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Executive Summary

The following report addresses high bypass turbdiak burst and its effects, and non-
containment or release of rotor debris withouk disrst. It provides a comprehensive
reference upon the subject, enabling trending amlysis. The data collected and
published in this report provides a single rotorsbuaatabase for high bypass turbofans,
as recommended by the NTSB recommendation A-90-ai@ may also be used by
airplane designers and regulatory authorities to ga&gommon understanding of the rotor
uncontainment threat.

The report was developed by an AIA Working Groupcanpassing experts from
commercial transport airplane and high bypass tarbmanufacturers. Non-US airplane
manufacturers were also invited to participate. e MWorking Group charter was as
follows:

The committee will:

a) Compile a list of nacelle-uncontained eventsldoge commercial transport high-bypass

turbofans, from 1970 to 2005. Document the follogvaspects of each event:

i. Product state-of the art (for design and martufag

ii. Flight phase

iii. Nature of each fragment (origin, size, trajagl

iv. Damage to the aircraft from the fragment

V. Likely energy of fragment

Vi. Installation effects

b) Compile information on airplane departures alight hours, engine cycles and flight
hours

o Use the above data to

i. Develop relationship between uncontained evatgsrand the time at which the product
was designed and manufactured. This may be udedetcast rates for future designs.

ii. Make recommendations on the technical accuraicyotor debris models/ user guide
material given in AC20-128A (numbers of small frants, trajectories, energies, relative
probabilities of disk uncontainment by stage/modategine speed at failure).

The Working Group collected data on disk unconta&ntrevents and their airplane level
consequences as described in the charter, and@alsoncontainment of smaller debris
such as forward arc fan blade debris, independedisk burst, for the time period 1969
— 2006. This report summarizes the facts and daitacted, interim analytical results,
conclusions and interim recommendations developedhb team. Further analytical
work is required to define the energy distribut@frsmall fragments as specified in a)v;
this will be addressed in Phase Il of the projedth more definite recommendations as
specified in c) ii. of the charter.

Major Conclusions

Disk uncontainment

In the time period between 1969 and 2006, theree hHasen a total of 58 nacelle
uncontained disk events. 46 of these events wera f** generation engines and 12

were from 2° generation engines. There have been no events &b generation
engines.

1969 2006 HIGH BYPASS COMMERCIAL TURBOFANS 9
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The overall occurrence rate of disk burst (inclusieacers) has fallen by over 2 orders of
magnitude since high bypass ratio engines entenedtce. This reduction results from a

series of industry and regulatory initiatives, diesl at controlling and progressively

reducing or eliminating the root causes of disksbur

There were no third generation disk burst eventthénstudy period; if there had been

one, the third generation cumulative rate woul®&eE-8/cycle). The incidence of disk

burst for future design high bypass turbofans kiki#ly be at least as good as that of third
generation engines.

The high bypass turbofan fleet, as a whole, hasmpced 58 disk uncontainment
events over the time period considered, three athwvhesulted in loss of the airplane.
The results are consistent with the 1 in 20 coterused during certification analysis,
even though many (75%) of the events occurred ogplamies designed and certified
before introduction of this criterion.

A probabilistic criterion for minimizing the effecof disk burst was proposed in the mid-
1970s (Reference 3). It required that, given & digst, there should be no more thana 1
in 20 chance of a Catastrophic outcome from imfigca 1/3 disk fragment. So far,
airplanes designed using that criterion and theaated mitigating design features have
shown sufficient system robustness for continudd #ight after disk burst. In contrast,
first generation high-bypass turbofan airplanesictvhivere designed before the criterion
was published, have experienced systems damagetiaff controllability on multiple
occasions. The damage instances to systems wfietted airplane controllability all
took place very close to the affected engine; withrie or two nacelle diameters. In each
case, the systems damage was from large or int@ateesize fragments, or was to
systems shielded by very light skin (.02” aluminum)

The estimated third generation disk uncontainmetes; in conjunction with the
historical observed hazard ratio for Catastroplaimdge from 1/3 disk, provides a level
of risk which is approaching an extremely improleabbndition, commensurate with
other accepted airplane design risks.

More than 90% of disk bursts occur at low altitdell below the 25,000 ft cited in 14
CFR Part 25 Section 25.863). These events hawgreccduring takeoff or initial (low
altitude) climb.

Fires resulting from disk burst inflight have bemmtrolled with the use of fuel shutoff
means with no hazardous outcomes. On the groumzhnirolled fires have resulted
when significant quantities of fuel pools on theogrd as a result of tank rupture
following ground ricochet. No fatal injuries hasesulted from these events

There is evidence that nacelle and airplane heawygtare provides some degree of
shielding from large and intermediate fragments.

In most cases where a large or intermediate fraghiethe wing, it did not pass through
the wing, indicating that the wing provides songngicant degree of shielding against a
realistic large fragment.

1969 2006 HIGH BYPASS COMMERCIAL TURBOFANS 10
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Nacelle structure provides some containment orldihige capability for large and
intermediate fragments.

The evidence of engine test and service experigmtieates that in the event of a disk
burst or loss of an entire fan blade, the enginékey to stall very rapidly, cease

producing useful thrust, and spool down. It issidared highly unlikely that a disk burst
resulting in deployment of a reverser would prodsigmificant reverse thrust effects. It
is considered very likely that an engine departimg airplane as a result of disk burst
would drop away without any significant thrust \act

Small Fragments Resulting From Disk Uncontainment

Preliminary analysis of structural damage suggistssmall fragments may have much
lower energies than has previously been assumed.

Most small fragments do not have enough energyakenmoles in airplane structure. Of
8700 small fragment impacts, 450 made holes inath@ane. Most small fragments
which make holes in the airplane do not have engagiiual energy to damage systems
or additional structural layers inside the hole. 460 small fragment holes, 27 fragments
went on to damage systems or structure insidedle h

Analysis of a limited set of large disk fragmenajéctories indicates that they were
released from the engine at considerably lower ¢gp@an their tangential speed
immediately prior to burst. Speeds based on ti@jess, for this limited set, were less
than 30% of pre-burst speeds. Consequently, $raglinents may also have much lower
speeds than their tangential speed prior to burst.

Blade uncontainment

The rate of forward arc fan blade fragment non-aimmient has been reduced by several
orders of magnitude since the first high bypaskdians entered service. Recent designs
of engines such as wide-chord fan blade designe hawer rates than the earlier
generations of high bypass turbofans.

The airplane level consequences of fan blade fragfioeward arc non-containment are
usually limited to a small number of superficiatks, dents and holes in aerodynamic
surfaces. A few events have resulted in one ordmall holes in the pressure skin (of
the order of two inches across). There has beenlerel 3 event due to forward-arc
uncontainment; this involved damage to a hydraslystem in an adjacent engine
strut/pylon.

Design improvements have reduced the rate of casmgntainment by blades by a
factor of 50 since the first high bypass fans aueservice. The airplane level
consequences of casing uncontainment by bladesa@yrding to the specific failure
mode involved. Most events result in a small numiifesuperficial nicks, dents and
holes in aerodynamic surfaces. The release ofipteilivhole fan blades, or LPT vane/
nozzle spinning has resulted in more extensive dama
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Debris exiting through the tailpipe has been lowrgg and has not caused hazardous
effects or the potential thereof.

Major Recommendations

The data in this report is recommended for usenierpretation of existing policy and

guidance.

1. In particular, when addressing mitigation, fiblllowing points should be considered:
The low incidence of disk uncontainment demonstrdtg the 293 generation
fleet.

The continued emphasis on rotor integrity by desigmnufacturing, and
maintenance which has resulted in a steady reducfighe historical disk burst
rate, both for existing engine models and for nesdets developed using lessons
learned .

The demonstrated systems robustness of airplarsggned to comply with the 1
in 20 criterion of a catastrophic outcome resultfrgm damage by a 1/3 disk
fragment.

The very low probability of disk burst occurring aate 25,000 ft, and low
consequent risk of high-altitude depressurizatromfdisk burst.

The relative likelihood of disk burst from differespools

The minimal airplane damage caused by blade fonasrdincontainment and by
tailpipe debris.

The role of rapid spooldown of engines in avoidsignificant inflight thrust
reversal as a result of disk burst.

The role of rapid spooldown of engines in avoidoagastrophic airplane damage
from engine separation after disk burst.

2. Recognizing today’'s current disk burst rates] etognizing the historical 3 in 58
observed probability of disk burst leading to aa#abphic outcome (from any and
all fragment sizes), it is recommended that airpldasigns which meet the 1 in 20
probabilistic criterion for a Catastrophic outconfiem disk burst (large disk
fragment) be interpreted as having met the inténtinimizing the hazard from rotor
burst.

3. Airplane pressure skins in the locations of getlamage are typically .05 to .08” Al
2024. The data indicates that .05” to .08” alumnwill protect against system
damage by over 96% of small fragments. This dafgparts the use of shielding
equivalent to pressure cabin skins, as recommeind&@20-128A.

4. Further work is recommended in phase Il, to ¢jiathe energies of small fragments
based on the observed damage to airplane strucithis. will enable assessment of
the degree of shielding provided by materials othan sheet aluminum.

5. It is recommended that redundant critical systdma located out of the near-field
zone, as far as is practicable, since the densittyeosmall fragment debris pattern is
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very much greater close to the engine. It is e@@mmended that mitigation of the
effects of disk burst focus on near-field systemging and robustness.

6. Since the data shows that existing aircraftcttine provides adequate protection
against small fragments, away from the near-fieldez it is recommended that the
current requirements should not be expanded toireeguobabilistic assessment for
small fragments.

7. The use of small fragment energy based on Y43aitfoil at the tangential speed
immediately prior to burst is not recommended. @&commendation for a
representative small fragment energy will be madeeoPhase Il has quantified the
small fragment energy distribution more exactly.

8. Itis recommended that debris from fan bladevéwd arc travel and tailpipe debris
continue to be regarded as low energy and as Beepting a threat to passengers or
airplane systems.

9. The interpretation and application of 14 CFRtR&rSection 25.841 should be
reviewed to consider taking into account the lote & disk burst in recent designs
and the distribution of disk burst by flight phasel altitude. It should also take into
account the relative improbability of the LP spentountering a disk burst on the
second/third generation engines. Elements whiohlghbe considered are:

Disk burst rate of <2.5E-8/engine cycle

Proportions of disk bursts above 25,000 ft (bourgled in 14 for
second/third generation fleet , assuming 1 evéhbagh none have
occurred

Relative frequencies of disk burst by spool foroselithird generation
fleet

10. It is recommended that future data collectioa analysis discriminate between
events above and below 25,000 ft
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Project Charter

The committee will:

a)

Compile a list of nacelle-uncontained eventddoge commercial transport high-bypass

turbofans, from 1970 to 2005. Document the folloyvaispects of each event:

i.
ii.

iii.

iv.

V.

Vi.

b)
hours
c)

i.

Product state-of the art (for design and martufag

Flight phase

Nature of each fragment (origin, size, trajag)

Damage to the aircraft from the fragment

Likely energy of fragment

Installation effects

Compile information on airplane departures dighf hours, engine cycles and flight

Use the above data to
Develop relationship between uncontained evatesrand the time at which the product

was designed and manufactured. This may be udedeaoast rates for future designs.

Make recommendations on the technical accucdeptor debris models/ user guide

material given in AC20-128A (numbers of small fraats, trajectories, energies, relative
probabilities of disk uncontainment by stage/modateyine speed at failure).
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1. Introduction

Turbine engine uncontained events have long beeognized as a major threat for
airplane safety in the commercial transport flégte dramatic nature of uncontained
rotor events and the risk they present to the aglhas prompted numerous studies of
the subject. The historical material captured leydtudies has varied widely, as the teams
identified new areas of interest, calendar timegaereporting constraints, or recognized
previous difficulties encountered during analysied gpublication. This variation has
made it difficult to develop a unified and coherpetspective of the subject over time.
For example, it has not been possible to reviewdis& uncontainment rate for high
bypass turbofans over the last 30 years becausmpsestudies used differing metrics of
fleet usage and varying definitions of the engiopyation for which data was collected.
This work updates and amplifies upon the previeg®rts addressing this subject.

Over the last 20 years, the need has been recabiuza database from which to draw a
common understanding of the nature of uncontainvedts. In 1990, in the aftermath of
an accident where the debris from an uncontainedlifsk damaged all hydraulic systems
on an airplane , leading to loss of control, theSBTpublished a letter saying:

The Safety Board is concerned that there may nat bentral repository for a current
and complete data base for engine rotating partcomtainment events. The Safety
Board believes that the FAA should review the auirreeporting requirements for
manufacturers and operators to establish a cengrallailable data base of these events
based on operator and engine manufacturer knowleadge in-service experience. The
Safety Board recommends that the FAA establisisgrsyto monitor the engine rotary
parts failure history of turbine engines and to goypi a data base sufficient for design
assessment, comparative safety analysis among awuardrs, and more importantly, to
establish a verifiable background for the FAA tegarch during certification review.

Responses to the NTSB letter included conveninggAR committee to research non
containment events publication of Advisory Circular 39-8, and congiibn of a
database of uncontained events as part of the FAlahe Catastrophic Failure
Prevention program. The Powerplant Installationsrnitaization Working Group
(PPIHWG), within ARAC, attempted to revise AC 20812 using the results derived
from this database, as documented in (China Lakmoi®e The PPIHWG group was
unable to reach consensus on defining the smajhfemt model; contributing factors
included:

. A mismatch between the proposed fragment modehsgized from the database
and the distilled experience of the industry aacid@vestigators and analysts. It
transpired that the database had only incorportitedworst-case events, due to a
misunderstanding at the time of compilation overititended use of the database.

. Difficulties in accessing the original data foreaitiative analysis and review.

! The SAE committee prepared a draft study which messubsequently published.
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. Group attention being fragmented between the pexpdsagment model, the
proposed revisions to the Advisory Circular, aratking the ballistics research and
rotor burst modeling code (UEDAM) being developeader the Airplane
Catastrophic Failure Prevention initiative.

The Mechanical Systems Harmonization Working Groegncurrently asked for
assistance from PPIHWG in evaluating the issueeathpression as a result of rotor
burst; assistance was limited to that availablenfredividual industry members since the
database was not found to incorporate the relevdotmation. This report makes that
information on rotor burst altitude and flight pbagenerally available for design
assessment and safety analysis.

Furthermore, the data in this report may be useshtov that some other concerns raised
in previous regulatory or certification work, basadthe partial information available at
that time, may already be mitigated by inherentuiess of the gas turbine engine and the
statistical distribution of uncontainment eventsaiples include in-flight deployment of
thrust reversers and long-range fuel reserves.

Since the early 1990s, the additional focus on d@mmge with the rotor burst regulations
(in particular 14 CFR Part 25 Section 25.903(d) egdivalents) has revealed widespread
differences in interpretation of these regulatioihg differences are growing with each
certification Applicants have developed internabuirements and guidelines in an
attempt to predict how the rule will be interpretetiese may be more or less
conservative than intended by the authorities aag therefore introduce unwarranted
airplane performance penalties and/or certificatisk. This report provides the facts and
data to establish a common understanding of ther toicontained disk and blade events
for high bypass turbofans. It may be used to ptethe likely nature of future
uncontainment events, to assess the magnitude sdiljp@ risks, and to prioritize
mitigating actions.

The existence of a common reference source, addgeasplane effects of rotor burst,
should promote a common understanding of the thfeatindustry and regulatory
authorities.

This report provides a common database of oldemame recent events on high bypass
turbofan engines, to enable assessment of howstwe iof rotor uncontainment has
changed over time, in support of NTSB recommendafied0-172. The current situation
can be seen in the context of the past, so thatopppte goals and standards can be
agreed upon.

The report identifies uncontained rotor rates ameds for both rotor disk and blade
uncontained events, damage level assesémehase of flight summaries and engine
design generation differences. In addition, thigore also presents data not captured
before and considered potentially useful for curreirplane and engine design
communities, as follows:

. Flight phase, with discrimination between hightatte and low altitude events

. Engine operating speed at disk uncontainment

2 Includes cross-engine debris
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. Airplane effects of disk uncontainment — fireseletvseverity
. Small fragment characterization and qualitativecdption of energy levels

Furthermore, this report has collected data orrtoiede non-containment events, and on
events where blade material was released withmetpating the engine casing structure
— forward arc uncontainment and tailpipe debristee.

This report may be used as source material in stipgfo continued airworthiness
assessments for potential safety implications, mnakeng or advisory material
development or as the historical basis for devekmumof an applicant’'s type
certification. A second report is planned to belished addressing quantitative energy of
small fragments, once the relevant analysis has bempleted.
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Approach
2.1 Scope

This study addresses uncontained disk failure énviestern-built high bypa$surbofan
commercial transport fleet, from 1970 to the end2606.*> Events which were
completely contained by the engine casings weréncbided in the study Events which
were not contained by the casings but were corddiyethe nacelle were included in the
appendix 1 listing but not used to generate rates.

Events where blades and other relatively smallspamted engine casings and were then
nacelle-uncontained are addressed in appendix 3.

Events involving only release of debris forwardaftrof the engine casings, , commonly
referred to as forward arc and tailpipe debris,adse addressed in appendix 3.

Figure 2.1 illustrates the kinds of uncontainedariat discussed in this report.

Forward Arc

Debns A ,/-_i Thrst Reverser Cascades

» . Strut o
/—_ H I_\Jn-n-i
"‘ H F aiting Compartmert (Houzes
. H . Hydraulic System Components)
. :
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Hydraulic Pump, VSCF, Core Coml
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Casing Uncontained Debris

=Engine-Mounted

Figure 2.1 Debris trajectories

3 For the purpose of this study, the demarcationéen low and high bypass ratio was set at a ré&to0o

* The original team charter included low bypass tamdoprop engines. It became apparent during éte d
collection process that resource constraints woatdoermit these fleets to be addressed at this. tim

® A request was made to extend the study periodet@id of 2008. This would have significantly deldy
publication of the report. An addendum will be psihéd with an update: in the interim, notes hawnbe
added of disk uncontainments during 2007-2008 a€lwthe team was aware. The notes should not be
considered comprehensive and statistics shoulBederived for 2007-2008 using these notes.

® Events completely contained by the casings aralmatys reported, and their statistical use — due t
reporting uncertainty — would be questionable. Ttiielynot generate any debris threats; since uncwda
debris is the focus of this study, they are lebsvemnt.

1969 2006 HIGH BYPASS COMMERCIAL TURBOFANS 18



AIA Report On High Bypass Ratio Turbine Engine Oniained Rotor Events
And Small Fragment Threat Characterization Vauln

Military use of commercial airplanes was exclude@ do the dissimilarity between the
commercial and military environments. Events odogrrin test stands (not installed)
were also excluded since they would not give insigio airplane effects.

Various rotating structures like drum spools, spacend mini-disks forming seal
supports are significantly heavier than blades,dédighter construction than deep-bore
disks and these structures have been grouped igkh fibr statistical study.

Spinner uncontained events were included as aaepdataset.

2.2 Data collection process

The team included representatives from:

AlA

Airbus

Boeing

Embraer

FAA

General Electric

Pratt & Whitney

Rolls-Royce

Each manufacturer submitted data on the eventsvimgptheir products for the specified
time period. Where details of the same event diffebetween two manufacturers, the
discrepancy was resolved between the two princiipaés side-discussiohThe level of
detail available for an event varied considerabignging from a short paragraph
summary to a detailed report with high-quality migvaphs. Depending on the event
geographical location, the level of investigativa/erage by agencies and OEMs had a
significant outcome on the level of documentati@tad. It can be assumed that major
damage to the airplane was well-reported; minor atgenwhich could be repaired
immediately was likely not reported in many cases.

The uncontained events were assigned severitiesd s the CAAM (references 7, 8)
classification of the effects which had actuallycuweed (not those effects which could
potentially have occurred). The CAAM severity clfisations relating to uncontained
engine effects are provided in appendix 9. Thedws& post failures were not included in
the disk data, because they only generated snaginfents and they caused no airplane
damage beyond the affected nacelle.

Manufacturers also submitted data on the annuatshand cycles of their products to
enable event rates to be calculated.

The data was sanitized before incorporation inte final report, and interim (non-
sanitized) versions destroyed.

" For the purposes of this study only, event sdesriivere assigned based on the effects due to éatgm
being uncontained, rather than to every effect tidccurred in the course of the event. For exaniple,
uncontained material holed a fuel tank and theeeftaused a fire, the fire was included in the event
categorization. If an uncontained event occurred eaused a high speed rejected take-off (RTO), that
RTO would have occurred regardless of the engitigi®eing contained or otherwise, and so the RTO
was not considered in assigning severities. If mroatained event occurred and an engine cowlingfel
due to high unbalance, the effects of cowling dparwould not be used to derive the CAAM severity.
The intent was to focus attention on the effedhefnon-containment.
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2.3 Definitions

Fragment sizes: There is a broad spectrum of fragsiees generated during a disk
uncontainment, with considerable variation betweeents. For convenient reference, the
fragments are generally described as large, intdiateeor small. The naming
conventions used in this report are as follows:

Large Fragment: A large fraction of a disk, 20% to 100%. This isdeled in the AC by
1/3 disk.

——

Figure 2.2 Example of a large fragment

Intermediate fragment: A disk piece typically generated when the disk peels away

from the web and /or bore, resembling a “bite” ofithe rim. Arc lengths of 30 to 60
degrees have been typical. This is modeled in t@eb& a piece with “a maximum
dimension corresponding to one-third of the bladest radius...or 1/30 of the bladed
disk mass”

Figure 2.3 Example of an intermediate fragment
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Small fragment A “shrapnel” type piece of airfoil or disk (or sxciated hardware);
generally deformed or fragmented. The examplesrobd are generally equivalent to a
blade chord in one dimension, and twice that ingbeond dimension. This fragment is
modeled in the AC by the outer half of a bladeadliror the outer 1/3 airfoil in the case
of a fan blade.

1.5”

L2

Figure 2.4 Examples of small fragments.

Definitions of other specialized terms, as usethis study, are:
Critical System: System required for short-term airplane conttwlity

First generation high bypass turbofan Those designed in the late 1960s, such as the
JT9D, RB211-22B, CF6-6 and CF6-50. The CF34-3de aksigned to this group.

Second generation high bypass turbofan Those designed in the 1980s with the
understanding and incorporation of Lessons Leafrad the first generation. Usage is
consistent with AIR 4770 and the CAAM reports. Tdésclude the ALF502, ALF507,
AE3007, CFE738, CF34-8, TFE731-20/40/60, CF6-80R6B0C and later CF6 models,
CFM56-2, CFM56-3 and CFM56-5 models, V2500, PW20R8211-535C, RB211-
524B4 and later RB211 models, RR Tay and PW4000-94

Third generation high bypass turbofans Those designed to incorporate the Lessons
Learned from the second generation. Third generatimines include the GE90,CFM56-
7, CF34-10, PW4000 100" and 112" fan, PW6000, Teamt BR715.

Near-Field Debris Zone:Within two nacelle diameters of the engine centerli

Rim speed the tangential speed associated with the disk Tims will depend on engine
speed in rpm and also upon the distance from thmercenterline. It is different from tip

speed (at the blade tip) and from the tangentieédmf a large disk fragment.

Rotor; part or all of the assembly of disks, connectiatgifts and blades. Drums and
spools are included in the term “disk”.
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2.4 Analysis

Engine cycles were used as the basis for derivocmuroence rates. The majority of
uncontained disk events are related to engine syalther than to houtsUse of engine
rates rather than aircraft rates facilitates tailprthe given rates for different airplane-
engine applications and varying flight lengths

The limited number of disk uncontainments constdhlre extent of statistical analysis
which could be performed. In many cases, disk edata could only be analyzed
according to two independent factors at a time; revlrecorded data was limited to a
subset of events, analysis was limited further fet. example, the spool involved, the
flight condition (air vs. ground) and the enginesige generation all appeared to have a
significant effect on the number of holes madeiiplane structure, but the small number
of events prevented statistical analysis to resalliech of these variables accounted for
how much of the observed variation.

Sub-fleets like ¥ generation engines had significant service expeeie and no disk
events up to the end of 2006. There was no medsuzabnt rate for that fleet. However,
it was possible to bound the rate by making a cwasge assumption that an event was
imminerc}g, and calculating the rate using that higptical single event which had not yet
occurred:.

8 The majority of disk burst involve propagationeoérack in low cycle fatigue. The crack grows eicie
the engine accelerates to high power, such asgitakeoff.

° A more mathematically rigorous approach is tothseexponential failure distribution probability of
having zero failures in a time t; f(0)%e Setting f(0) equal to 0.5 — we were neither foaie nor
unfortunate in getting zero failures — then théufai ratel.= 0.69/t, rather than thgt used for simplicity in
this work. Use of the exponential failure distrilout reflects the existence of a wide variety ofgooial
failure modes, so that assumption of a constahitréarate is reasonable in the absence of evidentde
contrary.
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3. Historical perspective on incidence of disk unco ntainment

Note: this section addresses events involving distontainment. Appendix 3 addresses
events where only blades were uncontained andighs cemained intact. The two kinds

of events are addressed separately because theyMeay different effects and are

covered by very different regulations at the endgvel.

