore, the airworthiness compliance
verification of engine structural safety after fan
blade-off in China is still in its infancy. The simu-

lation and experimental investigation on abnormal

load caused by fan blade-off are neither systematic
nor in-depth. Recently, the composite fan blade,
swept blade, arch blade, first- and second-gener-
ation titanium alloy hollow blade have already
been used on aero-engine, and three-dimensional
braided composite blade, metal-based composite
blade and new generation metal hollow blade will
play an important role in the foreseeable future.
Therefore, it is necessary to investigate the fail-
ure mode and mechanism of engine structures af-
ter blade-off through systematic study on the
physical process of blade-off. Besides, the devel-
opment and application of new materials should
be paid active attentions. Effective airworthiness
compliance verification systems should be estab-
lished in steps of material constitutive modeling
and acquisition, digital simulation and verifica-
tion, single static part test, single rotating part

test, engine test, as shown in Fig. 6.

Ballistic impact tests on

Theoretical analysis

new materials and structures

Numerical simulation
for components

Composite blade,
hollow blade,

Airworthiness
regulation analysis

Final aero-enegine
blade-off tests

Numerical simulation

Component containment
test evaluation

in whole engine level

Fig. 6 Technological roadmap for safety analysis during blade off event

4 Conclusions

The relevant issues on the investigation
about the failure analysis and assessment of aero-
engine support structure due to blade-off event
were reviewed. The main conclusions are drawn
that:

(1) Comparing the relevant certification reg-
ulations and standards about aero-engine struc-

ture safety due to blade-off event between the

abroad and the domestic ones, we suggest to add
some appropriate requirements on abnormal load
concerning blade-off in GJB241A based on Chi-
nese engine developing experiences and by refer-
ring to 1783 and 00-971.

(2) The simulation and experimental meth-
odologies on aero-engine supporting structures
undertake abnormal load due to blade-off event
were discussed. Results imply that the criteria of

airworthiness compliance verification for design
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and manufacture processes, employed by the de-
veloped countries, has become strict technical
barriers to the developing countries.

(3) The safety certification verification tech-
nology system for aero-engine supporting struc-
tures during blade-off event was proposed. To es-
tablish the airworthiness compliance verification
system for engine structural safety after fan
blade-off in China, the in-depth investigation of
the failure mode and mechanism of engine struc-

tures after blade-off are urgently needed.

References:

[1] DENG Sicai, WANG Xueping, ZHANG Nan. Anal-
ysis on 1st stage turbine blade breakage on turbojet
engine WP-7B[J]. Flight Accident and Failure Anal-
ysis, 1991,

[2] ZHANG Dong, LIU Guicai. Analysis on wreckage
fracture of 1st stage compressor blade of left side en-
gine of an aircraft[J]. Flight Accident and Failure A-
nalysis, 1999.

[3] WANG Xueping, LI Lexin. Analysis on lst stage
turbine blade breakage on a certain type aero-engine
[J]. Flight Accident and Failure Analysis, 1992.

[4] WANG Xueping, LIU Guicai. Analysis on 2nd com-
pressor blade breakage on 107 aircraft engine[]].
Flight Accident and Failure Analysis, 1999.

[5] CHEN Dong, GUO Wei. Failure analysis on 3rd
stage turbine blade breakage on an aero-engine[ J .
Flight Accident and Failure Analysis, 2001.

[6] ZHANG Yudong, LI Songhang, ZHANG Xinfang.
Investigation and analysis on a serious flight accident
[J]. Flight Accident and Failure Analysis, 2007.

[7] TANG Zhi, YANG Zhicheng, WANG Jiuyuan. A-
nalysis on 2nd stage turbine blade breakage on an aer-
o-engine[ J]. Flight Accident and Failure Analysis,
2008.

[8] ZHOU Jiyong. Investigation on an engine fire caused
by blade breakage[ J|. Flight Accident and Failure A-
nalysis, 2009.

[9] CHEN Lie. An in-air fire accident caused by 2nd
stage turbine blade breakage[ J]. Flight Accident and
Failure Analysis, 1995.

[10] ZHI Peiwen. A 2nd stage disc fling out in flight of
Turbojet X engine[ J]. Flight Accident and Failure A-
nalysis, 1995.

[11] WANG Xueping. Analysis on 2nd stage compressor

blade breakage on a certain type of aero-engine[ J].
Flight Accident and Failure Analysis, 1996.

[12] WANG Guixiang. Failure analysis on 2nd stage tur-
bine blade breakage on a certain engine[ J]. Flight
Accident and Failure Analysis, 1996.

[13] BEN Li. Broken turbine blade penetrating engine cas-
ing on Turbojet X engine[ J]. Flight Accident and
Failure Analysis, 1997.

[14] ZHANG Yudong, HUANG Ming. Investigation on
two 5th compressor disc fracture accidents of engine
WPX[J]. Flight accident and failure analysis, 1998.

[15] KANG Deli. Broken blade penetrating engine casing
on aircraft J-10[J]. Flight Accident and Failure A-
nalysis, 1999.