3.1 Results

The annual incidence of disk uncontained evéngimcludes spacers) has dropped
significantly since the introduction of the highgags turbofan. (Figure 3.T)his trend is
more pronounced when related to the increase @t €lglization over the past 35 years,
so that the disk uncontained event rate per ergyidke is considered (Figure 3.2).

Disk Uncontained Annual Events
CAAM Levels 1-5

O 1st Generation Disk Events
0 2nd Generation Disk Events

1969
1970
1971
1972
1973
1974
1975
1976‘
1977
1978
1979
195.0
1%)1
195.2
1983
1984
195.5
1936
195.7
1938 B
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2090
2001
2002
2003
2004
2005
2006‘

Figure 3.1 Annual Disk Uncontainments

Commercial High Bypass Turbofan Fleet, 1969 — 2006

Nacelle —uncontained only. A complete list of th&kdincontainment events is provided
in Appendix 1.

10 Appendix 3 provides equivalent material for blameontainment.

1969 2006 HIGH BYPASS COMMERCIAL TURBOFANS 23



AIA Report On High Bypass Ratio Turbine Engine Oniained Rotor Events
And Small Fragment Threat Characterization Vauln

Disk Uncontained Events Annual & Trend Rates
1.0E-04 — CAAM Levels 1 -5

O Total Fleet
O 2nd & 3rd Generation
A 1st Generation
5 year rolling average rate (Total Fleet)
- = = .5year rolling average rate (2nd & 3rd Generation)
1.0E-05 E @ — = -5 year rolling average rate (1st Generation)

1.0E-06 -+

1.0E-07 +

Rate Per Engine Cycle

1.0E-08 +

1.0E-09 T T T T T T T T T T T T T T 1T

1969
1971
1973
1975
1977
1979
1981
1983
1985
1987
1989
1991
1993 |
1995 |
1997
1999
2001

Figure 3.2 Disk Uncontainment Rates

Commercial High Bypass Turbofan Fleet, 1969 — 2006
Nacelle-uncontained only. Note: years where no egecurred have no datapoint plotted.

3.2 Discussion

It has been noted in previous studies (CAAM, SA®t tthe incidence of uncontained
disk events for recent designs is markedly lowantthat for earlier designs; this study
shows a continuation of that trend. The observddaton in the rate of disk uncontained
events by more than two orders of magnitude reduttsm the combined efforts of
manufacturers, regulators and operators in adaig@ssid eliminating individual known
causes of disk uncontainment, reassessing crified life analysis, and proactively
incorporating lessons learned into new designstification, manufacturing and
maintenance processes. Appendix 2 presents detaidgerial on the causes of disk

uncontained events and how these have been metigdicdressed by industry and
regulatory initiatives.

It should also be noted that in the early 1990srehwvas a significant change in the
management of potential unsafe engine conditioasogiered in service. A formalized
safety risk management process was developed byndhstry/ FAA CAAM committee
and then published by the FAA as AC39-8. The preckesmally introduced risk
modeling and standardized acceptable risk critEniacontinued airworthiness control
programs. These tools promote a predictable, teapgp approach to precursor events
such as disk cracks or defects being found in ar.rokhis safety risk management
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process has benefited not only disk integrity, dthier potential safety issues relating to
engines or propulsion systems.

As of the end of 2006, thé“3jeneration fleet had accumulated 39 million cyeléh no
disk uncontained events, implying a rate of lesmtR®.5 E-8/ cycle (rate derived by
assuming 1 event occurred). Given the results badhgeved by the current fleet, driven
by the process improvements described above, géappikely that the incidence of disk
uncontained events for new-design high bypasstans will be at least as good as that
documented for third generation engines so far.

Although disk uncontained events are rare, andlalenvariation in rates might be
expected, Figure 3.2 shows that the annual rateslase to the 5-year rolling average.
There is small enough variation from year to ydet rates can be compared and firm
conclusions drawn from comparison. In particulaguwrence of one more event in the
immediate future would not affect the conclusiorsah by this study.

It should be noted that the first generation engiage out of production, the second
generation fleet size has surpassed the first, thadthird generation fleet growth is

paralleling the second. As a result, the curretioed and third generation fleets are
much larger by now than the first generation flastshown in Figure 3.3, so that current
total fleet statistics are weighted toward secdmidftgeneration results.

Engine Cycle Utilization By Year
Start of Service through end of 2006

45

= = Total Eng Cycles Annual
40 A == = 1st Generation Annual Engine cycles ¢

2nd Generation Engine Cycles I 4
3rd Generation Engine Cycles

35 4 .

30 1

25 4

Millions

20 4

15 A

10 A

1969 |
1983
1985
1987
1989
1991 |
1993
1995
1997
1999

Figure 3.3 Fleet utilization
Commercial High Bypass Turbofan Fleet, 1969 — 2006
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3.3 Experience in 2007-2008

In 2007-2008, 2 first-generation disk uncontainmemere known to have occurred in 9.3
million engine cycles. No second or third generatthsk uncontainment events were
identified, in 75.5 million cycles. There may haween other events, but these two events
were readily identifiable. A thorough review anddafe to the report will be issued as an
addendum in 2010. These events are consistentprbvious experience and do not
conflict with the conclusions of this work).
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Results

Section 4.1 summarizes the numbers and rateslotidontainments.

Section 4.2 addresses the distribution of disk oteioments by flight phase and by
altitude.

Section 4.3 addresses the distribution of disk ntesoments by module.

Section 4.4 presents data on the rotor speedsielwie disk uncontainments occurred.
Section 4.5 reviews the data on fires resultinghfaisk uncontainment.

Section 4.6 presents data on impacts to the ag@srsmall fragments during a disk
burst — the number and kind of impacts, the nadfithe structure they impacted and
what the results were.

Section 4.7 discusses the impacts of large fragsrterdirplane structure.

Section 4.8 addresses systems damage causedimptet of large and small fragments,
with special reference to airplane controllability.

Section 4.9 presents data on installation efféct@mpares wing and tail installations,
and presents data on the effect of stiff or massinectures containing or deflecting large
fragments.

Section 4.10 presents data on the masses of gagdhénts retrieved from within the
airplane (inside holes made by fragments).

Section 4.11 presents and discusses evidencegmédrd release speeds — the tangential
speed at which the fragments were moving when ¢xégd the engine.

Events involving only blade uncontainment are matlgzed in this section; blade
uncontainment results are discussed in appendix 3.
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4.1 Number of Disk Uncontained events

Appendix 1 lists each of the disk uncontained esede-identified. There were 58
nacelle- uncontained disk evefiti all, over a period of 37 year$.Figure 3. 2, above,
shows that the overall rate of disk uncontainméats fallen over that time period by a
factor of over 200, and that the rate of disk utamments is even lower for more recent
designs (¥ and 3 generation) This can be summarized as follows:

Commercial Engine Cycles | # disk (nacelle| Disk Current disk

high bypass (EIS to end uncontained) | uncontainment | uncontainment

fleet 2006) events (EIS to| rate (per cycle, | rate, per cycle,
end 2006) EIS to end 5 year rolling

2006) average

1% generation | 141,031,714 46 3.3E-7 6.9 E-8

2" /3 347,750,280 12 3.5E-8 2.1E-8

generation

combined

3% generation | 39,033,982 0 < 2.5E-8 -

Table 4.1 Commercial High Bypass Turbofan Disk Wnamment Statistics, 1969 - 2006

There were also nine events where the disk was ntaiced by the casing, but
completely contained by the nacelle. Seven of tese HPC events and two were LPC
events. These are not included in the rates caémllabove, since they presented no
possible risk to the airplane. Each chart statesthér the nacelle-contained events are
included or excluded.

The nacelle-contained events are important, in tiney show that large disk fragments
do not have “infinite energy” as is often assunfeattors which may assist containment
by the nacelle for the LPC and HPC include theofeihg:

. The LPC is contained by both the LP core casingalad the fan case (which is
sized to contain comparatively large blades), dmal donstruction of the LP spool is
relatively lightweight compared to other spoolsw(ltemperature, low speed): also the
tangential speed of the LPC spool is also much iidiamn that of other spools.

. The forward stages of the HPC are surrounded byrelagively stiff nacelle
structure of a cascade-style thrust reverser, fomynhigh bypass turbofans. This appears
to have some ability to catch segments of HPC s@satliscussed in more detail below.

4.2 Disk uncontained events by flight phase

The airplane level effect of a disk uncontainmemtynbe significantly affected by the
flight phase in which the uncontainment occurs. raples where flight phase would
greatly influence the airplane-level severity irtgithe following:

™ Including spacers and major seal supports.

2 There were also 2 disk uncontainments in 2007-20@i8e first generation fleet. There were nonthin
second generation fleet and none in tlg@neration fleet. Event reporting may be incongpéetd
therefore the table has not been updated .
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. Cabin pressurization - not an issue below 25,000 ft

. Flight controls - may be less critical on ground

. Thrust loss greater than one engine - long-termsthcapability may be less
critical below V1

. Fuel reserves — not required on the ground

. Fuel containment (fire) — pool fires can not ocieuflight

For this analysis, events occurring below 25,000€te described below as low altitude,
and those above were described as high altitudecti®en of 25,000 ft was based on
consistency with 14 CFR Part 25 Section 25.841s tecommended that future data
collection and analysis discriminate between evahts/e and below 25,000 ft.

The ability to forecast the path of a fragmentrisagly influenced by whether the airplane
is in flight. Rotor uncontained events on the gibsometimes have fragments impact the
ground and ricochet with unpredictable trajectortdistorically, events occurring in the
takeoff roll have been identified as occurring befor after V1 rather than before or after
rotation. The time interval between V1 and rotati®wery small, and so the below V1 /
above V1 split was considered sufficiently closattlon-ground events could be
identified. Future airplane-specific analyses magd to distinguish further between
events occurring on-ground above/below other spéedncern, based on issues such as
rudder authority.

Figures 4.1 and 4.2 show that the majority of diskontainments occur at low altitude
(90 % overall, and 100% for second/ third generatigh bypass turbofans) and at high
power settings (takeoff or low-altitude clifip No events have occurred between the top
of descent and the end of reverse thrust. Preyiquallished data on disk uncontainment
distribution by flight phase included both high bgs and low bypass engines; and so
some events previously published (on low bypassmesydo not appear in this dataset.

Approximately 30% of disk uncontainments occur lo& ground. When looking at the
potential for a Hazardous or Catastrophic airplefifect, it should be recognized that
damage to different systems may have differentequsnces based on whether the event
occurs on the ground or in the air. As a resuld, ldased on the flight phase and altitude
data presented in this report, it is recommendatidirrent guidance material be revised
to reflect the flight phase and altitude data pmesg herein.

13 The transition between takeoff and climb phasehistsrically occurred around 1500 ft. However,
current flight profile practices to meet communityise requirements and derate practices to redate f
burn, may entail multiple throttle reduction stegsen transitioning from take-off to climb settirgat
begin as early as 500 ft. Future data gatheringldhake this into consideration.
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Phase of Flight for Disk Uncontained Events
CAAM Levels 1 -5
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Figure 4.1 Distribution of Disk Uncontainments blyghkt Phase

Commercial High Bypass Turbofan Fleet, 1969 — 2006
Nacelle-uncontained only
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Figure 4.2 Distribution of Disk Uncontainments biitdde

Commercial High Bypass Turbofan Fleet, 1969 — 2006
Nacelle-uncontained only
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4.3 Disk uncontainments by module

Current guidance material is based on an assumgitatrall rotors are equally likely to
experience uncontainment. (Reference 9, sectiofc 30 (e)). In practice, this does not
appear to be the case. Figure 4.3 shows the immdehdisk uncontainments by spool.
Second generation engines have not experiencethanyP/IP compressor or LP turbine
disk uncontainments in the 1969 — 2006 study period

Disk Module/Spool Which Was Nacelle Uncontained
CAAM Levels 1 -5

50%
L m Total Fleet
45% : @ 1st Generation ||
@@ 2nd Generation

40% +

35% +

30% 1

25% +

20% +

Percentage of Total

15% +

10%

5% |

0% +

Fan LPC/IPC HPC HPT LPT/IPT
Module/Spool

Figure 4.3 Distribution of Disk Uncontainments kjyo8l|
Commercial High Bypass Turbofan Fleet, 1969 — 2006
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Speed at which disk burst
Nacelle uncontained events only

Hgeneration 1

Egeneration 2 ||

~

(<2}
L

b #'?eve T(]TS

N
|

=

S | I I AN

700r 70.1to 75.1to 80.1to 85.1to 90.1to 95.1to 100.1 105.1 110.1 1151 120.1 125.1 130.1 1351 140.1 1451 150.1
lower 75 80 85 90 95 100 t0105 to110 to115 to120 to 125 to 130 to 135 to 140 to 145 to 150 to 155

% red line speed at burst

4.4 Engine speed at disk uncontainment

Figure 4.4 Engine Operating Speed At Time Of Diskdntainment
Commercial High Bypass Turbofan Fleet, 1969 - 2006

Figure 4.4 shows the rotor speed at the time & wicontainment for the 32 of 58 events
where rotor speeds were accurately recorded dirttee The data is normalized relative
to red line speed for that rotor as documentetiénengine type certificate.

Current guidance (Ref 8, Paragraph 9 (f)) incorfgzrahe conservative assumption that
the uncontained rotor event will occur at red lgpeed, representing the highest-energy
disk fragments. A small number of disk uncontaintee8 events out of 32) have
involved rotor overspeed. Overspeed can occuttflaine disk becomes separated from
the rest of the rotor. If the overspeed event &agenough, it may cause the disk to fail.
Modern design practices and certification requinetmehave taken into account the
circumstances associated with earlier generatiarinenoverspeed events and should
minimize the potential for rotor burst during anecspeed event. The data above
supports that disk uncontained events occurrirapat/e red line rotor speeds is unlikely
(less than 10% of disk failures?.Based on the uncontained event historical record,
recognition that engines are not typically operas¢dedline, and understanding that
current overspeed certification requirements guagainst overspeed failures, it is
recommended that the AC guidance be reviewed inctrgext of this chart and of
observations on fragment ballistic velocities (mélo

4 The majority of uncontained disk events resultrfra crack in the disk propagating in low cycledag —
that is, the typical crack grows whenever the @sknder high stress, when engine speeds are ragl —
stops growing when stresses are lower (lower ergpeeds). There are typically thousands of engine
cycles between crack initiation and burst. The thigksts when the crack reaches critical crack fengt
Generally, exposure to red line speeds is vergqfent.
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4.5 Fires” resulting from disk uncontainment

The standard hierarchy of design precautions agaatelle fire, including prevention of

flammable fluid leakage, fire isolation, fire detiea and fire extinguishing, may be

compromised as a result of an uncontained diskteVée disk uncontainment event can
create undercowl! fuel and oil leaks, create ignittmurces where none were normally
present, disrupt undercowl! ventilation flows sottfige detection and extinguishing are
potentially disabled, and may breach firewalls maed to isolate the engine fire zones
from other zones of the airplane. The potentialdadisk uncontainment to result in a
severe undercowl fire which could propagate tcginglane is examined in table 4.2 .

18 fires resulting from disk uncontainment

Fuel source |Qilin Fuel in Brief Ti Strut/ Pylon | Fuel from wing
nacelle | nacelle or | fire in fuel created | tank puncture
combined | engine fire around | created pool fire
oil and flowpath, | pylon and (3 events)
3 events | fuel breached | wing leading| Main fuel line in
9 events | case edge nacelle) ruptured
(eventually | pooling on
controlled ground,
1 events | by fuel eventually
Fire location | Within nacelle only shutoff) controlled by fuel
shutoff)
1 event
(2 events were
13 events 1 event level 4, 2 events
(level 3) were level 3)
CAAM level | Level 2 (controlled fires) Level 3 or 4 (uncontrolled fires)

Table 4.2 Summary Of Fire Experience Resultingr-Risk Uncontained Events
Commercial High Bypass Turbofan Fleet, 1969 — 2006

It can be seen from table 4.2 that in practicel dweoil leaks within the nacelle (caused
by disk uncontainment) create relatively low seyefires which are confined to the
nacelle and are controlled by isolating the flamlmdloids that could continue to fuel the
fire, and do not impinge upon the airplane. Thesesfdo not appear to significantly
increase the consequence severity of a disk unoedtevent. However, if the disk
uncontainment creates a fuel leak from wing taaksl, the airplane is on the ground, the
result may be a large pool of fuel with the potaintor fire to impinge upon the wing.
Details of the fire experience are presented ineXplix 6.

None of the fire events in this study has resultedtalities, in the study period.

15 Grass fires excluded
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The observed hazard ratio for a post-disk uncontat fire having level 4 effects is 1 in
9; one of the two level 4 events was a non-operatievent.
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4.6 Small Fragment Impacts To Airplane Structurenf Disk Uncontainment

Over 10,000 witness marks were documented in theseoof this work; 680 made holes
in the airplan&. About 80 holes were made by large or intermedi@gments; most of
the remainder were made by small fragments. In stases, it was not possible to decide
the nature of the fragment involved, and so it matsincluded in the statistics.

The data available varied considerably betweentey@&om brief verbal description to
detailed sketches and photograph#\ppendix 5 provides the detailed record of the
witness marks left on the airplane by fragment iotpafor each event and for each
documented witness mark. Appendix 5 also providesramary table of the data. Data
on airplane damage was not available for all evants therefore some events will not
appear in tables and charts; see Appendix 5 table 5

The process for determining whether a hole was rhgde large, intermediate or small
fragment (section 2.3) was based on the size oftie, the size of surface damage
leading to the hole such as scrapes or gougesyiangs of debris found inside the hole,
etc. In a few cases, a hole was made by normstdlyc structure or components which
were knocked loose during the disk burst procebes& were noted in appendix 5, but
not included in statistical analysés

It should be noted that documenting a hole doesimpty that the fragment passed
through or would have been able to damage systesidei the hole. This point is
discussed further in section 4.6.4.

Data was collected, where available, on the follmafactors:

. Airplane structure hit by debris (material and kiness, number of layers
fragment passed through)
. Nature of witness mark (paint mark, scratch, delotsed hole, hole with material

passing through etc, and size of mark)

The orientation of the fragment at the instantropact was of interest, but it was only
possible to establish this for a few out of thowsaaf impacts, where the fragment was
lodged in the hole. There was not enough datatédistical analysis of orientation. The

angle of the debris trajectory from the rotor plegred the angle of the debris trajectory to
the airplane target surface were also of intetast,it was not possible to collect this

information for most of the events.

% The data is biased towards conservatism, in Heatrtore damaging impacts are more likely to haembe
noticed and recorded. Detailed photographs, wheaiadle, show many more marks and paint chips than
recorded in the investigation notes. It can sdiel\assumed that those events with minimal docurdente
detail are also likely to have had unrecorded namajing witness marks.

7 Since the extent of recorded detail varied widedtiveen events, events were omitted from chartsevhe
there was insufficient data to support their inasgtion. Summation of holes and cross-checking éetw
charts and from charts to tables will thereforevgllifferences in totals.

18 These “Static structure” pieces were not signiftazontributors to the overall data. It was noacleow
their energies would relate to the more conventitange, intermediate or small fragments. They roid
cause damage worse than, or in different locatiams, that which might be expected of a large,
intermediate or small piece for that event.
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4.6.1 Number Of Holes Per Event- Results

(Disk uncontainment, small fragments)

Table 4.3 summarizes the events for which thers wafficient documentation to
establish the number of holes in the airplane.

Figure 4.5 and 4.6 present the data on holes cdayssuhall fragments as a result of disk
uncontainment. The charts presented in this sedionot show all 680 holes mentioned
above, because many of the holes were through Vigihght honeycomb sandwich or
fiberglass structure and were therefore excluded, some were made by large or
intermediate pieces, or by normally static exterc@iponents or pieces which were
therefore excluded as atypitalSome events did not have any holes through sutimita
structure, and this is so noted on the chart; seweats did not have documentation of
holes sufficient that they could be plotted on thar

Disk burst events reported
67
Nacelle Nacelle uncontained
contained 58
9
No data Data on holes reported
25 33
No small- Events where small fragments made
fragment holes holes in airplane
10 23

Table 4.3 Airplane damage produced by uncontainskl-d small fragments

Figure 4.5 shows the number of holes in airplangcgire made by small fragments for
each event, as a function of the spool involvedthat individual event and whether the
event took place on the ground or in the air. Tharcexcludes dents, and holes through
lightweight honeycomb sandwich construction. lbascludes nacelle-contained events.

9 Light weight aluminum structure, such as .02” skithe empennage, is included in the data. Static
pieces of turbomachinery such as vanes are includie: data.
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Hole count by spool, primary fragment
Nacelle-uncontained disk events. Holes made by small fragments beyond the affected nacelle/pylon;
excludes holes through honeycomb sandwich . Data was available for 33 events

1 .
00 3 HPC Disk events with no holes Air event

90 2 HPC rim events with no holes
4 HPT rim events with no holes L1 Ground event

80 1 LPT rim event with no holes

W7zzZZ  Ricochet from ground event

Hole count per event
[8)]
o

N

7

Fan Disk  HPC/IPC Disk  HPT disk LPT disk HPC rim HPT Rim
Spool, Primary Fragment

Figure 4.5 Number of holes made by small fragmientspool
Each bar represents one uncontainment event ariekiglet of the bar is the number of holes for thagnt

Effect of design state-of-the-art on number of holes
Nacelle-uncontained disk events. Holes made by small fragments beyond the affected nacelle/pylon;
excludes holes through honeycomb sandwich . Data was available for 33 events

Generation 1: 7 events with no holes
Generation 2: 3 events with no holes

VZZZ  Ricochet from ground event

7

Hole count per event
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o
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Figure 4.6 Number of holes made by small fragmytgeneration
Each bar represents one event.

Figure 4.6 shows the number of holes per eventfasaiion of the state of the art at the

time of design (i.e. first vs. second generatioghhbypass turbofans). First generation
engines produced more holes per event than dichdegeneration engines.
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4.6.2 Number Of Holes Per Event- Discussion

(Disk uncontainment, small fragments)

It can be seen from figure 4.5 that the numberadé$ has a skewed distribution; there
are many events with a few holes, and a very fesnesvwith a large number of holes. In
particular, there were three events on the grounidiwhad an unusually large number of
holes. Review of the accident investigation repsfttewed that for these three events,
disk pieces had hit the runway surface and gercerateltiple fragments, which
ricocheted up to hit the airplane. This ground ¢t phenomenon could not happen in
the air. It is important to discriminate betweemage patterns which could occur in the
air and those which could only occur on the grobadause the airplane-level effect of
system damage may have very different severityhéndir versus on the ground. The
three events where ricochets are known to haveibated toward a significant number
of holes are shown in the charts as patterned [dieggonal stripe). Most disk
uncontainments occurring on the ground do not vevoicochets.

Reference 2 reported averages of 6 to 8 holes tmmgpressor disk uncontainment and
10 — 17 holes for a turbine disk uncontainmentetdasn 20 high bypass and 19 low
bypass events where the disk was nacelle uncodtaamel made holes in airplane
structure. The numbers were calculated as a sianlemetic average; the sum of the
numbers of holes divided by the number of ev@n#s similar calculation follows, based

on the data collected for this high bypass turbetaniy".

Module | # Total | Average # events Average| # nacelle-| Average #
events | holes | holes/holing] where | holes/ | uncontained holes/
which | from | event debris | event events nacelle
made | holing struck | with uncontained
holes in| events airplane | debris event
airplane (hole or| striking

dent airplane
resulted)

Farf” 1 37 1 37 1 37

LPC - - - - - - -

HPC/IPC| 7 44 6.3 10 4.4 13 3.4

HPT 9 142 15.8 11 12.9 12 11.8

LPT 6 82 13.7 6 13.7 7 11.7

Table 4.4; Average Number Of Holes Made By Smalyjfrents (includingicochet

events)

2 Since the distribution of number of fragments @ppeo resemble a geometric distribution, this
approach to calculation of an average may notdtésstally correct. However, the simple arithmetic
average has been retained in tables 4.4 and 4ltot comparison between this report and referéce
L Events where data was not available on hole carmetsiot included in the denominators. Nacelle-
contained events are not included. Holes maderigg land intermediate or undetermined fragments or
static external structure are not included; hdtesigh honeycomb sandwich construction or fibegylas
fairings are not included.
22 Since this is only one event, general conclusinag not be appropriate
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Note: Two of the three LPC events were nacelleaioatl. The number of holes was not recorded for the
third LPC event and so no statistics could be dgad. Note that debris strikes the airplane ingtieat
majority of nacelle-uncontained events.

The results of table 4.4, using average numberotéshper holing event, are broadly
similar to those of reference 2. Differences isutes may be attributed to the following:

. Table 4.4 uses a dataset confined to high bypagmesrdisk uncontainments.
Reference 2 used a mixture of high bypass and igads engines.
. Table 4.4 does not include holes in honeycomb sadvairings, whereas
reference 1 included all holes.
. The data used for reference 2 was complied in #te 1990s, and therefore
included very few second-generation events. Figstegation engines produced more
holes per event than did second generation engasessen in Figure 4.6.
Table 4.5 shows the difference in statistics ifttiree ricochet events are not included.

Module | # Total | Average # events Average| # nacelle{ Average #
events | holes | holes/holing| where | holes/ | uncontained holes/
which | from | event debris | event |events nacelle
made | holing struck | with uncontained
holes in| events airplane | debris event
airplane (hole or| striking

dent airplane
resulted)

Fan 1 37 37 1 37 1 37

LPC/IPC| - - - - - - -

HPC 7 44 6.3 10 4.4 13 3.4

HPT 7 32 4.6 9 3.5 10 3.2

LPT/IPT | 5 20 4 S 4 6 3.3

Table 4.5; average number of holes made by snaihfients (excludingcochet events)

Comparison of the reference 2 results with Tabke (average number of holes per
holing event) shows greater differences than faol& 4.4. This is because reference 2
did not discriminate between ricochet events ahdrog¢vents.

For non-ricochet events, the HPC, HPT and LPT haeeluced very similar average
numbers of holes.

Care is needed in selecting the appropriate “aedraghen estimating the expected
number of holes. If the “average number of holeshmding event” is used, that assumes
that the energy of the debris was sufficient toehtile airplane, and excludes disk
uncontainments which have released low energy sleliteference 2, for instance,
omitted the events which left no holes in airplateucture and therefore resulted in
statistics which were unrepresentative of disk mt@oment experience as a whole.

4.6.3 Effect Of Structure Impacted

The airplane is not constructed of uniform skirckiness and materials. Some skins are
much more robust than others; for instance, wing shay be 0.25” aluminum, and
empennage skin may be less than one-tenth th&n#ss. A simple count of the number
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of holes (as above) does not take into accountabestness of the structure which was
holed.

4.6.3.1 Results- Small Fragments Holing Structure

Figure 4.7 shows the kinds of structures which vieed by small fragments, where this
data was available. Each bar represents the nuofitberles per event through each type
of structure. The events involving disks ricochegtoff the runway are clearly identified
(diagonal stripes); they are not considered typp¢dhe data as a whole.

Number of holes per event through each type structure
Nacelle-uncontained disk events; small fragments only. Excludes holes through honeycomb sandwich/ non-
metallic. Data from 33 events; 9 events had no holes through aluminum skin. Total 298 holes
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Figure 4.7 Skin thickness vs. holes per event
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Number of holes per in-air event by structural thickness
Nacelle-uncontained disk events; small fragments only. Excludes holes through honeycomb sandwich / non-
metallic. Data from 19 events; 4 events had no holes through aluminum skin. Total 119 holes
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Figure 4.8 Skin thickness vs. holes per eventjrieagents only

Figure 4.8 shows the same data, but without thgroond events. There is a visible
inverse relationship between the thickness of theeire and the number of holes.

Figure 4.9 compares the number of holes with thaber of fragments which struck

airplane structure and left witness marks, butrditimake holes. The number of holes is
very much less than the number of impacts. In ottands, although disk uncontained

events generate a large number of secondary smagjménts, most of these have
insufficient energy to hole structure.
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Witness marks on airplane from disk burst
Nacelle-uncontained disk events; small fragments only. Excludes holes through honeycomb sandwich and non-
metallic structure. Data from 22 events; 6 events had no holes through aluminum skin.
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Figure 4.9 Holes and other witness marks
Excludes events where dents were not documentdd.tNe log scale on the vertical axis

Holes and dents in first layer of airplane structure
(summed over all 33 nacelle uncontained events with data. Dent data is incomplete). Small fragments,
excludes holes through honeycomb sandwich and non-metallic
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Figure 4.10 Ability of structures to resist impact.
Each bar represents the impact marks to a givahdi structure in one event. Note the log scaléhen

vertical axis.
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Figure 4.10 shows that the number of dents corafilié?f exceeds the number of holes
for many different structures; even the lightestiures resist impact by many of the
small fragments.

Proportion of fragments holing the first layer of airplane structure

Small fragments, nacelle-uncontained, excluding honeycomb sandwich.
Vertical line shows variation from one more or less hole
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Figure 4.11 Ability of structures to resist impacdfio of holes to impacts
Vertical lines show the effect of having one moréegs hole in the first layer . Chart uses 44®&eind
8700 dents to develop ratios.

Figure 4.11 gives the ratio of holes to all imparks, aggregated over all events. This
may be used to compare relative frequencies ofshede dents for a given structural
thicknes§*. This approach does neglect many variables suctifferences between
individual events, but it provides a useful senseetative magnitudes, such as “between
80% and 90% of small fragments hitting .08” alunmmalloy will not make a hole”.

4.6.4 Damage done inside the hole- Results

The presence of a hole in the airplane structues ot necessarily mean that the small
fragment passed through the hole or that it hadigimoesidual energy to damage
systems inside. A more detailed review of the dasrdane by small fragments to
multiple layers of structure or to systems withirusture is presented bel&w

e Pressurized fuselage skin varies in thickness tygoically .07” Al, up to local

structure of 0.25” thick Al. There were 7 eventsanhsmall fragments made holes in
fuselage skin, with a total of 15 holes. Two ofstasmall fragments continued on and
damaged air ducts inside the .09” aluminum fusetkiy® the remainder did not cause

% Note log scale on vertical axis

4 The apparent relationship between structural tiésk and % fragments stopped is not what would be
expected. There are numerous confounding factocs, as variation in reporting non-holing impacts,
variation in incident angle, variation in physiceture of fragments, which prevents a controlled
comparison (as in a laboratory experiment).

% Excluding ricochet events.
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any damage to systems or structure inside the 6kin.of the two fragments passed
through both walls of the air duct, dented the wék second air duct and lodged against
a honeycomb sandwich cabin floor. The other fragrpassed through only one wall of
the air duct. The construction of the air ductsasrecorded.

e Wing skin is typically 0.125 aluminum; thicknessa® be up to 0.25 inboard of the
engine. There was one event in which small fragmeratde 2 holes in a single layer of
wing skin. No small fragments are recorded as lgoking skin and then doing further
damage.

e Access doors and panels are typically .08” alumintinere were six events in which
small fragments made holes in access panels and,duith a total of 13 holes. In one
event, a fragment passed through the .06” alumipanel skin and damaged the
reinforcing web inside.

e The wing leading edge — aft of the slats or fldqps,forward of the front spar —is
typically 0.1” thick aluminum. There were seven mgerecorded where small fragments
made holes in the wing leading edge, with a tat&@4oholes. In one of these events, a
small fragment continued up to make exit hole thiothe top of the leading edge (.09”
aluminum).

e The wing leading edge and trailing edge controlas@s are typically of light
construction such as .04” aluminum. There wereéghts/where small fragments made
holes in these surfaces, for a total of seven héilesne case, a fragment made a hole
through a 0.125” thick surface and then continuedoopass through an equivalent
thickness upper surface.

e The empennage is typically .02” thick aluminum skiweted to .02” thick doublers.
There were five events in which small fragmentstdhe empennage skin, with a total
of 63 holes. Twelve of these fragments had sufiiciesidual energy to pass completely
through the empennage — through a second lay®adb..04 aluminum. In two cases the
fragment also dented and bent %" diameter staiskesd hydraulic lines in transit .
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Proportion of holing fragments which damaged second layer or internal

system
(small fragments, Nacelle-uncontained disk events, includes ricochet events)
Vertical line shows variation from one more or less system damage.

0.5
0.45
0.4
0.35
0.3
0.25

0.15
0.1
0.05 .
*
0 1 i i i i
0.02 or .021to .041to.06 0.061to .081to0.1 .101to

less 0.04 .08 0.13

Thickness first layer, inches aluminum

/ number first layer holes

# damages to system or second layer

Figure 4.12 Damage to a second layer of struchyemall fragments

The results of Figure 4.12 are very consistent Withobservation of Reference 2 that
only 10% of fragments which make holes are ableatese damage to systems inside.
Figure 4.11 showed that a first layer of .08” aloom (similar to fuselage pressure skin)
provides enough energy attenuation that betweena®8®®0% of small fragments do
not make a hole in the skin. Figure 4.12 showsdh#te small fragments making a hole,
80% to 90% of them are unable to damage a secgadda structure or a system. In
summary, a layer of .08 aluminum provides suffickemergy attenuation to protect
against systems damage for at least ¥asfsmall fragments.

% Up to 20% of the fragments hole the first layenefi up to 20% of those damage a system inside.*20%
20% is 4%; so 96% of the fragments did not makela &nd damage a second layer. Cross check: there
were 8700 witness marks overall , and 27 of thdldnagments went on to damage a system inside or a

second layer — less than 1%, aggregated overgéttakin thicknesses.
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4.7 Large Fragment Impacts To Airplane Structurent Disk Uncontainment

There were a number of events where large diskepié@ heavy airplane structure and
were either stopped or deflected. Wing skin, anel Wing fixed leading edge and
associated cables and ducts, appeared to haveagaprexiable ability to stop or deflect
large disk pieces, so that it effectively shieltleel fuselage in many cases.

Table 4.6 presents the available data on impacteeaving by large and intermediate
fragments, and the results (the events are rankse\erity of the result).
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Date Fragment Structure hit Surface Surface Fragment Fragment
damage, puncture, no | embedded in passed
no hole pass through | wing through
wing
completely
1970 HPT2 .95 Al 7075 wing skin X
Intermediate
1976 HPC13 disk rim,| Wing skin X
intermediate, 9”
long
1993 HPC6 disk, exact Wing skin, deep gouge X
size unknown
2000C | LPT 4 disk large| Lower wingskin outboard of | X
(25% of disk), engine 0.95” 7075
~251b
1977 HPC16 disk rim,| 0.29 to 0.37 Al 7075 wingskin X
size unknown
1991 HPTL1 disk large, Lower wing skin, .25" Al X
likely 1/3 disk
1992 HPC14 disk Lower wing skin X X
large
1977 LPT1 disk, Embedded in wing leading X
large, 25% of edge inboard of engine
disk, 25 Ib
1981 LPT1 disk , Front spar lower cap bent, X Embedded in
large, 25% of stiffener destroyed, front spar leading edge
disk, 25 Ib web gouged, tee gouged 0.6”
deep, doubler deformed, front
spar upper cap gouged, uppe
wing skin and support rib
(both 0.125 7075) holed
.125 Al 7075 Wing skin X
2006A | LPT1 disk large | Wing fixed leading edge X Embedded in
25% disk underside .125 Al 7075 leading edge
2006A | LPT1 disk large | Wing inboard of engine X
25% disk, 25 Ib
2006A | LPT1 disk large Lower wingskin X
1985C | LPT1 disk, large| Wing skin, 1.1 2024, mid-spat X Fragment hit
20% of disk, 18 | web, 0.62 7178, upper wing wing “point-
Ibs skin, 0.9 7075 on”
2000B | HPT1 disk large,| Lower wing skin, forward spal X
30%, 61 Ib web, wing upper skin
2006B | HPT1 disk large| Fuselage, keel beam, wing X Wing X L/H wing Note: given the
(2/3 disk) lower skin (.25” Al), Opposite | gouged Access panel damage to the
engine pylon sidewall .103 punctured keel beam, if
2024, and diagonal brace(2.8] R/H wing this piece had
diameter tube), exhaust nozzle skin been directed
wall (CRES honeycomb) punctured toward the
wing it might
Ram air inlet duct , piece have gone
HPT1 disk , embedded completely
large, 20% disk through it.
Table 4.6 Shielding Effect Of Wing Against Largel Amtermediate Disk Pieces
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4.8 Damage to airplane systems

Table 4.7 summarizes the events where fragmentagkanunrelated systems, to the
extent that airplane controllability was immedigtetduced, or would have been, had the
airplane been airborne at the time. Damage to mystehich did not affect the ability of
the airplane to sustain short-term controlled tli¢gng. damage to ECS systems; damage
to a second engine which did not affect thrustj feaks) is not included in the table.
Figure 4.13 shows photographs and sketches ofttaion of the system damage with
respect to the failed engine.

1969 2006 HIGH BYPASS COMMERCIAL TURBOFANS 49



AlA Report On High Bypass Ratio Turbine Engine Oniained Rotor Events
And Small Fragment Threat Characterization Vaum

valve cable and emergency shutoff cah
slat extend/retract pressure line, droop

€,

leading edge slat retract cable

Year Airplane | Fragment System damage Location dange Distance from
engine centerline
(in nacelle
diameters)
1977 Early Intermediate (45 Cable severed; uncommanded flap Wing leading edge 0.8
widebody| degrees or 26” | retraction on that wing inboard of engine (#1 r/h
piece of rim) slat 8" track inspection
door)
1981 Early Large (25% of | Cables controlling engine power lever | Wing leading edge 0.7
widebody| disk) pylon fuel shutoff valve, outer wing l/e | inboard of engine
slat, hydraulic systems 1 and 3, fuel
guantity indication system wiring
1981 Early Large 3 of 4 hydraulic systems damaged, |“S” ductinletto engine | 1.0
widebody rudder trim cables severed or jammed
1985 Early Large Droop leading edge retract cable severégading edge panel 0.8
widebody #3 hydraulic suction line fractured in | immediately inboard of
leading edge droop leading edge
1989 Early One small, one | All 3 hydraulic systems severed Right horizontabditzer | 1.7
widebody| undefined (not a
disk piece)
2006 Early Large, 20% disk| #3 hydraulic system, pylon fuelteffu | Wing leading edge above 0.5
widebody valve cable , throttle cable, fire shut-offl nacelle

Table 4.7 Events With Systems Damau¢hich Reduced Airplane Controllability.

2" Beyond the systems functional loss associated tithengine not operating
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Figure 4.13 Examples of events where disk burstitexs in systems damage which
reduced airplane controllability

RBOFANS 51




AIA Report On High Bypass Ratio Turbine Engine Oniained Rotor Events
And Small Fragment Threat Characterization Vauln

4.8.1. Systems Damage- Results

Six events were identified where the disk uncomeint resulted in damage to airplane
systems (beyond the affected engine) which wouldcafairplane controllability. All of
these events occurred on early-design widebodyaaieg®. In the case of the four wing-
installed engines, the systems damage was alwaysiwing leading edge, immediately
inboard of the affected engine (within one nacealiameter of the affected engine
centerline.) In each case, there was damage todiieols for one or more leading edge
slats, and the damage was caused by a large didcsko

In the remaining events, on tail installed engirthsre was damage to multiple hydraulic
lines adjacent to the affected engine, within 2ellacdiameters of the affected engine
centerline. In one case the damage was causedsimalh fragment and an undetermined
fragment (likely of intermediate size). In the atlease details were not available.

4.8.2 Systems Damage - Discussion

The results above illustrate that the greateslitiked of systems damage is where systems
are closely grouped, in the plane of the disk, withne or two nacelle diameters of the
engine centerline. In each case, either the damgdagagment was large (e.g. 20% of the
disk) or the intervening structure was lightwei¢R” to .04” Al.)

% Designed before publication of AC 20-128.
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4 9 Installation effects
4.9.1 Results — small fragments

Number of holes in airplane structure per disk event

Wing vs. Tail installations
Nacelle-uncontained events. Holes made by small fragments beyond the affected nacelle/pylon; excludes
holes through honeycomb sandwich. Data was available for 33 events

100
90 M EWing installation
O Tail installation
80 1 v Ricochet from ground event
(Only occurred for wing installations)

c 70
(]
5 - 8 wing events with no holes
5 60 1 2 tail events with no holes
o
-
c
>
o
o
Q
o
T

Figure 4.14 Number of holes in airplane structurada by small fragments
Effect of installation position. Each bar repretenne event.

Figure 4.14 shows more holes for tail installatitimzn for wing installations, based on a
very small number of tail-installed events (andisgtaside the three ricochet evens
The number of tail-mounted engines forms a verylispat of the high bypass turbofan
fleet. This result appears reasonable; the tarffjetedl by the empennage appears to be
relatively larger than the target offered by thengéifuselage, based on visual estimates.
Furthermore, the empennage skin is of considedaiityer construction than typical wing
skin (.02 aluminum compared to .25 aluminum isd¢gpi and would be holed more easily.
However, the number of tail-installed events wasltov to establish a statistical difference
between the hole counts for wing and tail instedfe.

4.9.2 Results — large fragments

There is some evidence that the nacelle strucspesifically the stiff supporting structure
of the cascade-style thrust reversers, may have sdifity to contain or partially contain
significant pieces of disk. There is also some enat that large disk pieces may be
deflected by very stiff structural elements suclhigé pressure air ducts, engine mounts
and pylon structure rather than cutting througmth€able 4.8 itemizes some of the
relevant events. These are only examples; theralsoecounter-examples of large
fragments holing nacelle structure or heavy airplstnucture which have not been

% Ricochet events have only occurred on wing inestiaihs.
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tabulated here. The results show an opportunityuidher investigation, rather than any
firm conclusion that large fragments will always will never, be deflected or contained.
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Date Spool Disk fragment Structure impacted
1974 HPC 270°, 90° fragments 270 and 90
fragments contained
by nacelle, small
pieces escaped
1976 HPC 7" Rim piece Struck bleed
manifold; contained
by nacelle. No
pieces escaped.
1977 HPC 4x 90° rim 3 of the 4 pieces
fragments contained by
nacelle, one exited
1979 HPC 180°, 40°, and 140%arge pieces
of disk contained by
nacelle, small (1)
piece escaped
1983 HPC 180° disk Contained by
nacelle. Another
fragment hit strut
thrust frame
assembly, broke
bolts (did not cut
through frame).
1983 HPC 3 x120° fragments All pieces contained
by nacelle. One
piece struck mount
link, link gouged
but not severed.
1985 HPC 45° rim fragment Fragment
struck/deformed
pylon thrust link ang
was deflected
1992 HPC Damage consistent “interaction with the
with 3 equal pieces | nacelle and engine
piping deflected the
fragments”
1993 HPC Unknown, parts not Disk fragment
recovered bounced off lower
wingskin
1995 HPC Multiple 120° All pieces contained
fragments by nacelle
1995 HPC 90°, 45 rim pieces, | 150° Piece of stage
90°, 45° bore 8 spool, bore + rim,
pieces, one bore/rimp contained by
piece of 150 reverser
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Date Spool Disk fragment Structure impacted

1997 HPC 3 pieces Contained by
nacelle

1981 HPT Whole disk Hit left side lower

pylon spar which
buckled 1 1/16”,
disk deflected
1991 HPT 6 firtree rim piece 5 firtree piece
contained by
nacelle, 1 firtree
released

1977 LPT 180° fragment Half disk piece
contained by
nacelle, other half
exited

1981 LPT 45° fragment Fragment hit edge
of pylon, deflected
90 degrees (paralle
to pylon floor)

2006 LPT Consistent with tri-| Large disk fragment
uncontained event | hit pylon, deflected.
Other pieces hit
wing skin lower
surface, deflected.
2005 HPC Bore-rim fragment,| Nacelle-contained,
all of the disk rim hit engine mount
Table 4.8 Containment/ Deflection Of Disk FragmeBysStructure

(not comprehensive)

14

4.9.3 Discussion
It is not possible to determine from the evidendether tail installations are more or less
likely to have airplane damage than wing instadiadi

The events cited in table 4.8 suggest that thesiclasmplifying assumption — that large
disk fragments have effectively infinite energy aytbe overly conservative. The nature of
the local nacelle structure and configuration hammay have an effect on disk fragment
energy or trajectory

In addition to the considerations above, the issfiestructural damage leading to
inadvertent in-flight thrust reverser deploymens leen raised as a concern in various
forums. Analysis of this scenario, supported bydfievent data and engine test data,
strongly suggests that if a reverser deploys a®saltr of that engine having a disk
uncontained event, the likelihood of significantverse thrust resulting is minimal.
Appendix 4 contains the details of this discussion.
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The issue of an engine departing the airplane @s@t of disk uncontainment has also
been raised as a concern. This could occur asut aéhigh unbalance loads or as a result
of a disk fragment striking the engine mounts e@r plylon. Table 4.8 gives some instances
of a large or intermediate fragment being defledigca mount link or by the pylon, but
there is no guarantee that this would happen imyewase; the mount link or the pylon
might be damaged so that the engine could depaditplane.

The airplane-level effects of the engine departimg airplane are greatly influenced by
whether the engine is producing thrust at the manoénseparation, for high bypass
turbofans. Events (unrelated to disk uncontainmehgre the pylon failed, and the engine
departed under thrust, have historically includedndge to the wing leading edge and
difficulty with airplane control. An event where ghengine departed after a disk
uncontainment was more benign, and the engine dbmway from the wing with
relatively little secondary damage.

4.10 Small Fragment Masses

Small fragments were retrieved from inside the laimp for a limited number of
uncontained rotor events. The debris from thesgersevents included disk fragments,
blade fragments and ancillary hardware. Most eveitsiot have fragments retrieved from
inside the holes. The masses of these small fratpnehere available, are summarized in
figure 4.15 and figure 4.16; a detailed accouneadh collected fragment is provided in
appendix 9.

Debris collected from the ground was not used i@ assessment since the paths taken by
those fragments could not be established, and & mat clear whether pieces hit the
airplane and bounced off, were released in direstwhich would not hit the airplane, or
had insufficient initial energy to hit the airplamed fell out through the hole in the
cowling. Using the fragments collected from insible airplane ensured that the fragments
were relatively high-energy (since they were ablenaike holes in structure).

4.10.1 Small Fragment Masses - Results

Figure 4.15 shows the absolute mass of the fragmetnéved from inside the airplane,
each bar representing one fragment.

Figure 4.16 shows the fragment as a percentagebte#fde airfoil (relating the data to the
guidance given in AC 20-128A, which advises thanzall fragment be modeled as the
outer half of a blade airfoil, or in the case d&aa blade, the outer 1/3 of the airfoil.)

For both charts, the fragments collected after esvamvolving disk ricochet are shaded
with a diagonal stripe, and the fragments whichoageanied a large disk piece into the
airplane structure — in other words, the large @ieade the hole, and small pieces were
retrieved from inside the hole — are shaded blsgkhat they can be distinguished from the
remaining data (shaded grey).
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Small Fragment masses collected from inside airplane
Excludes Fragments derived from static structure

B fragment accompanied large
disk piece into airplane structure

] Small fragment engine-to-airplane
trajectory

V772 Small fragment ; disk piece ricochet
off runway
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Figure 4.15 Masses of small fragments retrievedifioside the airplane
Masses of small fragments collected from airplane holes
Excludes Fragments derived from static structure
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Figure 4.16 Normalized masses of small fragmeritgexeed from inside the airplane

4.10.2 Small Fragment Masses -Discussion

The masses of fan blade fragments, based on thtedinavailable data, appear to be
significantly less than 1/3 of an airfoil.

The absolute masses of collected HPT and LPT fratgrere similar, in other words the
long LPT blades break up into more fragments thanshorter HPT blades. The very short
HPC blades do not break up to any significant axtdse HPC airfoil and blade platform
may stay in one deformed piece. This suggestsusiag a set fraction of an airfoil as a
fragment model may not be physically realistic.
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It is clear that HPT ground events with ricocheémerate more fragments with higher
masses than events without ricochet . These highsrfragments were the fir trees of
HPT blades, rather than pieces of HPT airfoil. HPPTrees have only been collected from
holes in the airplane after disk-ricochet events.

It also appears that LPT fragments generated othiet events may have higher masses
than non-ricochet events.

4.11 Fragment release speeds

4.11.1 Small Fragment Speeds - Previous work

Understanding of fragment speeds and energies bams bBvolving over time. Early
observations were based upon a limited number eftsy as additional data has become
available, it has provided new perspectives aratradtive interpretations of the evidence.

4.11.2 Large Disk Fragment speed -results

As noted above, technical opinions have variedrokgg the speed with which fragments
leave the engine. In an effort to understand thease speeds of small fragments, the
release speeds of large disk fragments were asiseBise disk uncontained events were
reviewed to establish whether the speeds of thye ldisk fragments could be deduced from
the evidence collected. In many cases, there wasnough evidence to establish the track
of the disk fragment with regard to the airplanewdver, 17 events had enough evidence
to allow an estimate of the speed at which one arerof the large disk pieces departed the
engine. This includes the 12 nacelle-contained antiglly nacelle-contained events for
which details were available. The details of thislgsis are documented in Appendix 7.
The results are summarized in Figure 4.17 (pattebaes). Figure 4.17 also shows, for
comparison, the tangential speeds of those fragjast before the burst event, based on
measured engine parameters (rotor rpm) and onatfias from engine centerline of each
fragment centroid.
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ESTIMATED VS THEORETICAL DISK FRAGMENT VELOCITIES
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Figure 4.17 Velocities of large disk fragments stape from nacelle
Note: Fragments with zero or near-zero speed aotgdl with 10 ft/second as a visual aid.
Events are ranked by estimated actual speed.