[16] BAO Fangning, ZHOU Xiongwu. Broken engine
blade penetrating engine casing on aircraft JL-10[]].
Flight Accident and Failure Analysis, 1999.

[17] YANG Bin. Severe accident of aircraft JL-10 caused
by 4th stage compressor fracture[ J]. Flight Accident
and Failure Analysis, 1999.

[18] ZHANG Yudong, HUANG Ming. On 2nd stage tur-
bine blade breakage and engine fire on aircraft JL.-10
[J]. Flight Accident and Failure Analysis, 2000.

[19] LI Songhang. On 1st stage compressor broken blade
penetrating engine and engine fire on a certain aircraft
[J]. Flight Accident and Failure Analysis. 2000.

[20] FU Guoru. Analysis on 4th compressor blade break-
age on turbojet X engine[]J]. Flight Accident and
Failure Analysis, 2001.

[21] ZHANG Dong. Failure analysis on 1st stage com-
pressor blade breakage on a past engine[ J]. Flight
Accident and Failure Analysis, 2003.

[22] ZHONG Peidao. Lessons learned from rotor blade
failure of aero-engine turbine[J]. Flight Accident and
Failure Analysis, 2003.

[23] ZHANG Dong. Failure analysis on 2nd stage turbine
blade breakage of a failed engine[ J]. Flight Accident
and Failure Analysis, 2003.

[24] ZHONG Peidao. Investigation on the causes of 3rd
stage compressor blade breakage[J]. Flight Accident
and Failure Analysis, 2004.

[25] WEGMANN S, MCALLASTER D. ORLOFF J.
National transportation safety board[ C]//IEEE In-
ternational Conference on Acoustics. [ S. 1. ]: IEEE,
1996.237-262.

[26] CHEN Guang. On engine containment[ ] ]. Aviation
Knowledge, 1994(4).

[27] Federal Aviation Administration ( United States).

Federal aviation regulation part 33: Airworthiness



No. 5

Liu Shuangli, et al. Failure Assessment of Aero-engine Support Structure--+

847

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

standards: Aircraft engines, section 33. 94-Blade
containment and rotor unbalance tests[ S]. 1984.
European Aviation Safety Agency. Certification Spec-
ifications for Engine(CS-E)[S]. 2010.
Civil Aviation Administration of China. CCAR-33.
Air worthiness standards: Aircraft engines[ S|. Bei-
jing, China, 2005:[s. n. ]. (in Chinese)

National Archives and Records Administration. Code
of Federal Regulations, Aeronautics and Space[ S].
Washington DC, USA:[s. n. |, 1990.

MIL-E-5007D. General specification for aero-engine,
turbojet and turbofan[ S]. 1973.

MIL-STD-1783. Engine structural integrity program
[S].1984.

DEF STAN 00-971. General specification for aircraft
gas turbine engines[ S]. 1987.

GJB241—87. General specification for aero-engine,
turbojet and turbofan[ S]. 1987.
WANG Tongbei, SHEN Bingyan.

standard GJB241—87

Suggestions on
national military “ General
specification for aero-engine, turbojet and turbofan”
(about structural integrity)[J]. Aero-engine, 1995,
4. 40-49.

STALLONE M J, GALLARDO V. STORACE A
F, et al. Blade loss transient dynamic analysis of tur-
bomachinery[J]. AIAA Journal, 1983, 21(8).1134-
1138.

HEIDARI M, CARLSON D, SINHA S, et al. An
efficient multi-disciplinary simulation of engine fan
blade out event using MD Nastran[ C]// 49th ATAA/
ASME/ASCE/AHS/ASC Structures, Structural Dy-
namics, and Materials Conference. United States:
ATAA, 2008.
Department of Defense. MIL-STD-1783B: Engine
structural integrity program[ S]. United States: US
Air Force, 2002.

UK Ministry of Defense. Defense standard 00-971.
General specification of aircraft gas turbine engines
[S]. United Kingdom: MOD, 1987,

KIRK R G. HIBNER D H. A note on blade loss dy-
namics of rotor bearing systems[J]. Journal of Engi-
neering for Industry, 1976,98(2):497-503.

ALAM M. Shock spectra analysis of rotor-bearing
systems[ D|. United States: Arizona State Universi-
ty, 1985.

KRAUS A, FRISCHBIER J. Containment and pene-
tration simulation in case of blade loss in a low pres-

sure turbine [ C]//DYNAmore LS-DYNA Forum
2002. 2002:19-20.

[43]

[44]

[45]

[46]

[47]

[48]

[49]

(53]

[54]

[55]

[56]

ARMENDARIZ 1. LAPEZ J. OLARREA J. et al.
Case study: Analysis of the response of an aircraft
structure caused by a propeller blade loss[J]. Engi-
neering Failure Analysis, 2014, 37.12-28.
LEONTEV M K, DAVYDOV A V, DEGTYAREV
S A, et al. To simulation of fan blade out for a high
bypass ratio engine[ J]. Aircraft and Rocket Engine
Design and Development, 2014, 2.33-38.