4.11.3 Discussion Of Large Fragment Estimated Speed

The quantitative assessment of disk fragment relgakcities has produced a significant
step towards understanding the engine casing eradrggrption during uncontained disk
failures. However, it is recognized that not alltbé disk fragments from these events
could be located, and so the range of fragmentcitede could not be estimated for every
event assessed. It could be argued that the fraigmdnich were not found might have had
higher velocities. It is also recognized therdinsited data, in terms of the number of
events assessed, for the HPT, LPT and Fan disk lemdand so the data may be
influenced by statistical variation between evestsl by different event circumstances.
With respect to the tangential velocities measudreth the disk release events, and the
energies estimated from the fragments retrieved,daita will need to be reviewed against
the Phase Il energy results from the structuraésseent to determine if there are any
significant differences before design assessnemmimmendations are made .

Based on the limited dataset available, it is ctbat these large disk fragments departed
the engine with much lower velocities than theg-purst tangential velocity (i.e. the speed
based on the distance from engine centerline offrdigment center of gravity and the
engine operating rpm for that rotor immediatelydoeffailure). It can be seen from the
chart that most of the fragments analyzed wereutatked to have velocities, following exit
through the engine casing, of less than 1/3 thes-bprst tangential velocity . This
difference demonstrates the existence of a meahafus slowing down the rotor in the
course of disk burst and non-containment. The mesha may involve momentum
transfer between rotor and stationary componeefgyhation and fracture of the rotor and
stator, and local melting of friction surfaces.
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These results are likely to be relevant to detemgirvalues for small fragment speeds.
Small fragments become detached from the disk duttre burst process. They would
likely have rotational speeds (rpm) similar to Ergr intermediate fragments; their
tangential speed may be somewhat higher than fHatge disk pieces, because they are
further from the engine centerline prior to thduee event. (This might be offset by the
blades being the first elements to encounter abdagainst the casings, so that detached
fragments had proportionally more energy absorpdocur.) Table 4.10 estimates small
fragment velocities based on the large fragmenboies, ratioed for the increased
distance from engine centerline.

Given that the fragment energy is proportionahi square of the speed, it can be seen that
a fragment released with 1/3 the pre-burst tangkmglocity would have 1/9 of the pre-
burst energy. The implications for expected smadiginent kinetic energy is very
significant
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5.0 Qualitative Discussion Of Small Fragment Energy

5.1 Small Fragment Energies — Trajectories Andéaséd Masses

Fragment kinetic energy is proportional to the fnegt mass M and to the square of
fragment velocity, V.

The masses of collected small fragments, M, asusisa in section 4£8 are generally
somewhat lower than the guidance of reference 8efexfor the HPC, which has the
smallest blades in the engine). The data suppatisgoint is summarized in table 5.1.

It should be noted that the data in this table, mnthble 5.2, relates to the very limited
number of events for which such data was availdbldata had been available for more
events, the results might have been different. ddta in these tables may or may not be
representative of the larger dataset of all diskomtainment events.

Spool Fan HPC HPT LPT
Mass range of .06t02.3 .008 to .03 .001 to .09 .008to .17
collected fragments | (1 event) (1 event) (2 events) (2 events)
(Ib) (excluding Mean=0.7 | Mean=.02 Mean=.016 Mean=. 012

ricochet events)
Fragment mass 1% to 20% | 80% to 300% | 1% to 30% 4% to 85%
range as % of a Mean=6% | Mean=170% | Mean=6% Mean= 9%
single airfoil mass

Mass range of No events No events .035t0.25 |.008to .17
collected fragments (one event) (one event)
(Ib) (ricochet events Mean =0.16 Mean =.04
only)

Fragment mass No events No events 22% to 156% 4% to 85%
range as % of the Mean =99% Mean =19%

airfoil mass (ricochet
events only)
Classical small 33% 50% 50% 50%
fragment model (1/2
to 1/3 airfoil)

Table 5.1Fragment Masses — Collected Fragments

The likely ballistic velocities V of small fragmenin these events, based on the estimated
ballistic velocities of larger pieces in sectiof,4are significantly lower than would be
calculated from conditions immediately before buféte data supporting this point is
summarized in table 5.2. In table 5.2, the fragnspeted for the large fragment is ratioed to
the radial center of gravity location from whicletsmall fragment would originate, to
develop “equivalent” small fragment speeds.

% Detailed tabulation of collected masses is giveagpendix 9
31 Recall, as stated in 4.8, that these were therfeags which were collected from inside holes in the
airplane.
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Spool Fan HPC HPT LPT
Calculated post-burst158-197 | 0 to 250 0 to 240 0 to 300
large fragment (1 event) | (11 events) (3 events) (2 events)
velocities (ft/s)

Equivalent post- 480 10-40 13-320 15-430

burst small fragment
velocity range (ft/s)
Pre-burst tangential | 1120 1060-2680 990-1400 750-1130
velocity range for
small fragments (ft/$
)
Estimated velocity | 58% 85% 77% 62%
loss during burst
(small fragment)
Table 5.2 Fragment Speeds — Extrapolating From edarg Small Fragments

Consideration of these two factors, mass and sg@ees some insight into the energies of
small fragments compared to the “classical” snraljinent model, as shown in table’s.3

Spool Fan HPC HPT LPT

Small fragment energy range 216-8280| 0-1 0-144 0-490
derived from tables 4.9 and 4.10
(observed data, excluding ricochets)
(ft-1b)
Small fragment energy based on | 78400 87- 560 2450 - 918f 880-1995
pre-burst speed and %2 to 1/3 airfai
mass (classical model) (ft-1b)
“observed data” maximum energy| 10% 0.2% 1.5% 25%
as % of “Classical model” energy
Table 5.3. Small Fragment Energy Estimates

Table 5.3 shows that even the highest small fragreeergies derived from the observed
data (excluding ricochet events) are very much tdian the energies assumed in the past.
The dataset used to derive these small fragmemngiesavas necessarily limited, and likely
did not capture the full range of possible energigse table does strongly suggest that
previous assumptions regarding small fragment eeegiould be re-examined.

There is further independent evidence on smallnfiexg energies; based on the observed
damage to aircraft structure. This corroborativielenwce is addressed in section 5.2 below.

5.2 Small fragment energies — penetrations of afitcstructure
Table 5.3 suggests that small fragment energieslbraaan order of magnitude lower than
previously assumed. In order to explore this pd#sibthe damage by small fragments to

32 Small fragments were collected from holes in tinglane for eight events. Estimates of large fragme
speed were possible for 17, different , events.résalts of table 4.9 do not represent any oneifipevent.
Kinetic energy was calculated using the formula /23 V? /32.
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known airplane structure was analyzed. The coneeptto back-calculate fragment energy
based on the observed damage (e.g. a hole throgigieraskin thickness) .

A review of the literature showed that the expentaédata relating ballistic energy to skin
thickness had considerable disagreement betweeatisiet® the point that it could not be
used for this purpose. The experimental resultdalieved to be very sensitive to the test
set-up and to the projectile shape.

It was therefore decided to derive the fragmentggn damage a given skin thickness by
DYNA modeling. Initial DYNA runs showed that the toome was very sensitive to the
presentation of the fragment at the instant of ichpA corner-on impact would allow
penetration by a much lower energy fragment th#aca-on impact. For example, initial
modeling showed that the fragment orientation atrttoment of impact could change the
energy required to just make a hole from 8.5 f{dbrner impact) to 174 ft-lb (face
impact). Since the presentation of a fragment which magieen hole in the airplane was
not generally known, this observed sensitivity dutait a deterministic matching of each
structural hole to a known energy required to ntala¢ hole.

Preliminary results of the modeling indicate the energy required to just hole a .04 sheet
of 2024 Al is between a few tens and a few hundtdd, depending on trajectory and
orientation. Referring back to Figure 4.10 andl4il has been shown that for all disk
uncontainments aggregated, approximately 10% ofsthall fragments impacting .04”
thick aluminum airplane skin have sufficient enetg make a hole. This would imply that
90% of small fragments have energies less thariféwe tens to few hundreds of ft-Ibs”
range This result is very consistent with the “observdata” fragment energy ranges
presented in table 4.11, and corroborates thatl Sna@ment energies may have been
overestimated in the past.

5.3 Phaselll

The work presented above provides insight intolitedy energies of small fragments. It
does not address the highest energy small fragmethisse which made holes in structure,
passed through the holes and still had residuatikienergy. Further analysis is planned in
phase II of this project, which will address thssue. The approach is to develop a
probabilistic model as follows:

As noted above, the orientation of the fragmentrgact is unknown for the majority of
holes and dents. A wide range of fragment enepetd have resulted in each individual
hole or impact mark. However, the holes and impaatks in airplane structure often
appear in groups rather than as single impactseTdre typically enough impact marks to
safely assume there was a random fragment orient&t the time of impact. The energy
distribution of the group of fragments will combingth that random fragment orientation
to result in the observed group of holes and dents.

% Preliminary modeling by a manufacturer, approxin@an HPT blade airfoil. 0.04 Aluminum target,
model fragment approximated an HPT airfoil sectlmeing a rectangular prism weighing 0.1 Ib and with
dimensions 1.7" x 0.17" x 1.2".

% The fragments released during a disk burst arevkrio be tumbling. The fragment element closest to
engine centerline had a different tangential v&joitian the fragment element furthest from engeerline
— so the fragment has some angular momentum wisepdrates from the rotor assembly.
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This allows the use of a statistical approach inviey fragment energies, addressing a
population of fragments rather than a single fragime

Computer modeling, such as LS-DYNA can be used todegh impact dynamics.
Appropriate, realistic material failure modes cansklected for the modeling process based
on photographic evidence of the holes after a Oislst event (provided in appendix 9).
The computer modeling can be used to derive theagiibty of penetration by a given
fragment and with a given target structure, asnatfan of fragment energy. The result is a
probability of penetration, rather than a deterstini“does/does not penetrate” because of
the random fragment orientation at impact.

Once fragment penetration probability is known dsrection of fragment energy (referred
to as the orientation function from here on), tregient energy distribution for a given
event can be approximated using an iterative, nigaleapproach. A trial energy
distribution can be hypothesized, the orientatiamcfion can be applied to it, and the ratio
of holes: total impacts for that energy distribatman be calculated. This may be compared
to the actual observed ratio of holes: impacts tfe event, and the assumed energy
distribution fine-tuned until the calculated andsetved ratios match.

Phase Il of this work may also investigate the @ftd fragment trajectory incidence upon
penetration of a skin.
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6.0 Discussion
6.1 Previous studies

6.1.1 Engine —level reports

In 1974, the NTSB published NTSB-AAS-74-4, “Specsldy — Turbine Engine Rotor
Disk failures”. This was primarily focused on lowdass engines, but did include six (first
generation) high bypass engine events. The NTS&ysatcommendations focused on a
goal of disk containment.

In 1977, a seminar was hosted by MIT to addresknieal consideration for turbojet
engine rotor failures (Reference 3). It includedraportant paper by D McCarthy of Rolls-
Royce presenting event rates, observed disk fragmen patterns, fragment sizes,
weights, energy, and debris spread angles for Rdléet (1950 — 1976). The data in this
paper was critical to the early development of temodels.

G Gunstone of the CAA also presented a paper shypwirerall and disk-burst non-
containment rates (1966-1975, worldwide data) andng some indication of flight
phases. This paper provided the original thougbtess for the “1 in 20" certification
requirement for airplane design against disk butstlearly states that the intent was to
limit the chance of a catastrophe occurring to iagplane as a result of being struck by a
piece of disk to less than 1E-8/ airplane hdie logic path was as follows: The incidence
of uncontained events of all kinds was 1E-6/endinar. Approximately 1 in 4 of these
caused airplane damage outside the nacelle; tlgmifisant” uncontainment rate was
therefore established as 1E-6/ airpldrmair. In the interest of practicability and to &vo
undue conservatism in the analysis, a goal of 20idor a Catastrophic outcome was set
for the large disk piece. This goal was publishedhdvisory material by the regulatory
authorities, together with suggested design meagarmitigate against the systems effects
of disk burst, in 1981 (Europe) and 1997 (US).

The SAE published reports on aircraft engine comt&int; AIR 1537 (1962 through 1975)
and AIR 4003 (1976 through 1983). A third reportRA4770 (1984 — 1989) was prepared
but never published. Each of these (referencesotigh 6) provided a detailed analysis of
disk, spacer and blade non-containment eventss,raded causal factors, for the
commercial transport fleet. Data on airplane effeeas very limited.

Delucia, Salvino, Fenton et al produced a seriestafistical reports on “Aircraft Gas
Turbine Engine Rotor Failures” covering US commaraviation in the late 1980s. The
reports’ definition of “rotor failure” encompassetany kinds of turbomachinery failures,
and the reports are therefore less specific tontagwed events than the SAE reports.

6.1.2 Airplane-level consequence studies

The AIA CAAM committee (Continued Airworthiness Assment Methodology)
developed two technical reports at the requesh®fRAA, compiling data on a variety of
engine failure modes and associated conditiondbgitities (hazard ratios) of airplane
damage, including disk and blade uncontainment.s@h®vo reports covered the time
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periods 1982 — 1991 and 1992 — 2000, and addretteedvestern-built commercial
transport fleet (fixed wing). Event rates were olted as a function of airplane
departures. These reports are published by the FAA.

The FAA Hughes Technical Center sponsored and auateel collection of industry data
on engine uncontained debris and the airplane darefigcts, (conducted by the Naval Air
Warfare Center; Weapons Division — C FrankenberBeference 2) to support updating
Advisory Circular AC 20-128A. This is an importaantd relatively recent study, and merits
discussion in some detalil.

Reference 2 presented data for more than 60 comahém@nsport turbofan uncontained
disk and blade failures, 1961 — 1998, with appr@taty equal numbers of low and high
bypass ratio engine events. The analysis focusedetmis characterization, trajectory
angles and derivation of energy levels and bathmknesses/materials to protect against
debris. Reference 2 recommended further data tiolleto validate the assumptions and
analysis used to derive fragment energies and opaameters. This AIA study
implements this recommendation, and augments/ apdhte uncontained rotor events on
high bypass ratio engines, providing a broadergsats/e on the range of events.

Specific examples of issues in reference 2 whiockeh@ompted further study and fresh
insight, in this AIA report, include:

. Reference 2 used both low bypass and high bypass @haere is some question
over the applicability of low bypass data to higlpass engines; this AIA study uses high
bypass data only.

. The data used for reference 2 was normalized beidbécation in reference 2 and
the original database is not available; visibitfythe original data has been lost. This AIA
report affords greater transparency so that aduiticanalysis can be performed by
interested parties.

. Reference 2 did not use data from the less damayegts and impacts, although it
intended the data to be “representative”; the amltherefore reflected only the more
severe impact damage and the more severe evenéslimited information available to the
authors led to conclusions which appeared veryewdfft from the experience of accident
investigators, and this prevented the ARAC growmnfrreaching consensus in their work
on AC 20-128B. For example, Reference 2 conclubdaded on ten instances of fan blade
non-containment, that there was an average offlaaie damages per event and that 10%
of the fragments would cause system damage beymndftected propulsion system. This
report documents close to 150 forward-arc fan bladeontainments, only 30 of which
resulted in any airplane damage beyond the affeotszklle, and only one fragment
damaging a system beyond the physical envelopleechffected propulsion system. It also
documents 15 fan blade casing-uncontainmentsvénhath resulted in damage beyond the
affected nacelle, and with three fragméntsausing system damage beyond the affected
propulsion system. The larger dataset clearly leéadeery different conclusions about the
likely result of a fan blade uncontainment.

. Reference 2 did not differentiate between holesemadight aerodynamic fairings
and structures such as wing skin or pressurizesldge skin, nor did it publish data of the
construction of the airplane structure which wasetioNegative data- such as impacts

% Including, for this purpose, damage to windowssirag cabin decompression
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which did not hole the airplane — were not recordégsumptions were made regarding
typical structural thicknesses, which may not happlied to the specific event. This report
documents actual construction and skin thickneafesh were holed or dented.

. Reference 2 used the hole size to estimate thenéagsize (damage ratio), leading
to some very large estimated fragment sizes. Theabglancing impacts and fragment
tumbling in creating long tears in airplane skinuah larger than the fragment, was
mentioned, as was the difference between estinsited based on holes and measurement
of collected fragments. This difference was notatiriot resolved in reference 2; the AIA
report provides additional data on collected fragimeasses.

. Assumptions were made in reference 2 regarding dghergy absorption of
fragments in the uncontainment process; and fumdwk to validate these assumptions
was recommended. For instance, it was assumedthinamall debris exited through an
"existing hole in the engine case caused by a desknent”: and then lost 25% of its
velocity in holing the engine cowling. This AIA sty explores the fragment energies after
uncontainment of a disk; initial data suggests that small fragments lose considerable
velocity and energy during the uncontainment pre@gl that velocity loss may be in the
range of 60% to 90%; further work is planned tafyehis.

. Reference 2 did not have sufficient data availapte high bypass ratio HP
compressor events to draw conclusions regardingolkeof the thrust reverser in capturing
uncontained fragments, and recommended furtherargiseon this issue. This report
provides that data .

This AIA study implements the recommendation ofdating assumptions, and augments/
updates the uncontained rotor events on high bypss engines, providing a broader
perspective on the range of events. This AlA staidp provides a historical perspective on
the state of the art with regard to rotor bursiéss
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6.2 Probabilistic design goals

The 1 in 20 criterion, also recognized as a coomwl#i probability, for catastrophic loss of
the airplane following release of 1/3 disk (Refe® 9) was developed to assess whether
the airplane systems and structural design arecmuffly robust when analyzed for an
idealized 1/3 disk fragment. The analysis is basedonservative assumptions, and serves
as a yard stick against which the airplane desagnbe measured as a standardized case to
demonstrate acceptable capability or assess inatainehange effects. It is not an
analysis to forecast the airplane’s behavior f@ vast range of conceivable disk failure
scenarios. However, there is a demonstrated oakltiip between the conditional
probability calculated for certification, and thestorically observed behavior of the
airplane given disk failure events. Even though ¢hlculated numbers are not necessarily
identical which may include differing risk rates amg contributing factors, the first order
correlation between design predictions and semxperience has been borne out over time
—i.e. a very high design related conditional piolity of loss of the airplane suggests there
would be a high risk in reality.

Of the 58 nacelle-uncontained disk bursts in tlyh Hiypass ratio fleet, three resulted in a
level 4 (2) or level 5 (1) events. When combinirige tlevel 4 and 5 events which
corresponds to the range of Severe Hazardous &st@aphic, this represents an observed
hazard ratio of .052, near 1 in 20. It is recogdithat lumping level 4 events with level 5
provide a conservative data set as the basis.dditien, as mentioned in section XXX,
there here have been 2 additional disk failure &vérat occurred post 2006 which have
not been included in above calculations which woyleld 3 in 60. The 3 severity
classifications were due to:

. Multiple system damage by small and intermediagrfrents
. Ricocheting small fragments holing a fuel tank.
. Ricochet impacts by large and small pieces holirgd fanks.

This observed hazard ratio includes all the valitgteand physical complexity of the real
world, such as ricochet effects, multiple fragmentegular fragment shapes, conditional
probability of leaked fuel specific to the ambierdnditions and ignitions sources, etc.
Although some of these aspects of disk burst se@hand/or conditions are omitted from
the simplified assumptions of the design calcuigtithe 1 in 20 objective has been
achieved to date; despite the fact that the htsdbfieet includes a large percentage fleet of
airplanes designed before the 1 in 20 criteriord #me associated mitigating design
measure¥, were devised. It is recognized that good depigetices that minimize the risk
of catastrophic effects like systems architectaeparation, routing, redundancy, isolation,
and shielding have played a role in the observed20 results and it is recognized these
design precaution philosophies should continue futhre designs as well as the current 1
in 20 assessment. Had the 1 in 20 criterion, hadssociated mitigating design measures,
been applied to the whole high bypass fleet, treentked hazard ratio would likely have
been less than 3 in 58.

3 System redundancy, isolation, separation, routirtgide the debris zone and /or shielding
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Because the historical hazard ratio is so closkitn20, even though it includes events not
currently assessed in the design calculation, peays that the current 1 in 20 assessment
methods are conservative. It appears that theficatibn calculation — although simplified

— gives a reasonable forecast of fleet behaviat,that the fragment model in the AC is
useful in predicting reality.

CAAM Severity Levels for Disk Failure Events
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Figure 6.1 Observed Severity Levels Of Disk Undantant Events
Note: CAAM level 0 corresponds to a nacelle-coradievent

Some airplanes designed before introduction of then 20 guideline experienced
functional loss of systemsin the course of several rotor burst events, sionest with
adverse effects on airplane control. These effeantged from unexpected slat retraction
following disk burst damage to the wing leading &dtp complete loss of all hydraulic
systems. In each case, systems critical to airptamérol were compromised, which ran
very close to the engine (within 2 nacelle dianmsgtgo within 5 degrees of the planetioé
disk. It is likely that had these airplanes beesigleed to meet the later 1 in 20 criterion,
the effects of disk burst would have been conshldgranitigated. The risks to this older
fleet have since been mitigated with implementatdmetrofit design features to prevent
inadv%gtent slat retraction or total loss of hydicuresulting from a rotor disk burst
event.:

37 Systems not functionally related to the failedieag

3 For the event where all three hydraulic systemewamaged during a fan disk burst, system 2 doeild
assumed to be damaged immediately, since it waedarm the engine. System 1 was damaged in tmepla
of the disk. System 3 was actually damaged 15 @sdmeward of the plane of the disk, by a smaljjfnant.
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In contrast, those airplanes designed after thhednttion of the 1 in 20 guideline have not
experienced systems damage leading to a leveld8,54event. It is recognized that they
have experienced fewer disk burst events than #nkee designs, and there is not yet
enough experience to prove that their systems desigmore robust. However, the
evidence of the combined first and second generdteets is consistent with a 1 in 20
criterion being an effective means of controllifgkrto airplane systems.

It is notable that a significant part of the 1 i6 #sk calculated during certification
assessment, for wing mounted engines, is for diseg travelling up through the wing to
hit the fuselage and the systems therein. Thewsalisone instance in high-bypass turbofan
service experience where a large disk piece habdituselage; this was a direct strike and
did not hit the wing first. Large disk pieces witlajectories which would, geometrically,
go through the wing and hit the fuselage, have ledlected by the wing and have not hit
the fuselage, historically. There is a significaotly of evidence that large or intermediate
disk pieces travelling in the direction of the fiagge are often deflected or stopped when
they strike the wing. The certification assessnagpears conservative in this respect.

It is also noted that in-service disk release dugnound operations has led to large disk
pieces hitting the ground and small fragments hetiag up to hit the wing with
significant energy, sufficient to penetrate wingnséind result in fuel leakage and a pool
fire. This scenario is not addressed in the cedifon assessment; there are significant
technical difficulties in doing so (see 6.3). Inist clear how to mitigate this concern at the
airplane level without introducing other risks.

However, the overall risk of such an event impgenitigated at the engine level for new
designs, by the systematic, sustained reductigdherrate of disk uncontained events and
corrective actions for new events or significanscdveries found during the critical
rotating parts inspection processes.

Finally, it is noted that the current rate of diskcontainment for '3 generation engines
(2.5E-87 engine cycle), combined with an observed 1 in( in 58) hazard ratio of a
Catastrophic consequence of disk uncontainment|dagive an airplane level probability
of 2.5E-9/flight of catastrophic disk uncontainmemt a twin-engined airplane. This is on
the order of, the 1E-9 level traditionally interfm@ as being Extremely Improbable.

6.3 Ricochets

It has been observed that fragments which strikegtiound may ricochet in unpredictable
directions. This limits the applicability of grourelent trajectories to in-air events. In
particular, events where a disk strikes the groand generates further fragments have
produced fragments very different from those preduduring a normal disk burst.

However, there was at least one disk fragmentdraijg within 5 degrees of the plane of the diskahhtould
have damaged both systems 1 and 3 together.

% There have been n& generation events. If one is assumed to be immjitieen the rate is 2.5E-8/engine
cycle, as discussed in section 2)
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The fragments generated during a ricochet app#arent from fragments in other events;
they are heavier (see table 4.9, figures 4.15 ah@l)4 Events involving ricochets have
made very many more holes in airplane structure #asents where a ricochet was not
involved (Figure 4.5), and they have holed struetwhich is never holed by small
fragments in other events. It is concluded thaténergies of small fragments in ricochet
events may be significantly higher than in non<cloet events. This is believed to be
heavily influenced by an energetic fragment impagtvith the runway surface. The
ability to forecast the trajectories after a diskginent breaks up on impact with a runway
surface would require agreement on major assungptised in a modeling approach. The
conversion from rotational to translational enedyying the ricochet process would also
complicate the ability to accurately predict thegectories. It is recommended that attempts
to model ricochets be deferred until the technécethmunity has reached consensus on the
energies of the more frequently encountered “ndrisralall fragments. Modeling ricochet
events is not considered to be within the stat¢hefart analysis methods nor are there
guidelines established to determine whether ortimtricochet condition is acceptable or
not.

Consideration of ricochets has not formed parbadirburst analysis in the past, since the
trajectories of such fragments cannot be predidtesthould be noted that damage to
airplane systems critical to airplane control hasshappened in ricochet events; they do
not appear to pose a greater threat of criticabsys damage.

Ricochet events do appear to involve a greaterafisking skin penetration and fuel tank
leaks. It is not clear that any means exists togat# this possibility, apart from reducing
the likelihood of the initial disk burst.

It is recommended that ricochets should not beragglgt addressed, since attempts to
explicitly incorporate ricochets would greatly irase the difficulty of modeling, could not
be validated, and would likely produce negligibésidin improvement. The airplane level
effects from ricocheting small fragments are qaglrely no different from the effects that
would be caused by a large disk fragment; fragreests, energies and time window of
conceri’ are significantly less than for the large dislgfreent. Similarly, it is
recommended that data from events involving ricexbe excluded from any fragment
models.

40 Takeoff roll.
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6.4 Small Fragment Model

Both industry and regulators have spent consideraffort in considering the most
appropriate way to account for small fragments wlesigning to mitigate the effects of
rotor burst, and certifying the design. The currapproach, as presented in reference 9,
includes the following features:

. Design for a small fragment, but do not includia iprobabilistic analysis (1 in 20)
Small fragment is 1/3 fan airfoil or %2 other aitfoi

Fragment is travelling at red-line tangential speed

Fragment stays within 35 of plane of disk.

The data presented in this report suggests thdtabment size and disk speed cited above
represent extreme conditions, the worst that hawh lseen or extrapolated by the ARAC
group compiling the guidance. Combination of theaeameters (fragment size, disk speed)
produces a “design fragment” far outside experiem® illustrated in figure 2.4 and
throughout this report, there is considerable ity in fragments and events, so that any
model can be criticized as only representing a lssndlset of events.

It is also noted in section 4 that most small fragte do not have enough energy to hole
the airplane skin, and that few small fragmentsnigoairplane skin damaged a system or
second layer inside the hole. Where there wereshalery few small fragments were
collected from inside (many did not pass through libles into the airplane). It is further
noted that there is only one instance of smallrfragts causing systems damage which
would or could affect airplane controllability. Thiereat from small fragments to systems
inside the airplane appears relatively low, and matymerit a combination of all worst-
case assumptions.

Airplane manufacturers have also observed thatrevhmbabilistic risk assessments have
been done, the incremental risk from a small fragnee extremely small compared to the
risk from a large fragment.

However, reference 9 also contains guidance thatdsihg by fuselage pressure skin or
equivalent is considered effective protection agfaismall fragments. Review of the
airplanes in this study suggests a typical fuselagssure skin construction of 0.05” to
0.08” thick aluminum alloy. This level of structlirprotection would provide system
protection against 96% of small fragments (basedrignre 4.11 and figure 4.12). The
historic disk uncontainment involving systems daenbg small fragments and consequent
loss of the airplane, involved systems protecte@.62” thick aluminum skin.

It is recommended that use of .05” to .08” alumingkin or equivalent, similar to the
recommendation in reference 9, be considered tiegreystems against small fragments.
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7.0 Conclusions
The main conclusions of this work are presentedvoel

7.1 Disk uncontainment

7.1.1 In the time period between 1969 and 200@ethave been a total of 58 nacelle
uncontained disk events. 46 of these events wene £ generation engines and 12 were
from 2" generation engines. There have been no evemts3fayeneration engines.

The overall occurrence rate of disk burst (inclugpacers) has fallen by over 2 orders of
magnitude since high bypass ratio (HBPR) enginésred service (Figure 3.2).

e This reduction results from a series of industrgt eegulatory initiatives, directed at
controlling and progressively reducing or elimingtithe root causes of disk burst
(Appendix 2).

e There were no third generation disk burst eventthéstudy period, if there had
been one, the third generation cumulative rate wvché 2.5 E-8/cycle). The
incidence of disk burst for future design high bsgéurbofans will likely be at least
as good as that of third generation engines (Figute

e The rate of disk burst for each design generatamgrogressively decreased. Using
the 5 year rolling average rate, the first generagngine rate is 6.9E-8/engine
cycle and the combined second and third generangine rate is 2.1E-8 /engine
cycle. (.The incidence of Low Pressure and IntefiatedPressure (LP/IP) disk
uncontainment is lower than that of High PressiB)(disk uncontainment. In
particular, 3¢ generation engines have had no LP/IP disk uncomets from EIS
to the end of 2006. This corresponds to a maximateof 4E-9/engine cycle when
assuming 1 event for a rate calculation. (Figu83.4

7.1.2 The high bypass turbofan fleet, as a whais,dxperienced 58 disk uncontainment
events over the time period considered, three aflwiresulted in loss of the airplane. The
results are consistent with the 1 in 20 critericedi during certification analysis, even
though many (75%) of the events occurred on aigdadesigned and certified before
introduction of this criterion.

e A probabilistic criterion for minimizing the effexof disk burst was proposed in the
mid-1970s (Reference 3). It required that, givedisk burst, there should be no
more than a 1 in 20 chance of a Catastrophic owtcivom impact by a 1/3 disk
fragment. So far, airplanes designed using thateresn and the associated
mitigating design features have shown sufficierdteayy robustness for continued
safe flight after disk burst. In contrast, firstngeation high-bypass turbofan
airplanes, which were designed before the criterwas published, have
experienced systems damage affecting controltglmfi multiple occasions.

e The damage instances to systems which affectetha@pcontrollability all took
place very close to the affected engine; within onavo nacelle diameters. In each
case, the systems damage was from large or intéateesize fragments, or was to
systems shielded by very light skin (.02” aluminu(iable 4.7)
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7.1.3 The estimated third generation disk uncontaimt rates, in conjunction with the
historical observed hazard ratio for Catastroplaimdge from 1/3 disk, provides a level of
risk which is approaching an extremely improbaldadition, commensurate with other
accepted airplane design risks (paragraph 6.2).

7.1.4 More than 90% of disk bursts occur at lowade (well below the 25,000 ft cited
in 14 CFR Part 25 Section 25.863). These events bacurred during takeoff or initial
(low altitude) climb (Figures 4.1 and 4.2).

7.1.5 Fires resulting from disk burst inflight atseen controlled with the use of fuel
shutoff means with no hazardous outcomes. On tbend, uncontrolled fires have
resulted when significant quantities of fuel pooisthe ground as a result of tank rupture
following ground ricochet. No fatal injuries hasesulted from these events. (Table 4.2)

7.1.6 There is evidence that nacelle and airpl@aynstructure provides some degree of

shielding from large and intermediate fragments.

e In most cases where a large or intermediate fragrhirthe wing, it did not pass
through the wing, indicating that the wing prosdeome significant degree of
shielding against a realistic large fragment.

e Nacelle structure provides some containment orldihg capability for large and
intermediate fragments. (Table 4.8)

7.1.7 The evidence of engine test and service &per indicates that in the event of a

disk burst or loss of an entire fan blade, the mads likely to stall very rapidly, cease

producing useful thrust, and spool down. Evidentdao blade off tests and service

experience with disk burst indicates that stall idgfly occurs in the first 100

milliseconds.(Paragraph 4.2 , Appendix 4).

e |t is considered highly unlikely that a disk burssulting in deployment of a reverser
would produce significant reverse thrust effects.

e It is considered very likely that an engine departhe airplane as a result of disk burst
would drop away without any significant thrust \@ctThis is in contrast to an
undamaged engine which departs the airplane asudt & an initial mount failure,
while producing thrust.

7.2 Small Fragments Resulting From Disk Uncontaimme

7.2.1 The evidence reviewed so far indicates timatlisfragments may have much lower
energies than previously assumed.

. Very few disk bursts occur with the spool runnitgpaabove red line; the range 90
to 95% of red line appears more typical. (Figue® 4.
. Analysis of a limited set of large disk fragmergtjéctories indicates that they were

released from the engine at considerably lower cgsp#@an their tangential speed
immediately prior to burst. Speeds based on t@ijies, for this limited set, were less than
30% of pre-burst speeds. (Figure 4.17). Conseqyesthall fragments may also have
much lower speeds than their tangential speed fwiburst.
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. The masses of small fragments, collected from hiolegbe airplane, indicate that
the extent to which blades break up is influencedheir initial size and construction. A
larger blade will break into more pieces than alkbiade, in the course of a disk burst.
(Figures 4.15 and 4.16).

. The observed masses of small fragments (a limie#d det) suggest that small
fragments may have lower energy than previouslyrassl. The masses of small fragments
collected from holes in airplane structure are galhelower for fan and turbine disk
events than the 1/3 airfoil or %2 airfoil cited eference 9 (AC 20-128A).

. Preliminary analysis of structural damage also satggthat small fragments may
have much lower energies than has previously besimaed. (Paragraph 5.2)

. Most small fragments do not have enough energy &kemholes in airplane
structure. Of 8700 small fragment impacts, 450ertaales in the airplane. (Figure 4.11) .
. Most small fragments which make holes in the airpldo not have enough residual
energy to damage systems or additional structangrs inside the hole. Of 450 small
fragment holes, 27 fragments went on to damage=sisstor structure inside the hole.
(Figure 4.12) .

. Small fragments involved in disk ricochets from thi@und have very different
energy, size and trajectories from in-flight eveRtisase Il will address these further.

7.3 Blade uncontainment

7.3.1 The rate of forward arc fan blade fragmenmt-ocontainment has been reduced by
several orders of magnitude since the first higpasg turbofans entered service. Robust
fan blade design (including wide chord geometrydl amoving A-flange forward have
contributed to this reduction. (Appendix 3, Figi&.2.2)

7.3.2 The airplane level consequences of fan blddgment forward arc non-
containment are usually limited to a small numblesuperficial nicks, dents and holes in
aerodynamic surfaces. (Appendix 3, Figure A.3.2A7Jew events have resulted in one or
two small holes in the pressure skin (of the oafdwo inches across). There has been one
CAAM level 3 event due to forward-arc uncontainmettitis involved damage to a
hydraulic system in an adjacent engine strut/pylon.

7.3.3 Design improvements have reduced the ratagihg uncontainment by blades by a
factor of 50 since the first high bypass fans extteservice. (Appendix 3, Figure A.3.3.2)

7.3.4 The airplane level consequences of casingntamment by blades vary according
to the specific failure mode involved. Most evergsult in a small number of superficial
nicks, dents and holes in aerodynamic surfaces.r@lease of multiple whole fan blades,
or LPT vane/ nozzle spinning has resulted in matersive damage. (Appendix 3, Figure
A.3.3.4)

. There have been no IP or HP compressor blade esleastside the nacelle.
(Appendix 3, paragraph A3.3.3.)
. There have been 2 fatal injury events due to 2ragpanultiple fan blade non-

containment events which punctured the fuselagelovin In each event, a passenger was
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fatally injured. One event was on an second géoeraft mounted engine installation and
the second was on a wing mounted installation Wiifst generation engines involving
flight crew error operating the engine outsideciestified limits. (Appendix 3, paragraph
A3.3.3)

7.3.5 Debris exiting the tailpipe is unlikely to paect the airplane with enough energy to
leave a witness mark. When it has done so, the gamas been limited to small holes and
dents in non-pressurized aerodynamic surfacesc&s mind small dents in fuselage or wing
structure not causing hazardous effects or polegheaeof. (Appendix 3, Table A.3.7)

8.0 Recommendations

1. The data herein are recommended for use inpmtion of existing policy and
guidance. In particular, when addressing mitagatthe following points should be
considered:

The low incidence of disk uncontainment demonstrahy the 293
generation fleet.

The continued emphasis on rotor integrity by desmganufacturing, and
maintenance which has resulted in a steady redudfighe historical disk
burst rate, both for existing engine models andniew models developed
using lessons learned .

The demonstrated systems robustness of airplarsggnéd to comply with
the 1 in 20 criterion of a catastrophic outcomaulteésy from damage by a
1/3 disk fragment.

The very low probability of disk burst occurringoesde 25,000 ft, and low
consequent probability of high-altitude depresairan from disk burst.

The relative likelihood of disk burst from differtespools

The minimal airplane damage caused by blade fonaacduncontainment
and by tailpipe debris.

The role of rapid spooldown of engines in avoidsmgnificant inflight thrust
reversal as a result of disk burst.

The role of rapid spooldown of engines in avoidecgjastrophic airplane
damage from engine separation after disk burst.

2. Recognizing today’s current disk burst ratesl @tognizing the historical 3 in 58
observed probability of disk burst leading to aaSabphic outcome (from any and
all fragment sizes), it is recommended that airpldasigns which meet the 1 in 20
probabilistic criterion for a Catastrophic outcorfrem disk burst (large disk
fragment) be interpreted as having met the inténhimimizing the hazard from
rotor burst.

3. Airplane pressure skins in the locations of debdamage are typically .05 to .08
Al 2024. The data indicates that .05” to .08” aloom will protect against system
damage by over 96% of small fragments. (Figure 4fd 4.12). This data
supports the use of shielding equivalent to pressabin skins, as recommended in
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AC20-128A ; it is therefore recommended that aluminskin in the range .05 to
.08” be considered as adequate shielding for systertside the near-field zofte.

4. Further work is recommended in phase Il, to ¢barthe energies of small
fragments based on the observed damage to airglameture. This will enable
assessment of the degree of shielding provided bjemals other than sheet
aluminum.

5. It is recommended that redundant critical systé® located out of the near-field
zone (2 nacelle diameters from engine centerlia&¥ar as is practicable, since the
density of the small fragment debris pattern iyvauch greater close to the engine
(conclusion 7.1.2). It is also recommended thaigaiton of the effects of disk
burst focus on near-field systems routing and stiess.

6. Since the data shows that existing aircraftcsting provides adequate protection
against small fragments, away from the near-fieldez(conclusion 7.1.2 and 7.2.1),
it is recommended that the current requirementsilghoot be expanded to require
probabilistic assessment for small fragments .

7. The use of small fragment energy based on ¥“43aitfoil at the tangential speed
immediately prior to burst is not recommended, dase the data summarized in
conclusion 7.2.1 . A recommendation for a repregemr small fragment energy
will be made once Phase Il has quantified the sfnajment energy distribution
more exactly.

8. Itis recommended that debris from fan bladevémd arc travel and tailpipe debris
continue to be regarded as low energy and as esepting a threat to passengers
or airplane systems (Conclusion 7.3.1 and 7.3.2).

9. The interpretation and application of 14 CFRtPR4r Section 25.841 should be
reviewed to consider taking into account the lote & disk burst in recent designs
and the distribution of disk burst by flight phased altitude. It should also take
into account the relative improbability of the Lposl encountering a disk burst on
the second/third generation engines. Elements wdtiokld be considered are:

i. Disk burst rate of <2.5E-8/engine cycle
ii. Proportions of disk bursts above 25,000 ft (bded by 1 in 13 for
second/third generation fleet, assuming 1 evehbatih none have
occurred)
lii. Relative frequencies of disk burst by spoolr feecond/third
generation fleet

10. It is recommended that future data collectiod analysis discriminate between
events above and below 25,000 ft

1« For protection against engine small fragmenssiiefined in Paragragh no quantitative validation as
defined in Paragraph 10 is required if equivaletacthe penetration resistant structures listed (ggssure
cabin skins, etc.) is shown.”.
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Appendix 1  Disk Burst Event List

Design AlC Operational | CAAM = UNCT = UNCT
Year | heritage description Phase Alt Feet Effect Level = Spool Stage | UNCT Part High Level Cause
" 1970 1 Quad CLIMB 5600 ATB 3A HPT 2 Disk Rim Owerhaul Procedures - Repair/rework
" 1970 1 Quad CLIMB 525 ATB 2A HPT 2 Disk Rim
" 1971 1 Quad M PREFLT 0 N/A 2A HPT 2 Disk Rubbing Against Static Parts
" 1971 1 Quad CLIMB 1300 ATB 2A HPT 2 Disk Owerhaul Procedures - Repair/rework
" 1972 1 TRI CLIMB 9200 ATB 1A LPT 5 Disk Owertemperature
" 1972 1 TRI CLIMB 31000 ATB 2A FAN 1 Disk Material Defect
" 1973 1 TRI CRUISE 35000 DIV 3A FAN 1 Disk Material Defect
" 1973 1 Quad +V1T/O unk ATB 2A HPT 2 Disk Rim Rubbing Against Static Parts
" 1973 1 TRI M PREFLT 0 N/A 0 HPC 13 Disk Rim
" 1974 1 TRI -V1T/0 0 RTO 2A HPC 4 Disk Rim Material Defects (Ti)
" 1975 1 Quad CRUISE unk unk 2A LPT 6 Disk Internal Oil Fire
" 1976 1 TRI +V1 T/0 3000 ATB 0 HPC 13 Disk Rim Fretting
" 1976 1 TRI CLIMB 2000 ATB 2A HPC 13 Disk Rim Fretting
" 1976 1 TRI CLIMB 2800 ATB 2A IPT 1 Disk Material Defect
" 1977 1 Quad cLme | 12000 | Continued 1A LPT 6 Disk Internal Oil Fire
" 1977 1 TRI CLIMB 6 ATB 3A LPT 1 Disk Material Defects
" 1977 1 TRI CLIMB 10600 ATB 2A HPC 16 Disk Rim
" 1977 1 TRI -V1T/0 0 RTO 1A HPC 13 Disk Rim Fretting
" 1978 1 Quad CLIMB unk unk 2A LPT 5 Disk Low Cycle Fatigue
" 1979 1 TRI +V1 T/0 0 ATB 2A HPC 3 Disk Material Defects (Ti)
" 1979 1 Quad CLIMB unk ATB 2A HPC 9 Disk Rim
" 1980 1 Quad UNK unk UNK 2A HPT 2 Disk
" 1980 1 TRI CLIMB unk ATB 2A HPC 1 Disk Material Defect
" 1980 1 TRI CLIMB 11000 ATB 2A HPT 1 Disk Rim Owerhaul Procedures - Repair/rework
" 1981 1 TRI CLIMB 29000 ATB 3A LPC . Disk Shaft Separation/Bearing Loss of Lube
" 1981 1 TWIN -V1T/0 0 RTO 2A HPT 1 Disk Ovwerhaul Procedures - Repair/rework
" 1981 1 TRI CLIMB 14500 ATB 2A FAN 1 Disk Shatft Separation/Bearing Loss of Lube
" 1981 1 TRI -V1T/0 0 RTO 3A LPT 1 Disk Owerhaul
" 1982 1 TWIN -V1T/O 0 RTO 4B3B2A  HPT 1 Disk Owerhaul Procedures - Repair/rework
" 1983 1 Quad CLIMB 7000 ATB 2A HPC 9 Disk Material Defects (Ti)
" 1983 2 Quad +V1T/IO = 250 ATB ) HPC 1 Disk Material Defects (Ti)
" 1984 1 Quad +V1T/O unk ATB 2A HPT 2 Disk Overhaul Procedures - Repair/rework
" 1985 1 Quad CRUISE 31000 DIV 3A LPT 1 Disk Owertemperature
" 1985 2 TWIN CLIMB 8700 ATB 1A HPC 1 Disk Material Defect
" 1985 1 TRI CLIMB 3750 ATB 2A HPC 9 Disk Dwell Time Fatigue
" 1985 1 Quad CLIMB 7500 ATB 2A LPT 1 Disk
" 1985 1 TRI CLIMB 9800 ATB 3A HPT 1 Spacer Low Cycle Fatigue
" 1989 1 TRI CRUISE ” 37000 DIV 5 FAN 1 Disk Material Defects (Ti)
" 1989 1 Quad -V1 T/0 0 RTO 0 LPC 2 Disk
1990 1 TWIN -V1T/0 0 RTO 2A HPT 1 Disk Rim Low Cycle Fatigue
1991 2 TWIN CLIMB 21500 DIV 3A HPT 1 Disk Overhaul Procedures - repair/rework
1992 1 Quad CLIMB 800 ATB 2A LPT 1 Disk Rubbing Against Static Parts
1992 1 TRI CLIMB 7900 ATB 3A HPC 14 Spool Rubbing Against Static Parts
1993 2 TWIN CLIMB 6500 ATB 2A HPC 6 Disk Dwell Time Fatigue
1994 1 TRI -V1T/0 0 RTO 3A IPC 6 Disk Low Cycle Fatigue - Corrosion
1995 1 TWIN -V1T/O 0 RTO 0 HPC 3 Disk Material Defects (Ti)
1995 1 TRI +V1 T/0 0 ATB 2A HPC 8 Disk Dwell Time Fatigue
1995 1 Quad -V1 T/0 0 RTO 2A LPT 5 Disk Rim Bolt Hole Fatigue
1996 1 Quad CLIMB 22000 ATB 0 LPC 2 Disk
1997 2 TWIN -V1T/O 0 RTO 2A HPC 3 Disk Rim Material Defects (Ti)
1998 1 TWIN CLIMB unk ATB 0 HPC 9 Disk
1998 2 TWIN -V1 T/0 0 RTO 2A HPT 1 Disk Material Defects
1998 1 Quad CLIMB 7060 ATB 3B HPT 2 Disk Rim Rubbing Against Static Parts
1999 2 TWIN +V1 T/0 1000 ATB 2A HPT 1 Disk Manufacturing Defects - Machining
2000 1 Quad +V1 T/0 300 ATB 2A LPT 1,4 Disk Shaft Separation
2000 2 TWIN -V1T/0 0 RTO 3B HPC . Spool Dwell Time Fatigue
2000 2 TWIN CLIMB unk ATB 2A HPT . Disk
2000 1 Quad CLIMB 1000 ATB 2A LPT 5 Disk Rim Owerhaul Procedures - Repair/rework
2000 2 TWIN M PREFLT 0 N/A 3A,3B HPT . Disk Manufacturing Defects - Machining
2000 1 Quad CLIMB 2500 ATB 0 HPC . Spool
2001 1 Quad CRUISE unk ATB 2A LPT 5 Disk Rim  Overtemperature - Blocked Cooling Holes
2002 2 TWIN -V1T/O 0 RTO 2A HPC 1 Disk Manufacturing Defects - Machining
2002 2 TWIN CLIMB 11300 ATB 2A HPT 1 Disk Rim Manufacturing Defects - Machining
2004 1 Quad CLIMB 15000 DIV 2A HPT 2 Disk Rim Rubbing Against Static Parts
2005 2 TWIN CLIMB 732 ATB 0 HPC 8 Disk Manufacturing Defects - Machining
2006 1 TRI CLIMB 24000 ATB 3A LPT 1 Disk Manufacturing Defects - Weld
2006 2 TWIN M PREFLT 0 N/A 4B HPT 1 Disk Manufacturing Defects - Machining

Table Al.1 Uncontained Disk Events

NOTE: CAAM levels may vary from those presentedtiner references; the CAAM levels here relate

strictly to the effects of uncontainment (see sec8.2 footnote 3)

ATB Air Turn Back; DIV Diversion; HPC HP Commsor; HPT HP Turbine; IPT IP Turbine;
LPT LP Turbine; M PREFLT Maintenance/ prefligh RTO Rejected Takeoff
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Appendix 2 Actions Taken To Prevent Disk Burst

When high bypass turbofans were first introducéd, incidence of disk burst was much
higher than it is today. Regulators and industrgpomded to this by introducing
requirements and design/manufacturing process wepnents targeted at the main causes
of disk burst for future designs, as well as adsirey issues with specific designs by
Airworthiness Directive. For example, the immediatesafe condition might be addressed
by identifying and removing the set of disks mad®f the same alloy melt batch as the
failed component. Longer term measures might ireladreview of the whole material
production process for robustness. The combinatibrthese remedial and proactive
approaches has been very successful in reducingcdiueence of disk burst, as noted above
in Figure.3.2

This appendix shows in detail how specific intetuwams have succeeded in reducing the
incidence of disk burst. Figure A2.1 shows the fwacé proximate causes of disk bufét
Table A2.1 provides details of some of the majaemventions. Airworthiness directives
intended to address a specific unsafe conditiom @pecific product are not shown; this
table is limited to the more proactive, strategitiatives.

Figure A2.2 shows how the major causes of disktbamse changed over time, together
with the timing of interventions which are geneyadlpplicable to many causes of disk
burst.