XUAN Haijun, WU Rongren. Aeroengine turbine
blade containment tests using high-speed rotor spin
testing facility[J]. Aerospace Science and Technolo-
gy, 2006, 10.501-508.

HE Qing, XUAN Haijun, LIAO Lianfang, et al.
Simulation methodology development for rotating
blade containment analysis[ J]. Journal of Zhejiang
University—SCIENCE A: Applied Physics & Engi-
neering, 2012, 13(4):239-259.

HE Qing. XIE Zhi, XUAN Haijun, et al. Multi-
blade effects on aero-engine blade containment[ ] ].
Aerospace Science and Technology., 2016, 49:101-
111.

HE Qing, XUAN Haijun, LIU Lulu, et al. Perfora-
tion of aero-engine fan casing by a single rotating
blade[J]. Aerospace Science and Technology, 2013,
25:234-241.

WANG Cun, ZHANG Dayi, MA Yanhong. et al.
Dynamic behavior of aero-engine rotor with fusing de-
sign suffering blade off[J]. Chinese Journal of Aero-
nautics,2017,30(3) :918-931.

YANG Bin. Blade containment evaluation of civil air-
craft engines[J]. Chinese Journal of Aeronautics,
2013,26(1) :9-16.

SHMOTIN Y N, GABOV D V, RYABOV A A, et
al. Numerical analysis of aircraft engine fan blade-out
[R]. AIAA 2066-4620, 2006.
LAWRENCE C, CARNEY K, GALLARDO V.
Simulation of aircraft engine blade-out structural dy-
namics[ R]. NASA/TM-2001-210957, 2001.
COSME N, CHEVROLET D, BONINI J, et al.
Prediction of engine loads and damages due to blade-
off event[ R]. AIAA-2002-1666, 2002.

SINHA S, DORBALA S. Dynamic loads in the fan
containment structure of a turbofan engine[ J]. Jour-
nal of Aerospace Engineering, 2009, 22(3) :260-269.
ROTOR S K S. Dynamic analysis of asymmetric tur-
bofan rotor due to fan blade-loss event with contact-
impact rub loads[]J]. Journal of Sound and Vibra-
tion, 2013, 332(9).2253-2283.

HUSBAND J B. Developing an efficient FEM struc-



848

Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 35

[57]

[58]

[59]

[60]

[61]

[62]

[63]

tural simulation of a fan blade off test in a turbofan
jet engine[ D]. Saskatoon, Saskatchewan, Canada:
University of Saskatchewan, 2007,

JAIN R. Prediction of transient loads and perforation
of engine casing during blade-off event of fan rotor
assembly[J]. Scientist, 2010, 91:9945082491.
HIBNER D R, BZLONO D F. Experimental study
of transient dynamics of a flexible rotor[ R]. NASA
CR-2703, 1976.

KALINOWSKI P. BARGEN O, LIEBICH R. Vi-
brations of rotating machinery due to sudden mass
loss[ C]//Proceeding of the 8th IFToMM Interna-
tional Conference on Rotor Dynamics. Seoul, Korea:
IFToMM, 2010.:584-590.

MA Yanhong, LIANG Zhichao, WANG Guihua, et
al. An overview of researches on aero-engine blade
off [J]. Journal of Aerospace Power, 2016, 31(3):
521-522.

LI Qihan. Research progress on aero-engine structur-
al integrity [J]. Aero-engine, 2014, 40(5):1-6.
HONG Jie, HAO Yong. ZHANG Bo, et al. On en-
gine mechanical behavior and dynamics under blade
off condition [ J]. Aero-engine, 2014, 40(2):19-23.
WU Jianlin. Analysis on engine response to blade off
[D]. Nanjing: Nanjing University of Aeronautics and

Astronautics, 2016. (in Chinese)

Ms. Liu Shuangli received her B. S. degree in aircraft pow-
er engineering from Nanjing University of Aeronautics and
Astronautics (NUAA), Nanjing, China, in 2002. From
2002 to present, she has been work in NUAA. She is cur-
rently pursuing a doctorate in aerospace propulsion theory
and engineering. Her research focuses on the investigation
of the airworthiness requirements of aero-engine.

Prof. Chen Wei received his Ph. D. degree in aerospace
power engineering from Nanjing University of Aeronautics
and Astronautics ( NUAA). Nanjing. China, in 1995.
Since then, he has been with the College of Energy and
Power Engineering, NUAA, where he is currently a full
professor. His research focuses on the investigation of aer-
o-engine structural strength and vibration, the design of
aerial piston engine, the structural impact dynamics and
impact damage of aero-engine, the airworthiness require-
ments of aero-engine, and the multidisciplinary numerical
analysis and simulation technology.

Mr. Chen Minghao received his M. S. degree in power elec-
tronics and power drives from Nanjing University of Aero-
nautics and Astronautics in 2015. He joined in the 28th Re-
search Institute of China Electronics Technology Group
Corporation in April 2015, where he is an engineer of sys-
tem integration. His research focuses on command and

control system, aeroengine safety analysis.

(Production Editor: Zhang Tong)