# Disk uncontainment events with documented primary cause

Manufacturing defect - weld
Bolt hole fatigue

Corrosion

Internal oil fire

Shaft separation

Fretting

Overtemperature

LCF

Dwell time fatigue

Rubbing static part
Manufacturing defect - machining
Overhaul/repair procedure
Material defect 1

Primary Cause

6 8 10 12 14 16

Number of Events

o
N H
N

Figure A2.1 Primary Causes of Disk Uncontainments

“2In each event, one main “cause” was selectedvelde this chart. In many cases there were other
contributing factors, but only one cause /evestiswn here.
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Year/Era Milestone Type of
change

1960’s — 1970's Double Vacuum Arc Re-melt (VARatitum
Manufacturer-specific actions with respect toring oil fire

Manufacturer-specific actions with respect totingt

1970’s Lifing Approach: safe lifing

1974 14 CFR part 33 Section. 33.14 Start-stop cycliesst(low-cycle fatigue). Regulation
Required calculation of LCF lives for disks andegra and publication of life limits.

1974 14 CFR part 33 Section 33.27 Turbine, compresasid turbosupercharger rotors. Regulation

Prescribed overspeed testing requirements forgetiih considerable margin beyond
maximum operating speeds.

14 CFR part 33 Section. 33.62

[Stress analysis.]

Required stress analysis showing the design safety margin of each turbine
engine rotor, spacer, and rotor shaft.]

1974 Regulation

1970’s —1980’s Triple Vacuum Arc Re-melt (VAR) agdrth melt (HM) titanium Process
Double vacuum art remelt process of titanium atlglaced by triple vacuum arc remelt.
This significantly reduced the oxygen-rich inclussdn the alloy, which had provided sites
for crack initiation.
1980's 3-D stress analysis begins Process
Approach to Lifing codified.
Lifing Approach: Safe Life + fixed process manutang
Production process steps, tools, fixtures, macbaae, under change control
Development of Fracture Mechanics discipline

Titanium billet size reduction

1984 Refinements to 14 CFR part 33 Sections 336438.27 Regulation
JAR-E-850 (No hazardous effects from shaft separati
JAR-E-860 (Analyze loss of cooling to rotors)

1988 FAA releases AC 20-128
Design Considerations for Minimizing Hazards Causgd/ncontained Turbine Engine
and Auxiliary Power Unit Rotor and Fan Blade Fakir

Regulation

1989 Sioux City — Uncontained rotor burst Event

1990 FAA Titanium Rotating Component Review Teanpdéte Standard

“recommended consideration of incorporating risknegement and damage tolerance
concepts into design procedures for critical, léghrgy components in commercial
engines.”

1990’s Inspection process improvements — Titanilua btch inspection Process

1990’'s Lifing Approach: Safe Life + fixed procesanufacturing + Process Process, technique:
validation/monitoring

Validation of manufacturing process, monitoringoofver consumption during material
removal operations, monitoring of tool force durigterial operations, monitoring of
cooling flow
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Year/Era Milestone Type of
change
Design of disks for crack detection

Titanium consortium work to reduce the probabidfysignificant defects below 1E-9
1990’s Introduction of quantified risk managemeppr@ach to Continued Airworthiness issues Process

1990-1995 Jet Engine Quality Committee (JETQC) Materials
Data collection on the extent and distribution afrtH Alpha (HA) in titanium

- DOT/FAA/AR-00/64 Turbine Rotor Material Desigrade 2-1, A-1,A-2, A-3

1991 - 1997 The AIA Rotor Integrity Sub-Committ€d$C) Process, Materials

Formed in 1991 to implement the recommendatioriee@fAA Titanium Rotating
Component Review Team Report

1994 “Titanium Rotating Components Review Team R&pbederal Aviation Administration, = Standard
December 14, 1990
1997 AC 20-128 Rev A .
Regulation

Design Considerations for Minimizing Hazards Caused by Uncontained Turbine
Engine and Auxiliary Power Unit Rotor and Fan Blade Failures

1998 AC 33.15-1 .
Manufacturing Process of Premium Quality TitaniuffoARotating Engine Components Regulation

- FAA AC 33.15-1, September 28, 1998

1998 Focused Inspection Initiative — Airworthin€sectives )
Inspections become mandatory for specific areatisi® using specific techniques Regulation
1999 - 2004 Reduced billet size and microstructorgrol for dwell-time fatigue Standard

Reduced peak stresses for dwell time fatigue

Characterization of:

- hard alpha anomalies in titanium

- Machining/maintenance-induced surface anomalies
- Anomalies in cast/wrought and P/M nickel

2000's Lifing Approach: Safe Life + fixed procesanufacturing + Process Process
validation/monitoring + Damage Tolerance + Enhanlospection

Focus on automated inspections/ enhanced inspeetibniques during overhaul
Audits of shop manuals and emphasis on qualityizapbns of repairs

2000's Introduction of large 3d models .
Technique

2001 FAA AC 33.14-1 - Damage Tolerance for High iggeTurbine Regulation

Provides an acceptable means for complying witHréguirements applicable to the
design and life management of high energy rotatargs of airplane gas turbine engines.”
The AC approves the use of DARWIN, “A probabiligtiesign code (DARWIN™) has
been developed for hard alpha in titanium thanéegirated approach that combines finite
element stress analysis, fracture mechanics-basedite assessment, material anomaly
size distributions, probability of anomaly detentlny NDE, and inspection schedules to
compute the risk of rotor disk failure.”

2002 Manufacturing process improvements — Holengakin Process
The following Process Monitoring systems are culyan use for holemaking
» Power monitors
* Force monitors (drill only)

« Vibration monitors
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Year/Era Milestone Type of
change
» Coolant Flow
* Coolant Pressure
* Spindle Speed
* Feedrate

- AlA, Rotor Manufacturing Project (RoMan) Repait4ft], Guidelines to Minimize
Manufacturing Induced Anomalies in Critical RotatiRarts, March 30, 2002

2002 Manufacturing process improvements — Honinlgooé holes Process
2007 14 CFR part 33 Section 33.70 governs machiofiigles Regulation
2008 (pending) AC 33.70-X governs machining of baécritical parts Regulation

AC33.70-Y governs machining of other surface fesguof critical parts

Table A2.1 Milestones in Turbine Rotor Integrityphavements

Primary causes of disk uncontainment - by decade
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Figure A2.2 Disk burst causes, by decade

Figures A2.3 through A2.10 separate out the megmises of disk bursts, and show how
the cause-specific interventions were successfrgdiicing the numbers of events and the
burst rate. For instance, hard alpha segregatgamum alloy disks was identified as a
source of fatigue cracks in the early 1970s. Prgmerbegan with changes in Ti melting
procedures from double-melt to triple-melt, and tv@m to improved production processes
such as improved forging microstructure control amhanced ultrasonic inspections.
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Recent preventive measures include damage tolelishtdesign and life management
techniques®

Disk bursts resulting from material defects
showing timing of interventions specific to material defects

1.00E-06
® Triple vacuum arc remelt
©
§ Ti billet size reduction
©
>
2 1.00E-07 - FAA Ti rotating component report,
2 Ti blue etch inspection, Ti
> consortium,
E data colleetign on hard alpha,
% 1.00E-08 - AlA RISC| AC 33.15-1,
7)
=
g Damage tolerant
W design

1.00E-09

1970 - 79 1980 - 89 1990 - 99 2000 - 06

Figure A2.3 Disk bursts resulting from material efgf

*3 There is typically a time delay between manufacnfra disk and failure of the disk for one of the
identified causes; a time delay between recoggittie need for an intervention to address a caiudislo
burst and first introducing that intervention, antime delay between first introduction of an iretion and
it becoming effective over the majority of the tiee
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Disk bursts resulting from LCF showing interventions specific to LCF
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9 33.14
S 1.00E-07 1 3%
> .
a Safe lifing + fixed process,
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I Safe life + fixed process + process validation
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D
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<
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g Safe life + fixed process + process
o validation
Detailed process monitoring + damage
tolerance+ enhanced inspection
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Figure A2.4 Disk bursts resulting from LCF

Disk bursts resulting from dwell time fatigue
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Reduced billet size and
microstructure control
Reduced peak stress levels

Individual manufacturer work,
communicating through
1.00E-08 ~ academia

Events/engine cycle, by decade
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Figure A2.5 Disk bursts resulting from dwell tina¢idue
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Disk bursts resulting from incorrect overhaul/repair
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Figure A2.6 Disk burst resulting from incorrect ovaul

Disk bursts resulting from incorrect machining process
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Figure A2.7 Disk burst resulting from manufacturifmgachining) damage

1969 2006 HIGH BYPASS COMMERCIAL TURBOFANS

87




AIA Report On High Bypass Ratio Turbine Engine Oniained Rotor Events

And Small Fragment Threat Characterization Vauln

Disk bursts resulting from overtemperature
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Disk bursts resulting from shaft separation
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Figure A2.9 Disk bursts resulting from shaft seianma
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Disk bursts resulting from fretting
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Figure A2.10 Disk bursts resulting from fretting
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Appendix 3 Blade Non-Containment

Summary

The rate of forward arc non-containment has fallgnover 2 orders of magnitude since
the first high bypass turbofans entered serviceeRedesigns of engines have lower
rates than the first generation designs. The aigplaonsequences of forward arc
uncontainment are generally limited to a small nembf superficial nicks, dents and
holes in aerodynamic surfaces. The holes did mowdragment pass-through in any skin
with ballistic capability better than .04” Al 2024 the cabin window outer pane.

The rate of casing uncontainment by blades hasfdly a factor of over 50 since the
first high bypass turbofans entered service. Recksigns of engines have entered
service with lower rates than the original designs.

The airplane consequences of casing uncontainnygdPlbcompressor and turbine
blades are limited to a small number of supeffizsieks, dents and holes in aerodynamic
surfaces.

In the few events where large areas of the casaddgoeen machined away (e.g. vane
spinning) or where large pieces of fan blade haenlbreleased, some fragments have
had enough energy to penetrate .06 Al airplane @kmindows. The most energetic fan
blade fragments have been able to completely pre®6 Al airplane pressure skin or
airplane windows, turbine blade fragments have(thaty were stopped partway
through).

Spinner failures which are nacelle uncontainedvarg rare. Airplane damage has
generally been limited to nicks and dents, in thes period.

Tailpipe debris usually has insufficient energydave a witness mark on the airplane. In
those cases with witness marks, the damage haslibetad to small holes and dents in
aerodynamic surfaces. The debris did not hole asd pfhrough any surfaces with greater
ballistic capability than non-metallic honeycommaaich, and did not present a hazard
to structures or systems.

A3.1 Introduction

The focus of this report has been primarily on fitkgments resulting from disk burst,
since disk bursts have shown themselves to resuthare severe events than other
rotating parts. This appendix reviews the non-damant of blades and other small
debris, in events where the disks remained intadtia placé®. For brevity, this is called
“blade” non-containment, but other small debrishsas a disk post, vanes and associated

“ A small number of events are difficult to categeras disk vs. blade. For instance, there was amt ev
where fan blade failure led to extreme unbalanckthe separation of the entire fan disk, in onegid his
event was addressed in the “blade failure " appemrdien though the disk itself did not stay in plathe
number of these ambiguous events is very low andduoot affect the event rates for either disk es@m
blade events.
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parts may also be involved. The effects on thelang including any cross-engine
debris, are reported.
Blade material and other debris has been relaassedumber of ways:

. forward of the inlet/ fan case joint (the A-flang®) that it passes through the inlet
inner and outer barrel walls

. through the engine casings themselves

. through the tailpipe walls aft of the engine casing

. axially so that it exits the tailpipe with the nahairflow.

This appendix reviews the incidence of such eveower time, the regulatory
requirements and design improvements introducedmdrol these events, and the energy
levels and event severities. Blade non-containnctassification is consistent with the
convention established by the SAE in referenceS ahd 6. Figure A3.1 shows the three
classifications of debris discussed herein. A lisli of blade non-containment events is
provided at the end of this appendix.

Forward Arc
Debns » A ,/-_i Thiust Reverser Cascades
/—_ :
"' H F aiting Compartmert (Houzes
. H Hydraulic System Components)
'

Hydraulic Pump, VSCF.  Core Coml
= DG, & Starfer

v H v

Casing Uncontained Debris

Figure A3.1 Naming convention for uncontained debri

A3.2 Forward Arc Discussion

In the event of fan blade separation part-way altegblade span, fragments may travel
forward to strike the inlet inner barrel. The faase is required to contain fragments of
fan blade; the inlet is generally not certifiedl# CFR Part 33 and has, therefore no
containment requirement. Fragments contactingrtheribarrel may pass through and in
some cases hole the outer barrel, also. This isvknas “forward arc” release or
uncontainment.

Engine casings are required to contain release lwha@e by 14 CFR Part 33 Section
33.19; inlets provide aerodynamic surfaces onlytifed under 14 CFR Part 25 and do
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not generally incorporate containment provisionsmgnificant structure. There is often
debate whether material passing through the wallsaro inlet should be called
“uncontained” since no containment requirement i@gplThis discussion will call the
material “uncontained”, for brevity, rather thatroduce some other term.

A3.2.1 Event Rates

The incidence of forward arc uncontainment in thghhbypass turbofan fleet has
dropped significantly over the last thirty-five ysaas shown in figures A3.2.1 through
A3.2.3. The second /third generation fleet hagaificantly lower rate of forward arc
uncontainment than the first generation fleet. Tied generation fan blades have had
only one forward arc event by the end of 2006. sTéorresponds to a rate of 2.5E-
8/cycle for & generation forward arc uncontainment.

Forward Arc Uncontained Fan Blade Events

130 7
] — . : —_— o —
120 1 1st Generatu_)n .
] 2nd Generation e
110 3rd Generation 7
4 4
@ 100 1 7
5 9. -
S 901 7
1] ] P
5 801
5 _ ] 7
o 701 ‘
£ -
Z 60 ] -
() ]
Z 50 ] /
< E L
2 401 p
] ]
20 | = A/’____//,r
10 ] . ~ /
0 ™ ’1 i ey i T e R R 1
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Figure A3.2.1 Cumulative Number Of Forward Arc Beed969 — 2006
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Forward Arc Uncontained Fan Blade Annual & Trend Rates
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Figure A3.2.2 Forward Arc Event Rates, 1969 — 2006
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Figure A3.2.3 Annual number of forward arc events
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A3.2.2 Discussion Of Rates

The rate of fan forward arc uncontainment has ridiig a factor of more than a thousand
since 1970, as shown in A3.2.2. The number of evpat year is also much lower than
in previous decades, as shown in A3.2.3. The Inhigh incidence of forward arc
uncontainment was driven by birdstrike to the fatease of fan blade tip fragments and
forward travel of the resulting debfis

Low bypass turbofans had typically had much smalliet areas, and also had static Inlet
Guide Vanes forward of the fan which broke up aiogved incoming material before it
hit the fan. The low bypass experience did not @adss into the high bypass fleet, and
the incidence of fan blade part-span separatiosezhby bird ingestion and other FOD
was relatively high. The resulting redesigns leth® observed rapid drop in the forward
arc rate over the early 1970s.

Engine certification regulations have evolved sirthat time to require progressive

improvements in ingestion capability; Talflé3.1 documents some of the more notable
regulatory interventions (many of which were prgiemented by issue paper) and
technology improvements.

> This study did not collect data on the causedadéfailure. Causes of blade failure have beememsed
in previous studies; Reference 4, table 8.4 areteate 5, table 6.1-13 confirm that birdstrike atiter
FOD has been the cause of 70 -80% of fan bladecontainment.

6 The table focuses upon the more proactive, sfiategulations affecting the whole industry, rattrean
individual Airworthiness Directives addressing aide feature of one engine model.
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Table A3.1

Year/Era

1970

1974

1977

1980

1984

1984

1988

1993
1994
1998
1999

2004 (and pre-
implementation in
early 1990s)

2007 (and pre-
implementation)

Milestones in Turbofan Blades Integ@gntainment Improvements

Milestone Code

FAA AC 33-1B Regulation

Turbine Engine Foreign Object Ingestion and Rotant@inment Type Certification
Procedures

“Rotor blade containment acceptance criteria naselpde expulsion of blades through the
engine case or shield to reduce the possibilisegbndary hazards to the aircraft”

14 CFR Part 33 Section. 33.77 .
Regulation

Safe shutdown required following ingestion of ik

Loss of no more than 25% power required after siBalbz) or medium (1 %2 Ib ) bird

ingestion

MIT/NASA Workshop on rotor burst — RR D McCarthgper on fragment characteristics Standard

14 CFR Part 33 Section. 33.19 Durability. Regulation

Casings required to contain damage from rotorebfadure

14 CFR Part 33 Section.. 33.19 Durability. )
Regulation

“Energy levels and trajectories of fragments résgltfrom rotor blade failure that lie

outside the compressor and turbine rotor cases lmeudefined.”

14 CFR Part 33 Section. 33.77 Regulation
Foreign object ingestion.

Loss of no more than 25% power required after sifgalbz) or medium (1 ¥ Ib ) bird
ingestion and 5 minute run-on, with no hazardotecéfalso required

FAA releases AC 20-128 Regulation
Design Considerations for Minimizing Hazards Causgd/ncontained Turbine Engine
and Auxiliary Power Unit Rotor and Fan Blade Fagkir

Codifies design provision for small fragment rekeas 15 degrees forward or aft of rotor
plane

Airworthiness directive

Secondary containment required for CF6-50 instaliat

Industry-wide adoption of rugged wide-chord fandals. Advanced ballistic modeling
techniques.

Prediction of large flocking bird threat growthrésk to safety

Regulation

Technique

Enhanced bird-control measures at US Airports @imdjat Canada Goose) )
Regulation

14 CFR Part 33 Section. 33.76 .
Regulation

Large bird size increased to 4 — 8 Ibs, with shigtdown. Medium bird size increased to
2.5Ibs. 20 minute run-on requirement after medilooking bird ingestion.

14 CFR Part 33 Section. 33.76
Large flocking bird requirement (4 to 5 %2 Ib bindith continued operation, for medium
and large engines)

Regulation
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The progressive improvement in the forward arcsratsults from two factors; more
robust fan blades and more extensive containmewmgon. Third generation fan blades
were required to be able to shut down safely afigesting a large (up to 8 Ib) bird. This
requirement has resulted in such robust designs ghd-span separation of a third
generation fan blade is extremely rare. This p@nillustrated by figures A3.2.4 and
A3.2.5 . Figure A3.2.4 ( classic fan blade desigth mid-span shroud) shows quite
significant damage from a medium bird ingestion. &yntrast, figure A3.2.5 shows
minimal damage from a very large bird ingestione3d photographs are typical of the
worst damage observed with these two types of desigd give a good perspective on
the step-change in robustness associated withesigrdevolution.

N El <

Figure A3.2.4 Conventional fan blade with mi@dusghroud; 18 0z pigeon ingestion

Figure A3.2.5 Wide-chord blade; 8 |b pelican ingms
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There have also been advances in the controllmfslgenerated by the fan blades.

. The location of the forward edge of the fan cabke (A-flange”) has gradually
moved forward with respect to the plane of the féhe location of the A-flange for
different engine models is shown in figure A3.2/hen the A-flange is further forward
from the fan, a greater proportion of blade fragtaevill hit the fan case and fewer of the
fragments, with lower energies, will directly seikhe inlet. There is still the potential for
challenges to the inlet due to blade kinematicg, tba fragment will generally have
reduced energy as a result.

. The practice of locating multiplicated airplanetsyss in the inlet barrel has been
largely discontinued, removing much of the potdrfoa multiple systems damage from
forward arc debris.

Design trend for A-flange location

30

N
@

N
o

A-flange location (degrees fwd of fan)
1 1
o (5]
*

1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
Year of engine certification

Figure A3.2.6 Location of the A-flange by high-fag@turbofan certification date

1969 2006 HIGH BYPASS COMMERCIAL TURBOFANS 97



AIA Report On High Bypass Ratio Turbine Engine Oniained Rotor Events
And Small Fragment Threat Characterization Vauln

A3.2.3 Event Severity
The severity of forward arc uncontainment evergs;lassified by CAAM definitions, is
shown in Figure A3.2.7.

CAAM Severity Levels for Uncontained Fwd Arc Fan Blades

100.0%

100.0% - O Total Fleet

o E 1st Generation
90.0% A 86.2% |

[2nd Generation
79.4%

80.0% 1

3rd Generation

70.0% A

60.0% -

50.0% 4

Percent of Total

40.0% 1

30.0% 1

20.0% ~

10.0% -

06%  0.8%
0.0%

CAAM Level

Figure A3.2.7 Forward arc uncontainment — evewnesity

The majority of events were minor, with the damagefined to the engine and nacelle
(i.e. level 1). The inlet inner barrel is constedtof relatively light weight acoustic

material, and would frequently be extensively daathgven by low energy fragments;
this does not imply that those fragments could eaignificant airplane damage.

There were 30 level 2 events recorded in thisystuthble A3.3 lists the level 2 events,
together with the structural damage associated thihrelease of these small fragments.
Table A3.2 shows a"43™ generation rates are a factor of ten lower thest fijeneration
rates, if just the level 2 and higher events aresictered.

Level 2+ forward arc events | High bypass turbofan Hié;h bypass turbofan -
- 1st generation 2"%/3rd generation

# events to end 2006 26 4

Million Cycles 141 348

Cumulative event rate/100, 16 1.1

million cycles

Table A3.2 Incidence of level 2 forward arc events
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Figures A3.2.8 — A3.2.21 show the airplane danragelting from the events causing
airplane damage (where photographs were available).

The two level 3 events (both first generation eag)rare as follows;

. Damage to two separate hydraulic system case linas routed on the fan case;
the forward arc debris was unrelated to the evevergy.
. A fragment from an outboard engine holed the afitdiairing on the inboard

engine, damaging the hydraulic reservoir insideis Téaused functional loss of an
unrelated hydraulic system. The hole was througlalaminum honeycomb panel with
total skin thickness of .032” 2024 aluminum. Thers no difficulty in controlling the
airplane. This is the only time that the fan bléalevard arc debris itself produced a level
3 event.
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Table A3.3 Airplane damage from forward arc ne@m@inment (CAAM level 2 and

higher)

NOTE: CAAM levels may vary from those presentedother references; the CAAM
levels here relate strictly to the effects of utegmment

—~

Event Engine Event Cause | Airplane damage| Blade fragmen
date generation path
1972 1 Runway ice | Fuselage dent Forward arc
1977 1 Blade issue | ¥" puncture in wing Forward arc
leading edge
1980 1 unknown No details Forward arc
1981 1 1 Ib bird 4 dents in fuselage,Forward arc
inboard flap
1981 1 Blade issue | Dent in outboard Forward arc
flap fairing
Small hole in
inboard flap fairing
1981 1 1 Ib birds 2 dents in wing Forward arc
leading edge slat
1981 1 Bird 3” crack in fuselage Forward arc
skin and halfway
through stringel
beneath
1983 1 5 x 1lb birds | Dent in fuselage Forward arc
1983 1 4 1b bird Y%" hole in cabin Forward arc
window outer pane
1985 1 ice 2"x 0.5” puncture in| Forward arc
upper skin of right
horizontal stabilizer
1985 1 3 x 11bbirds | 3" sq hole in outer Tailpipe debris
midflap (from .75”
piece fan blade )
Small hole in
inboard aileron Forward arc
inboard fore flap
canoe #2
1985 1 Unknown No details Forward arc
1986 1 Drain ice 4” tear in fuselage | Forward arc
2x 1" puncture or
right side fuselage
9” dent on wing
leading edge
2 scratches on lower
surface  horizonta|
stabilizer
1986 1 Drain ice Minor puncture in| Forward arc

fuselage skin. Twc

hydraulic

systems
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on fan case
damaged.

Impact to lower
surface low spee
aileron

1" dent in leading

edge right horizonta|

stabilizer

1989

N

Blade issue

Forward arc

1989

Tire debris

ingestion

3" gouge in fuselagg
skin

> Forward arc

1989

|_\

Unknown

No details

Forward arc

1989

2x 1 Ib birds

1.5” dent in fuselagé
skin

2 Forward arc

1991

Blade failure

Four lower right
rudder impacts ned
trailing edge of
control surface, from

a few inches to a

foot across.

Right horizontal
stabilizer 1 large
through hole
(through upper skin
small puncture
without pass throug

on lower surface), 2

surface holes
Tailcone 2 holes

Forward arc
r

—

1991

'_\

Unknown

No details

Forward arc

1994

Bird,
unidentified

3" hole in wing
leading edge slat
Fan blade fragment
embedded in
fuselage

Wing l/e flap lower
surface - 14
impacts, none hole
the honeycomb

Casing
uncontained
SForward arc

Tailpipe debris

1996

Ice slab

2 holes in vertica
stabilizer outer
skin(5.5"x 2" and
.8x.2"), 5 scrapes,
dents.

3 holes (2", 2" and
5" max dimension
and 6 cuts in oute
skin horizontal
stabilizer

Forward arc

(o9

Forward arc

r

2 holes (2", 2 dent

s Casing
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inboard elevator

Right horizontal
stabilizer: One 3.5’
through hole (oute

+ inner skins), one

1" outer skin hole ,7
scrapes in
removable elevator

uncontained
Casing
uncontained

1996 1 3 1b bird Gouge in vertical Forward arc
stabilizer
1997 1 unknown Forward arc
1997 1 6 Ib bird 2" holes in upper Forward arc
skin leading edge
horizontal stabilizer
1998 1 unknown Forward arc
1999 1 Bellmouth 9"x 3"hole in upper| Forward arc
ingestion skin of inboard
elevator. 5” hole in
lower skin; fan blade
tip embedded
2001 1 Ice 2 punctures in right Forward arc
elevator; one in
upper surface only,
1 in both surfaces
2003 2 2 Ib bird Nicks and dents Forward arc
2005 1 FOD, Fuselage small dentsForward arc
unidentified

-~

Figure A3.2.8 Fuselage dents (forward arc)
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Figure A3.2.10 2" puncture in stabilizer skin (fcmvd arc)

1969 2006 HIGH BYPASS COMMERCIAL TURBOFANS 103



AIA Report On High Bypass Ratio Turbine Engine Oniained Rotor Events
And Small Fragment Threat Characterization Vauln

Figure 3.2.11 Scratches on horizontal stabiliéerward arc)

Figure A3.2.12 4" tear in flge skin (forwarctp
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Figure A3.2.13 Fuselage skin puncture (forward arc)

Figure A3.2.14 Aileron dent (forward arc)
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Figure A3.2.15 3" gouge in fuselage skin (pluggétbrward arc)

Figure A3.2.16 Fuselage patch over puncture (fadnac)
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Figure A3.2.18 Plugged holes in fuselage ( forwarc)
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Figure A3.2.20 Elevator puncture (forward arc)

1969 2006 HIGH BYPASS COMMERCIAL TURBOFANS

108



AIA Report On High Bypass Ratio Turbine Engine Oniained Rotor Events
And Small Fragment Threat Characterization Vauln

Figure A3.2.21 Fuselage dent (forward arc)
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A3.2.4 Qualitative Fragment Damage — Forward Arc

Review of table A.3.2 shows that airplane damagse mastly confined to dents and
surface scrapes and cuts. Holes were made in a@oudy surfaces such as fairings,
ailerons and flaps. The highest energy forwardfleagments have produced damage as
follows:

On one occasion, a hole was made in the outer plaecabin window. The inner pane
remained intact.

On two occasions, debris made holes in both themgpd lower skins of the horizontal
stabilizer. There was no evidence that the delassed through the lower skin. These
skins are typically .02 Al.

On three occasions the debris made small puncinrgee fuselage skin. There was no
evidence that the debris passed through the holes.

A3.2.5 Forward Arc Events And Flight Phase

Figure A.3.2.22 shows the distribution of forwanmt @vents by flight phase. The data
reflects the prevalence of FOD at or near the gitpand that more damage will result at
higher airplane speeds and thrust settings. Nbigfigure shows relative distribution of
events, it should not be interpreted as event.rétise note that there has only been one
3 generation events and therefore the chart shatithe used to predict®generation
future behavior.

Phase of Flight When Uncontained Forward Arc Fan Blades Occurred
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Figure A3.2.22 Distribution of forward arc eventg flight phase
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A3.2.6 Installation Effects

Analysis of the event tallies for tri-jets in tabh.3.2 provides insight into the effect of
installing an engine at the tail vs. under the waighe airplane. The total number of
forward arc events was similar for wing engines dail engines, but there were

proportionally more level 2 events for the tail en@s. This is likely due to combined

geometric effects (the stabilizers and rudder dosecto the engine and provide a
relatively large target) and the light constructminthe tail surfaces compared to wing-
skin (so that a fragment which scratched wing skight cut or hole tail skin, and would

have a greater chance of being recorded duringtigagion).

No significant installation effects were identifiéal inboard vs. outboard engines on 4-
engined aircraft.

Engine position #1 (wing) #2 (tail) #3 (wing)
# forward arc events 11 12 14

# level 2 fwd arc events 2 7 5

Ratio level 2: total 2 0.58 .36

Table A3.4 Installation effects in tri-jets; forwharc events
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A3.3 Casing Uncontainment Of Blades '

A3.3.1 Event Rates

The incidence of non-containment of small parts thie engine casings has remained
approximately constant between 1E-6 and 1E-7/ cgolee the introduction of high
bypass turbofans. The second and third generdgenrfates are generally lower than the
first generation, as shown in Figures A.3.3.1 tgioA.3.3.3.

Cumulative Blade Uncontained Events by Year
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Figure A3.3.1 Cumulative Number Of Casing UncorddiBlade Events, 1969 — 2006

*"The events were all nacelle uncontained; thatéstagments went through the casings and thenghro
the engine cowl/nacelle wall. Events where blademeweontained within the nacelle are not addressed
this report. Small pieces other than blades adeded here
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Uncontained Blade Annual & Trend Rates
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Figure A3.3.2 Blade uncontainment rates
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Figure A3.3.3 Blade uncontainment annual event toun
Blades passed through casing and then nacellecgevel
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A3.3.2 Discussion Of Rates

The rates for casing uncontained blades (which alks@nacelle uncontained) have
remained relatively constant for the first genemafieet over time, until the year 2000.
At that time, certain engine casings were enhatz@dprove their containment
capability, in addition to the normal process ofli@$sing root cause for blade failures.
The second and third generation fleet have beufiiten lessons learned by the first
generation fleet, and are a factor of 10 lowetharange 5E-8 to 1E-7/cycle. The annual
number of events and the event rate are both diydemwer than in previous decades.

A3.3.3 Event Severity

The severity of casing-uncontained events, asified®y CAAM definition, is shown in
Figure A3.3.4.

CAAM Severity Levels for Uncontained Blade Events

100.0%

100.0% T

O Total Fleet

1st Generation
@ 2nd Generation
3rd Generation

90.0%

80.0%
70.0% +
, 61.9%

60.0% |

50.0%

Percent of Total

40.0% +
30.0%
20.0% f

10.0%
L 1.2% 1.2% 0.00648%

1.0% 0.0%0.0% 10% 0.0%0.0% 10% 0.0%

. ) P . ) A . s
1A 2A 3A 4A4C 4C
CAAM Level

0.0%

0.0% +

Figure A3.3.4 Blade uncontainment; event severity

There were two level 4 events.

In one case, a number of whole fan blades migrmedard out of the disk and hit the
airplane. This resulted in rapid decompression i@ow was broken) and in damage to
the remaining engines (holed oil tank, ingestiomjocl limited the time remaining for
sustained operation. The event has been catedoagecasing uncontained, but the
evidence shows that some debris went forward oAtflange and through the inlet inner

“8 This was an unusual failure mode which has beecessfully designed out; there has been no
recurrence in over 35 years.
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and outer barrels, some hit and penetrated thecdar, and some was likely released
without encountering any barrier, after the inlatlahe fan case containment ring had
fallen off. This, with the large masses of the fregts (entire blades) would account for
the observed degree of airplane damage.

In another case, during cruise flight, at leastlflades failed and were not contained.
The cabin suffered rapid depressurization, thedéor, likely including intermediate
pressure compressor (IPC) stage 1 and fan drivig shidndrew from the engine. One fan
blade penetrated the fuselage into the cabin flaorintermediate compressor vane
(static) hit the window and surrounding area cayigaiure of said area; resulting in one
passenger fatality. Fan rotor withdrew from engsteking (penetrating) fuselage as it
departed the aircratft.

There was one level 3 event, on a first generdtigh bypass turbofan. A complete set
of LPT nozzles spun, machining away the casing,exitéd the engine. The engine on
the opposite side ingested some of the debris, giaug#he fan blades and requiring a
power reduction. A hydraulic line in the wing/boyn, in the plane of the nozzles, was
also severed by debris. The hydraulic line waglasin access panel, not within the
pressure skin. The tail engine experienced econdaritage to the fan blades by
ingesting debris, but power was not affected.

It should be noted that the LPT and HPT blade rmrtainments have never resulted in
worse than a level 2 event. The potential for tlhemo so may be very limited.

There have been no IP or HP compressor blade esl@agside the nacelle.

There were 59 level 2 events recorded in this study
Figures A3.3.5 — A3.3.7 show the airplane damragalting from some of those level 2
events (where photographs were available).

Figure A3.3.5 Cabin window outer pane (case uteioed)
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Figure A3.3.6 Wing/body fairing and matching fage (case uncontained)
Note that fragments which penetrated the fairinghrhand photograph) did not continue through the
fuselage skin (left hand photograph, yellow/greesaa

Figure A3.3.7 3" hole in slat (casing uncontained)
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Table A.3.6 lists the level 2 events, togethehwite structural damage associated with
the release of these small fragments. The differendhe rate of blade uncontainment
between the first generation and second/third g#ioer engines is very clear if the level

2 and higher events are considered, as shown I AaB.5.

Level 2+ casing uncontained Turbofan 1st | Turbofan 2"%3rd
events (excludes fwd arc) generation generation

# events to end 2006 37 11

Million Cycles 141 348

Cumulative level 2+ event 26 3

rate/100 million cycles

Table A3.5 Incidence of level 2 casing uncontaienaehts
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Table A3.6

Va@uin

Airplane damage from blade non-ciomt&nt by casings (excluding

forward arc) (CAAM level 2 and higher)
NOTE: CAAM levels may vary from those presentedother references; the CAAM levels here relate
strictly to the effects of uncontainment .

Event Engine Airplane damage Blade fragment path
date generation
1973 1 Hole in window, multipleFan blades -Casing
fuselage holes, rapiduncontained, and
depressurization. Oppositdorward arc, and ir
engine oil tank holed. blade plane through
missing casing
1973 1 Dented wing fillet Turbine blade -Casing
uncontained
1975 1 Blade tip in wing/bodyTurbine blade -Casing
fairing. uncontained
1976 1 No specifics available Turbine blade -Casing
uncontained
1978 1 Dented underside wing slat  Turbine bladesig
uncontained
1980 1 No specifics available Turbine  airseal | -
Casing uncontained
1981 1 Dented wing leading edgd@urbine blade -Casing
and main landing gear doof uncontained
1982 1 Hole in trailing edge flapTurbine blade -Casing
and spoiler uncontained
1982 1 No specifics available Turbine blade -Casing
uncontained
1984 1 Minor damage to aileron Turbine blade -Gasin
uncontained
1984 1 Wing, pylon dented. Turbine blade -Casing
uncontained
1985 1 Nicks, dents, paint chips [t@urbine blade -Casing
flaps and canoe fairings | uncontained
1985 1 Light dent in fuselage Turbine blade -Casing
uncontained
1985 1 Dent in slat, 1" hole inTurbine blade -Casing
fairing uncontained
1986 1 No specifics available Turbine  airseal | -
Casing uncontained
1986 1 No specifics available Turbine  airseal | -
Casing uncontained
1986 1 No specifics available Turbine  airseal | -
Casing uncontained
1988 1 No specifics available Turbine  airseal | -
Casing uncontained
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1988 1 No specifics available Casing uncontained
1989 1 Damaged hydraulic systerRan platform Casing
in own pylon uncontained
1989 1 No specifics available Turbine vane -Casing
uncontained
1990 1 No specifics available Turbine airseal Gasin
uncontained
1990 1 Wing dents Turbine blade Cas|ng
uncontained
1991 1 No specifics available Fan blade Casing
uncontained
1991 1 Left wing I/e slat Turbine blade Casing
Wing/fuselage fairing holes,uncontained
impacted fuselage underneath
without penetrating
Vertical fin
7 cabin window outer panes
scratched or punctured, inner
panes intact
one fragment ingested hy
opposite engine
1991 1 No specifics available Turbine airseal Casing
uncontained
1992 1 No specifics available Turbine vane Casing
uncontained
1993 2 Dented fuselage. 1" hole |ifurbine blade Casing
opposite engine transcowluncontained
got into fan stream.
Shrapnel to wing/body
fairing and canoe fairings.
1993 1 No specifics available Turbine blade Casing
uncontained
1993 1 No specifics available Turbine blade Casing
uncontained
1995 1 Punctured elevator skin Turbine blade Casing
uncontained
1995 1 No specifics available Turbine blade Casing
uncontained
1995 1 2 through holes in wing lféfurbine blade Casing

(.05 7075 Al). LPT dovetai
with 1" airfoil found in
wing pylon box beam. win
slats, gear door, puncturé
and an LPT dovetail with 1

| uncontained

J
>d

airfoil found inside LG bay

#1 fan cowl dents, #1 fa‘n

ingest debris
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1996 1 No specifics available Turbine blade Casing
uncontained
1996 1 No specifics available Turbine blade Casing
uncontained
1996 1 Tires cut when they ran oyeFurbine nozzles
debris, kicked it up at theCasing uncontained
plane
1999 2 No specifics available Turbine blade Casing
uncontained
1999 1 No specifics available Turbine blade Casing
uncontained
1999 2 No specifics available Turbine blade Casing
uncontained
2000 1 Uncontained nozzle piegeburbine nozzles

FODed other 2 enginesCasing uncontained
required power reduction gn
tail engine. Hydraulic line
punctured (inside access
panel fwd of MLG)

2000 2 No specifics available Turbine blade Casing
uncontained

2000 3 No specifics available Turbine blade Casing
uncontained

2001 2 3"x2" hole in wing leadingTurbine blade Casing

edge (.05 Al) with g uncontained
fragment embedded in it. |3
scrapes on wing underside|

2001 2 No specifics available Turbine blade Casing
uncontained
2001 2 Debris holed windows Fan blade Casing
uncontained
2002 2 No specifics available Turbine blade Casing
uncontained
2003 3 6 holes in wing fixedTurbine blade Casing
leading edge, 7 holes (runcontained
leading edge slat,
unspecified fuselage
impacts
2005 2 No specifics available Turbine blade Casing

uncontained

A3.3.4 Qualitative Fragment Damage — Casing Uncimetz

Fan blade failures involving the release of muétiplades have led to level 4 events from
damage to cabin windows. These events are believiedolve whole blades, rather than
fragments. They are very rare.

No IP or HP compressor blades were uncontained.
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The most energetic turbine blades or nozzles h@lgdaluminum skin or punctured the
outer pane of the cabin window only. They had rsidieal energy afterward.
None of the turbine blades made holes in wing skin.

A3.3.5 Casing Uncontained Events And Flight Phase

Note: this figure shows relative distribution ofeews, it should not be interpreted as
event rates. Also note that there have only been3fvgeneration events and therefore
the chart should not be used to preditg@neration future behavior.

Phase of Flight When Uncontained Blades Occurred
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Figure A3.3.8 Distribution of casing uncomted events by flight phase

The majority of blade uncontainments occurred dpriakeoff and climb, while the
engine was at high power. The distribution by flighase does not appear to change with
engine generation (although there is very limitathdor 3* generation).

A3.3.6 Installation Effects

Many of these events were LP turbine blade releagi®sre fragments travelled aft along
the flowpath as well as radially outward. In sonases the airplane impacts were from
the flowpath material rather than the casing-uraioletd material. It is not possible to
establish from the records how much of the nickp&lko flaps and canoe fairings was a
result of the uncontainment, and how much was @atresfragments exiting axially. The
number of level 2 events may be overstated, f@rrdsson.

1969 2006 HIGH BYPASS COMMERCIAL TURBOFANS 121



AIA Report On High Bypass Ratio Turbine Engine Oniained Rotor Events
And Small Fragment Threat Characterization Vauln

Comparison of the ratio of level 2 to total eveiaiswing and tail installations for tri-jets
supports this proposition. 30% of casing unconthieeents were level 2 or higher for
tail installations, where material exiting the pge would not strike the airplane. By
contrast, 60% of casing uncontained events werd wr higher for wing installations,
where material exiting the tailpipe could strikeg$ and canoe fairings.
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A3.4 Spinner Failures

There have been a small number of spinner failurése time period studied which were
uncontained by the nacelle . The rate of occurrénémw, similar to the current rate for
forward arc uncontainment, and the effects have beeted to CAAM level 2 or lower.

Year hz(:iiiag;e des?r/igtion POS Phase ' AltFeet Op Eff ?:C!avll g:)\lf; gg(gzl UNCT Part
2004 2 TWIN 2 CRUISE UNK UNK 1A SPINNER r 1 SEGMENT
2005 2 TWIN 2 CLIMB UNK ATB 1A SPINNER M 1 SEGMENT
2005 2 TWIN 2 CLIMB UNK ATB 2A SPINNER 1 SEGMENT

Average rate is 1E-8 per engine cycle for 3 events in 295, 056, 159 engine cycles

Table A3.7 Spinner uncontainment
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A3.5 Material Exiting From The Exhaust

When debris is generated in the turbine flowpathaioy reason, it is likely to be swept
up by the gas-stream and exit via the tailpipe. déleris has very little radial velocity, it
is travelling with the exhaust stream. It may intpaerodynamic surfaces downstream of
the tailpipe.

There were 4116 events identified with tailpipe rilelten of these events had witness
marks recorded of debris hitting the airplane (frefmg-installed engines only). There
are likely to be other events involving minor impdamage which went undocumented.
Figures A3.5.1 — A3.5.4 show the airplane damagelting from those level 2 events
(where photographs were available). The worst dembrdamages from tailpipe debris
were a surface cut in an aileron skin (Figure AB)and two small holes in a trailing
edge flap skin (Figure A3.5.3). The highest endajpipe debris is therefore able to hole
a non-metallic honeycomb sandwich. It is not rdedras penetrating/ passing through
surfaces with greater ballistic capability thansthThe likelihood of tailpipe debris
damaging a principal structural element or an aiplsystem appears minimal.

No data is available on the flight phase distribtior the release of tailpipe debris.

Table A3.8 lists the events where tailpipe debrés he only source of damage to the
airplane.

Table A3.8 Airplane damage from tailpipe debrisc{eding events with forward arc or

casing non-containment)
(CAAM level 2 and higher)

Event Engine | Airplane damage Blade  fragment
date generatio path
1986 1 Nicks, dents, paint chips td Tailpipe debris
flaps and canoe fairings
1992 1 Trailing edge flap — 2 holes | Tailpipe debris
1997 1 4" surface cut in high speed Tailpipe debris
aileron and to leading edge
horizontal stabilizer
1991 1 Stabilizer dents Tailpipe debris
2000 2 Small dents and holes ir Tailpipe debris (and
wing  and  horizontal | static structure)
stabilizer. Stabilizer leading
edge hit by centerbody
1998 2 7” crack on inboard aileron | Tailpipe debris
1998 2 Impacts on inboard aileron Tailpipe debris
and flaps
1993 2 Debris jammed flap track | Tailpipe debris
1998 1 Small dents and holes in Tailpipe debris
wing and horizontal
stabilizer.
1999 1 Flap damage Tailpipe debris
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Figure A3.5.1 Cut in aileron (tailpipe debris)

Figure A3.5.2 Elevator dent (tailpipe debris)

1969 —2006 HIGH BYPASS COMMERCIAL TURBOFANS 125



AIA Report On High Bypass Ratio Turbine Engine Oniained Rotor Events
And Small Fragment Threat Characterization Vauln

Figure A3.5.3 Trailing edge flap holes (tailpipelis) (photo taken during repair
process)

Figure A3.5.4 Nicks and dents to flaps, canoerigs (tailpipe debris)
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Appendix 4 Fan Spooldown Characteristics

Concerns have been raised in the past over thentdtéor a disk burst to produce
sufficient near-field damage to a thrust reverbet the reverser would deploy in flight
and would produce sufficient reverse thrust that d@irplane would be uncontrollable.
These concerns have resulted in guidance thahthsttreverser should be designed so
that at least one of the reverser locks is naténplane of a disk.

AMC25.933 to CS 25.933 states:

8.d. Uncontained Rotor Failure: In case of rotor failure, compliance with CS 25.903(d)(1) should be
shown, using advisory materials (AC, user manual, etc.) supplemented by the methods described
below. The effects of associated loads and vibration on the reverser system should be considered
in all of the following methods of minimizing hazards:

8.d.(1) Show that engine spool-down characteristics or potential reverser damage are such that
compliance with Section 7, above, can be shown.

8.d.(2) Show that forces that keep the thrust reverser in stable stowed position during and after the
rotor burst event are adequate.

8.d.(3) Locate the thrust reverser outside the rotor burst zone.

8.d.(4) Protection of thrust reverser restraint devices: The following guidance material describes
methods of minimizing the hazard to thrust reverser stow position restraint devices located within
rotorburst zones. The following guidance material has been developed on the basis of all of the
data available to date and engineering judgment.

Detailed guidance is then given in the AMC on tlh@agients to be considered in
following option 8d(4). There is no guidance on htawcomply with the other three
options.

This appendix provides technical data which magisasapplicants in showing
compliance via option 8d(1). It discusses the spdolwn and pressure decay
characteristics of an engine after a disk burstaltow re-evaluation of whether the
scenario of concern is physically realistic. Inghwould an engine produce significant

reverse thrust if a thrust reverser were to depidiight after a disk burst?

A4.1 Fan spooldown characteristics — technical cons iderations
The immediate consequences of an uncontained diske are:

. Very high unbalance, as soon as the disk fragmeginb to separate from the
spool or shaft.
. Heavy rubs by seals, blade tips etc as the engitumlacenterline moves off the

design centerline- as a result of the unbalancsinGadeformation under the impact of
the disk fragment increases this effect.

. Immediate rapid dumping of air from the core amd daerboard, though the hole
created by the departing disk fragments.
. Surge/stall as the engine cycle is interrupted, ianglrticular, surge/stall of the

HP compressor if the uncontainment occurs in theofacompressor. In rare cases, surge
or stall may not occur for an LPT failure. Howeuttie LPT is far aft of the reverser and
LPT failures will not damage thrust reverser ratamtlevices.

. Spooldown of the separated piece of rotor, if ttsk ailure removed the torque
path from one rotor.
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. Spooldown of the fan and core (air is continuingltonp overboard through the
hole in the side, rather than driving the turbirfésction from severe rubs also brakes the
rotors.)

Within a very short time after the disk burst besgithe fan and core are windmilling or
stationary.

Engine surge, equivalent to cessation of thrustigpcton, occurs within one tenth of a
second of the initiating event (based on presswgteumentation of fan blade-out tests).
Engine spooldown is complete within a few seconfd¢he initiating event, as shown
below.

A4.2 Engineering data

DFDR data can give some indication of how engineskdown after a disk burst; but
the sampling rate is not sufficient to give verg@aate results. Engine pressures respond
much more quickly to turbomachinery failure thagiee speeds, but pressures are often
not recorded as DFDR parameters. Severe failureb as disk bursts often cause
collateral damage to engine instrumentation, DFRckronization losses and so on,
making data recovery a challenge. Engineering teat® much higher data-sampling
rates; tests which have involved either an indueddre (such as fan blade-out tests) or
an unexpected rotor failure can give additionalspective on pressure decay or
spooldown characteristics. Data from in-servicené&veand from engineering tests is
presented below, for the fan spooldown times te.idl

Pressure transducer data from fan blade-out testsssthat engine surge (i.e. cessation

of thrust production) typically begins between 80100 milliseconds after fan blade
release. It is likely that similar timing would ldairue for disk burst.
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Event Nature of | Initial Time from Comments
identification | event power event
setting initiation to
idle speed
(fan)
Manufacturer | HPT disk | Climb 2.5 seconds gusrifOSgSD Eﬁgciirsdked .
A burst _(DFDR . deplc;yed signal from
interpolation)| one reverser sleeve.
Manufacturer | Mid seal Intermediate] 0.6 seconds
A failure on | (75% N1)
test bed.
Contained.
Manufacturer | Fan mid Takeoff 2 seconds | would expect slower
A shaft (DFDR data Eﬂcr):tldown than for rotor,
separation. interpolation) '
Uncontaine
d LPT
blades
Manufacturer | HPC spool | Takeoff 2 seconds
A burst (DFDR data
interpolation)
Manufacturer | Fan blade- | Red-line N1| 2.5 seconds Woulflidexpecrt] Sloglver
B Out test A EE?; own than for rotof
Manufacturer | Fan blade- | Red-line N1| 2.8 seconds ;Vogé?dﬁwnef; aSrLO;/gfrrotor
B out test B e
Manufacturer | Fan blade- | Red-line N1| 3.3 seconds WO:(')?diXpne;t] asrmffmto
B out test C o !
Manufacturer | Fan blade- | Red-line N1| 1.9 seconds| would expect slower
B out test D spooldown than for rotor

burst.

Table A4.1 Spooldown times with high unbalance
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Appendix 5 Detailed Record of Impact Marks and Hols (located in Volume 2)

Appendix 5 is contained in Volume 2. Appendix &ikrge table, recording the damage to the
airplane structure for each disk burst event wlkadh information was available. It lists each

damage location and size,(hole, dent or gougey®ther with the structure which was damaged
(material and thickness), the rotor speed at wtiiehevent occurred, and the nature of the
fragment which did the damage.
A summary table, A5.1 below, presents the tallhags made by small fragments for each event
(excluding dents and holes through honeycomb sardednstruction, and holes made by large

disk pieces or static structure.) A dash (-) iatks that no records were available).

Year Engine  |[UNCSpool | Installation| Ground/Air Nacelle | Debris | Hole
generation event contained| hit count
? airplane
?

1970 HPT Wing Air N Y 2
1970 1 HPT Wing Air N Y -
1971 1 HPT Wing Ground N Y -
1971 1 HPT Wing Air N Y -
1972 1 LPT Wing Air N - 0
1972 1 FAN Wing Air N Y -
1973 1 FAN Wing Air N Y -
1973 1 HPT Wing Air N Y -
1974 1 HPC Wing Ground Y N 0
1973 1 HPC Wing Ground N Y -
1975 1 LPT Wing Air N Y 1
1976 1 HPC Wing Air Y N 0
1976 1 HPC Wing Air Y Y° 0
1976 1 IPT Wing Air N Y -
1977 1 LPT Wing Air N - 0
1977 1 LPT Wing Air N Y 5
1977 1 HPC Wing Air N Y 2
1977 1 HPC Tail Ground N N 0
1978 1 LPT Wing Air N Y -
1979 1 HPC Wing Air N Y -
1979 1 HPC Wing Ground N Y 1
1980 1 HPT Wing ? N Y -
1980 1 HPC Tail Air N Y -
1980 1 HPT Wing Air N Y 1
1981 1 LPC wW Air N Y -
1981 1 HPT Wing Ground N Y 10
1981 1 LPT Wing Ground N Y 94
1981 1 FAN Tail Air N Y -
1982 1 HPT Wing Ground N Y 95

9 Dent in wing skin
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Year Engine  |[UNCSpool | Installation| Ground/Air Nacelle | Debris | Hole
generation event contained| hit count
? airplane
?

1983 1 HPC Wing Air N Y 3
1983 2 HPC Wing Air Y N 0
1984 1 HPT Wing Air N Y -
1985 1 LPT Wing Air N Y -
1985 2 HPC Wing Air N - 0
1985 1 HPC Talil Air N Y 20
1985 1 LPT Wing Air N Y 6
1985 1 HPT Wing Air N Y 10
1989 1 FAN Tail Air N Y 48
1989 1 LPC Wing Ground Y N 0
1990 1 HPT Wing Ground N Y° 0
1991 2 HPT Wing Air N Y 10
1992 1 LPT Wing Air N Y -
1992 1 HPC Wing Air N Y 14
1993 2 HPC Wing Air N Y 1
1994 1 IPC Wing Ground N Y -
1995 1 HPC Wing Ground Y N 0
1995 1 HPC Tail Ground N Y 0
1995 1 LPT Wing Ground N Y -
1996 1 LPC Wing Air Y N 0
1997 2 HPC Wing Ground N Y 1
1998 1 HPC Wing Air Y N 0
1998 2 HPT Wing Ground N Y -
1998 1 HPT Wing Air N Y -
1999 2 HPT Wing Air N Y 3
2000 1 LPT Wing Air N Y 7
2000 2 HPC Wing Ground N \& 0
2000 2 HPT Wing Air N Y
2000 1 LPT Wing Air N Y -
2000 2 HPT Wing Ground N Y 9
2000 1 HPC Wing Air Y N 0
2001 1 LPT Wing Air N Y -
2002 2 HPC Wing Ground N N 0
2002 2 HPT Wing Air N Y>3 0
2004 1 HPT Wing Air N Y -
2005 2 HPC Wing Air Y N 0

* Debris dented airplane

> Debris hit honeycomb structure. There were haleké honeycomb structure.

°2 Debris hit honeycomb structure. There were halébé honeycomb structure.

%3 Large fragment holed wing leading edge
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Year Engine  |[UNCSpool | Installation| Ground/Air Nacelle | Debris | Hole
generation event contained| hit count
? airplane
?
2006 1 LPT Wing Air N Y 8
2006 2 HPT Wing Ground N Y 16

Table A5.1 Tally of holes made by small fragments
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Appendix 6 Airplane Fire Resulting From Disk Burst

The events where a disk burst resulted in a fiediated in table A.6.1. The crew were
able to successfully command fuel shut-off at thgiree for each of these events.

CAAM

Uncontained Design Level Fire
Year Spool  Heritage Fuel source Ignition source Fire location Effects
1974 HPC 1 Other Tifire of short duration Within naeell 2c

Hot surface in nacelle,
1976 HPC 1 Fuel & Oi in nacele Electrical in nacele Within nacelle 2c
1977 HPC 1 Oil Hot surface in nacelle Within nacelle 2c
1979 HPC 1 Fuel in nacelle Unknown Within nacelle @® o/ 2c
1981 HPT 1 Qil in nacelle Hot surface in nacelle Witracelle @7 to 8 of/c 2c
Fuel from wing (10 tor
1982 HPT 1 |leaked out) Hot surface in nacelle Pool fre on gibun 4b
1983 HPC 1 Fuel & Oiinnacele | Hot surface innacelle  Within nacelle @ 6 olc 2c
1983 HPC 2 Fuel in nacelle Hot surface in nacelle Wiithicelle 2c
1992 HPC 1 Fuel in nacelle Hot surface in nacelle Wiithicelle 2c
1995 HPC 1 Fuel, Oi in nacele Hot surface in nacelle ithinhacelle 2c
1995 HPC 1 Fuel, Oi in nacele Hot surface in nacelle ithiwhacelle 2c
1997 HPC 2 Fuel in nacelle Hot surface in nacelle Wiithicelle 2c
1998 HPT 1 Fuel from pylon/strut  Hot surface in nacelle | Pylon & wing leading edge 3b
2000 LPT 1 Oilin nacelle Hot surface in nacelle Wittercelle 2c
2000 HPC 2 Fuel n nacelle Hot surface in nacelle R=obh ground 3b
2000 HPT 2 Fuel from wing tank Hot surface in nacelle olfie on ground 3b
External to nacelle; damage
2002 HPC 2 Fuel in nacelle Hot surface in nacelle to underside wing & pylon 2c
Fuel in nacelle, fuel

2006 HPT 2 |from wing tank Hot surface in nacelle Pool fre on ground 4b

Table A6.1 Fires resulting from disk burst

A6.1 Fuel source

Disk bursts invariably result in rupture of the gupressurization and scavenge oil flows,
spilling oil into the nacelle. Few of these evemse resulted in fires unless fuel was also
spilled into the nacelle. Factors which may conti#to the observed lower fire risk of

oil include:

. Higher hot surface ignition temperatures requi@doil to ignite

. Limited quantity of engine oil available to burn

A6.2 Ignition source

Where fuel dripped or sprayed onto hot engine ptrtse hot surfaces were presumed to
be the ignition source. The pool fires on the gobare believed to have ignited from the
undercowl fires. In the cases where hot parts puedtthe wing tanks, there was no
evidence suggesting that fuel within the wing tawks ignited. The fuel burned once it
was outside the tanks and had a good air supply.

A6.3 Fire control

For each of these events, fuel flow to the engiae ghut off successfully. The
uncontrolled fires involved fuel leakage upstredrthe shutoff valve (from the tanks).
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Figure A6.1 Incidence of fires resulting from diskst (cumulative)

Figure A6.1 shows the trended incidence of thees.fThe incidence of fire resulting
from disk burst is near constant for the first gatien fleet. The incidence of fire for the
second generation fleet has fallen significantlyféctor of 50) over the last twenty years.

The following points should be noted:
. Fires have only resulted from disk uncontainmenenvthe engine was initially at
high power, on or near the ground (below 8000 Tthjs part of the operating envelope
combines high engine surface temperatures with péghal pressure of oxygen.
e Undercowl fires have only resulted from HPC or HR3k burst events.

o Fans and LP compressors expose relatively low testyoe surfaces upon

o

1969 2006 HIGH BYPASS COMMERCIAL TURBOFANS

burst.

LP turbines do not have adjacent fuel linesusd leaks are less likely. As
noted above, oil leaks are relatively unlikely toguce fires.
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Appendix 7 Large Fragment Velocity

In some cases, though not’3ldebris maps of airports have been made showiregavh
pieces of engine were found after an event. Thasde used as part of a search for
missing disks or disk pieces. These maps can alsséd to derive an estimate of the
speed at which the disk piece travelled when iialy left the nacelle, if the disk

velocity vector can be identified and resolved iatimrward (airplane speed) component
and a lateral (disk in-plane velocity) componertisivector is necessarily an average
value of the velocity in the horizontal plane. Bgting a range of trajectories compatible
with the landing site of the piece, a range of gmetangential velocities can be
estimated.

Estimates of disk fragment tangential velocity e#so be derived from the distribution of
debris dropped from the airplane after takeoff.uéalderived from high altitude events
may influenced by drag effects and be less inforraatbout the initial disk speed than
values derived from on-ground events.

There is uncertainty in the above calculations @ased with incomplete fragment
recovery, questions regarding wind speed, preors&tion of the airplane at the time of
burst and incomplete documentation of fragmeninggilace. Nevertheless, the
estimates are a useful indicator.

In other cases, although debris maps were noteploitformation was recorded about
the location where a disk piece was found — thaag found in the engine nacelle or on
the runway where the event took place — which gavekear qualitative indication of the
disk fragment velocity.

This type of information was available for 19 diskrst events. No conclusions could be
reached for two of these, but estimates of fragrapaed were successfully made for the
remaining 17. The summary of this data was pregant€igure 9 and is repeated here
for convenient reference.

> Many events are immediately followed by effortstear the runway of debris as quickly as possiole,
allow normal operations to resume. The debris errgimway is often swept into a heap and locatidns o
individual small pieces are not recorded.
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ESTIMATED VS THEORETICAL DISK FRAGMENT VELOCITIES
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Figure A7.1 Estimated large fragment velocitiesdeparting the nacelle

Events ranked by estimated fragment velocity speed

Each bar represents a separate event. This doattates that for this limited dataset, the
fragment velocities appear to be much lower tharthieoretical value which would be
derived from the radius of the fragment centerraigy and the disk rotational speed at
burst.

Supporting details of the derivation of the diskgiment speed are presented below, for
each event. Nacelle-contained events are presérged

1974 — HPC rim

2 large rim pieces (270 and 90) contained by necell

Small pieces exited nacelle @ 8 o/c to 9 o/c

Radial location large fragment center of gravit§.# ft

Burst rpm= 9880 rpm

Theoretical fragment centroid speed at burst w&sf72

Speed at which it left the nacelle = 0 ft/s

1976 — HPC rim

Rim piece completely contained by nacelle, alt@oécovered
Radial location large fragment center of gravity.eft

Burst rpm= 9880 rpm

Theoretical fragment centroid speed at burst w&sf@3
Speed at which it left the nacelle = 0 ft/s

1977 - HPC rim

3 out of 4 pieces stayed in the nacelle or exifedavn the fan duct
Radial location large fragment c of g = 1 ft
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Burst rpm= 9365 rpm
Theoretical fragment centroid speed at burst wasf@s,
Speed at which it left the nacelle = 0 ft/s

1977 HPC rim

Casing holed at 6 o/c to 8 o/c

1/2 the rim piece recovered lying on the runway.
Radial location large fragment cof g =1 ft

Burst rpm= 9591 rpm

Rim speed 1000 ft/s,

Speed at which it left the nacelle = 0 or near Z#so0

1977 — LPT

% disk bore contained by engine casings

Radial location large fragment c of g = 1.33 ft

Burst rpm= 3760

Theoretical fragment centroid speed at burst wasf2
Actual speed of first piece zero

1979 - HPC disk

All pieces recovered from inside nacelle (50%) feeraexiting down flowpath. Found

within 50 m of runway centerline.

Reverser holed from 3 to 6 o/c and 9 to 12 o/c.
Radial location large fragment c of g = 0.7 ft

Burst rpom=10490 rpm

Theoretical fragment centroid speed at burst wésf7g ,
Actual speed near-zero

1983 HPC1

All of the disk was recovered, in the nacelle otieg down the fan duct.

Radial location large fragment c of g =0.47 ft

Burst rpm=13823 rpm

Theoretical fragment centroid speed at burst wa$80
Actual speed near-zero

1991 — HPT

Rim piece contained by nacelle.

Radial location large fragment c of g =1 ft

Burst rom= 10076

Theoretical fragment centroid speed at burst wéaé) s ,
Actual speed zero

1997 — HPC

3 pieces, all recovered.

All went down the bypass duct after exiting theicgs
Radial location large fragment ¢ of g =0.5 ft
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Burst rom= 10468
Theoretical fragment centroid speed at burst wésf8s$,
Actual speed zero

1995 — HPC

Large fragment found in nacelle at 4:30 o/c ALF
Rim fragment found on runway

Other rim fragment found 50 yds away in grass.
Radial location large fragment c of g =.58 ft

Burst rpm= 10420

Theoretical fragment centroid speed at burst w&sf@d
Actual speed for 2 of large fragments zero

1995 - HPC

Casing holed 4 to 9 o/c ALF

All of the spool was recovered on the runway
Radial location large fragment c of g=0.5 ft

Burst rpm=10468

Theoretical fragment centroid speed at burst wasf®
Actual speed near zero

2000 - HPC spool
Casing holed 360

% the disk was recovered. Large piece found lyimghe runway. Airplane travelling at

60 kts.

Radial location large fragment ¢ of g = 0.83 ft

Burst rpm= 8707

Theoretical fragment centroid speed at burst w&sf7$
Actual speed near zero

1981- HPT Disk

#1 engine, HPT1 (whole HPT disk and the original piece) went out @ 10 o/c,

travelling left. Location of event determined byahdebris on runway map.

HPT2 disk went vertically up and hit pylon, defledtoff to side. Curved off to the right.

The HPT2 disk came off the engine later than th& Héfisk.

Testing a range of trajectories against the evidémdicates a possible speed for tfle 1

stage disk of 290 ft/s

Radial location large fragment ¢ of g = near axis
Burst rom= 10194
Theoretical fragment centroid speed at burst waetenmined

1982- HPT disk

8 or 9 o/c hole exit track. All of each disk wasaeered.
No technical consensus on interpretation of thderge.
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Radial location large fragment ¢ of g = undeterrdif\@hole disk)
Burst rpm= 10526
Theoretical fragment centroid speed at burst waetenmined

1985 - HPC9 disk

Casing holed at 50/c for bore piece 6, and 6 g&;10 and 12 o/c for rim pieces

About ¥ the disk recovered in all. This, with thstdbution of release angles, suggests
we collected pieces with a representative randgarafential vector directions.

Event at 3500 ft, per DFDR. Disk pieces scattenazt a line to left and right of
airplane. Neglecting drag, it would take piecesé&&onds to fall from 3500 ft.

Testing a range of trajectories against the looatwwhere large pieces were found on the
ground indicates a possible tangential speed rahge ft/s to 250 ft/s (depending on the
initial vertical component)

Radial location large fragment c of g = 0.9 ft

Burst rpm= 10272

Theoretical fragment centroid speed at burst wasf@g

1989 Fan disk

1:45 ol/c disk piece hit elevator leading edge, iopiece went at 7:30 o/c

Effectively all of the disk was recovered.

Extensive search efforts for the disk includedeitiyry/drag modeling. When the disk
was eventually found, the model could be forcethéocorrect location by using more
equal disk exit velocities than had been previoaslsumed (assumed 107 and 544 ft/s).
The corrected velocities were 158 ft/s and 1974ft/sxit from the nacelle.

Radial location large fragment c of g = 1.3 ft

Burst rpm= 3363

Theoretical fragment centroid speed at burst was fés

1999 HPT air seal

12 o/c hole in cowl, #1 engine

Climb, 1000 ft AGL, fwd speed 160 kts (270 ft/s

2/3 of seal found on right of airplane track, safistance off track as L/H reverser latch
beam and reverser latch but 600 yds further albadrack.

Testing a range of possible trajectories indicatpsssible speed range — for the 2/3
fragment — of 200 to 240 ft/s. The 1/3 segment ma@gecovered and so no velocity
calculation is possible.

Radial location large fragment c of g = 0.5 ft

Burst rpm= 14200

Theoretical fragment centroid speed at burst w&sf7gd

1990 HPT disk rim

7 o/c hole in casing

Air plane speed was 150 knots. Rim piece recovéi#d The rim piece travelled 1700
ft, at a vector 40from the plane of the rotor. Corresponds to 300fér rim piece.
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Testing a range of trajectories against the looatwhere the rim piece was found on the
ground indicates a possible tangential speed rahg20 ft/s to 240 ft/s (depending on
the initial vertical component).

Radial location large fragmentcofg=1 ft

Burst rom= 9639

Theoretical fragment centroid speed at burst wag s

2000- LPT disks

Casing hole 3 o/c and 9 o/c

Debris collected from ground under airplane track.

Retrieved 33 post piece for LPT 1 and 46 post piecePT4.

Airplane at 300 ft for event, 600 ft over locatioys,7, CAS 180 kts.

Testing a range of possible trajectories indicatpsssible tangential speed range of 250
to 300 ft/s

Radial location large fragment c of g = 1.55 ft

Burst rpm= 5640

Theoretical fragment centroid speed at burst wasf78
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Appendix 8 Masses Of Collected Small Fragments
Appendix 8 is provided in volume 2

It contains a photograph and/or short verbal dpson of each small fragment recovered
from inside the airplane and a description of wheveas found.
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Appendix 9 CAAM Classifications

A summary of the event severity classificationsedeped by the CAAM committee, for
those effects most closely related to disk uncomant, is presented below. A full list is
available in Reference 8.

LEVEL O — CONSEQUENCES WITH NO SAFETY EFFECT.
b. Casing uncontained engine failure, containetliwithe nacelle.

LEVEL 1 - MINOR CONSEQUENCES.
a. Uncontained nacelle damage confined to affetaeelle/APU area.

LEVEL 2 - SIGNIFICANT CONSEQUENCES.

55
a. Nicks, dents and small penetrations in any air@rincipal structural element
b. Slow depressurization.
c. Controlled fires (i.e., inside fire zon&s Tailpipe fires that do not impinge upon
aircraft structure, or present an ignition soured-located flammable material, are
considered level 2 also.
d. (1) Flammable fluid leaks that present a firaaa?’. Specifically fuel leaks in the
presence of an ignition source and of sufficiengni@de to produce a large fire.
d. (2) Fuel leaks that present a range concerthéairplane.
e. Minor injuries.
f. Multiple propulsion system or APU malfunctiorts, related events, where one engine
remains shutdown but continued safe flight at aitude 1,000 feet above terrain along
the intended route is possible. This carries witan assumption that the aircraft is at
least under partial power for any length of timader than transient events (see note
associated with level 3.e.)
h. Separation of propulsion system, inlet, revetdecker door, translating sleeve or
similar substantial pieces of aerodynamic surfaddout level 3. Separations on the

% The previous definition related to “aircraft primgastructure”. There was considerable debate ovetw
was considered primary structure.

58 The previous definition stated that controlleddikgere those which were extinguished by normal on-
board fire extinguishing equipment. This led to thessification of a number of events as uncoredbll
fires, which did not appear to the committee to ttiee intent of the definition. For instance, firgkich
could easily have been extinguished by the onbsgstem had the pilot chosen to use it, small fiveikh
were immediately extinguished by ground crew sa tifa pilot had no opportunity to use the onboard
system, and fires which due to their location wastextinguishable by the onboard system but
nevertheless presented no threat to the aircnath(as grass fires) — all of these were categoased
“uncontrolled” according to the previous definitiothe CAAM committee concluded that a better
definition of the term “controlled” was whether tfiee had impinged upon, or could have impingednypo
the remainder of the airplane

"It is recognized that the words “present a coricitially appear inconsistent with the philosopbiy
deciding hazard levels according to what actuadlygened. The qualifiers for 2.d. were found to be
necessary to eliminate those fuel leaks that wessrsll that, although outside maintenance manmék|
they had no airplane-level effect. Further congitien confirms that the severity level for 2.db&sed on
the actual fuel leak, not on the potential consageaef uncontrolled fire or fuel exhaustion
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ground in the process of cycling the reverser aduded (i.e., low speed, post-thrust
reversal.)

i. Partial in-flight reverser deployment or progellpitch change malfunction without
level 3 consequences.

LEVEL 3 - SERIOUS CONSEQUENCES
a. Substantial damage to the aircraft or seconelated system.

(1) "Substantial damagé in this context means damage or structural failthat
adversely affects the limit loads capability of ainpary structural element, the
performance or flight characteristics of the aifigrand that would normally require
major repair or replacement of the affected comptme(Typically not considered
“substantial damage” are engine failure damagetdainto the engine or mount system,
bent fairings or cowlings, dented skin, small punetholes in the skin or fabric, or
damage to landing gear associated with runway tegeat wheel, tires, flaps, engine
accessories on the failed engine, brakes or wpg).ti

(2) Damage to a second unrelated system must intpactbility to continue safe flight
and landing. Coordination and agreement between é&mgine/propeller/APU
manufacturer and the airframe manufacturer may daglired to properly categorize
events related to second system damage.

(3) Small penetrations of aircraft fuel Iinegs orcaaft fuel tanks, where the combined
5

penetration areas exceed two square inche&ssistance of the airframe manufacturer
should be sought when questions arise.

(4) Damage to a second engine (cross-engine detdnish results in a significant loss of
thrust or an operational problem requiring pildi@t to reduce power. Minor damage
which was not observed by the crew during flighd arhich did not affect the ability of
the engine to continue safe operation for theak#te flight is excluded, being
considered a level 2 event.

b. Uncontrolled fires — which escape the fire zand impinge flames onto the wing or
fuselage, or act as ignition sources for flammatideerial anticipated to be present
outside the fire zone.

c. Rapid depressurization of the cabin.

d. Permanent loss of thrust or power greater tmanpoopulsion system.

LEVEL 4 - SEVERE CONSEQUENCES.

a. Forced landing. Forced landing is defined asrthkility to continue flight where
imminent landing is obvious but aircraft controilél is not necessarily lost (e.g., total
power loss due to fuel exhaustion will result itf@ced landing”). An air turn back or
diversion due to a malfunction is not a forced lagdsince there is a lack of urgency and

8 A level 2 event may result in an emergency beiegjated to initiate ATC priority sequencing. Thizes
not inherently imply that the event was a leved Bhis definition departs somewhat from the NTSB
definition. Clarification was found advisable bytteam after some difficulties in using the NTSB
definition.

¥ The concern is exhaustion of fuel reserves.
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60
the crew has the ability to select where they paifform the landing. However, off-
airport landings are almost always forced landings.

61
b. Actual loss of aircraft (as opposed to economviti)e occupants were on board
c. Serious injuries or fatalitiéé.

LEVEL 5 - CATASTI;OPHIC CONSEQUENCES.

Catastrophic outcome. An occurrence resulting in multiple fatalitiesually with the
loss of the airplane.

GENERAL NOTES APPLICABLE TO ALL EVENT HAZARD LEVELS

a. The severity of aircraft damage is based ortinsequences and damage that actually
occurred.

b. Injuries resulting from an emergency evacuataiher than from the event that caused
the evacuation are not considered in evaluatingéherity of the event. It is recognized
that emergency evacuations by means of the slatlesesult in injuries, without regard

to the kind of event precipitating the evacuation.

c. It is recognized that there is some overlap betwthe definitions of hazard levels and
the characterization of events, particularly far tbwer hazard levels (for example,
uncontrolled fire). Efforts were made to developrenobjective hazard level definitions,
rather than defining by example; these efforts wertesuccessful.

% Where it is unclear whether the landing was fordehay be helpful to consider whether the pilatih
any alternative to landing at the closest airport .

1 Hull losses where the airplane could have beeaireg, but repair would not have been cost effectiv
are excluded. Additionally, hull losses that ocedrwell after the event because appropriate agtasnot
taken to further mitigate damage (i.e., fire bragkbut because no fire equipment was availablehatre
considered hull losses for the purposes of thisahevaluation. Some degree of judgment may berestju
in determining whether the hull loss qualifies ifeelusion

%2 |n this context, serious injuries are intendedngsries of a life-threatening nature. This is diéfet from
the NTSB definition, which would include most siragtactures.

83 Extension of the use of the CAAM database to thieepropulsion system was associated with a desire
to discriminate between the kind of events thatilted in a small number of serious injuries or lftiés,
and those that resulted in serious injuries oflifegs to most or all of the airplane occupantsisiwas felt
to be a useful discriminator by Transport Airplddieectorate. CAAM Level 4, as defined in the origlin
report, was therefore split into two levels, le¢ednd level 5.
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