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EXECUTIVE SUMMARY

FAR/JAR 25.903(d)(1) states that “Desigrecautions must be taken to minigilke hazrdsto
theairplanein theevent of an enginerotor falure....” Minimization of thehazard to thearplane
canbe accomplished in several way (1) minimize the frequencyf uncontained disc events;
(2) minimizaion of fragment energies, quantities, and rdated trgectories; and (3) mitigation of
the hazardto safe flight throudn mitigation provided in aircraft desigand construction.lt is
understoodhatabsolutecontainment is unlikelythus the minimization of fragent energes and
mitigation in the aircraft are the reasonable methods of compliance.

The Aviation Rulemaking Advisory Committee (ARAC) 25.903(d)(1) Task Group is in the
process of updatinghe engne uncontained fragent haard model as definedn Advisory
Circular 20-128A. The updated model will be implementedAdvisory Circular20-128B The
analysis defined herein is a sidicant part of that effort as it provides a methodgltgdefine
fragment enegies and ddines ageneric engine fragment modd. Additiondly, someprdiminary
modding of bdlistic penetration of arcraft strudures and potential barrier maerials is preented.

v/vi



INTRODUCTION

A small-engne uncontained enge debris anafys was conducted to define the debris trajectory
relative size and «it velocity. Data for this andysis were provided by the smdl aircraft and
engne manufacturers.Information for the anayys was provided in the form of worksheets
which identified the engne type, failed component and, when available, relevant information
about the uncontained debris and daetaghe aircraft.

This information hasbeenkept separate from the laggengne database and arigg analsis
efforts. Dueto thelimited informaion available, asimilar level of andysis was not waranted.

EVENT SUMMARY

There were 40 separate events providedheynanufacturergo conductthe analysis. Within

this data,tenincidentscontaininformation on damagyto the aircraft. Thirteen incidents include
information on damagto the engne nacelle (one evenbntainsinformationon bothnacelleand
aircraft damag). By component there is one fan disk event and five compressor events, but the
majority of the events are turbine events, 34 out of 40 (tablé®©1}the turbineevents,15 (44%)

are rm evens and 13 (38%) are sk evens.

TABLE 1. EVENT SUMMARY

Event Types Totd Blade Rim Disk
Fan 1 0 0 1
Compressor 5 1 3 1
Turbine 34 5 15 13
Total 40

Six auxliary power unit (APU) events are included in the asialyA separate section, Aubary
Power Units, is provided to discuss the containment aspect of the reported APU events.

SMALL ENGINES

TRAJECTORY ANALYSIS.

Of the 40 events, 17 had sufficient data to mlebris trajectory versusnormalizd damag
lengh. Of these 17 events, 5 described daetagheaircraft. Four of thefive reportsdescribed
fuselage dama@ andoneof the events denoted daneglg a wingtip. Seven of the events define
damag by providinga spread ang, i.e..x 2 degees (sixo the nacelle, one to tlieselag). For
these casese fragnenttrajecories are shown wi a spread bar.

The damag data was normaled to the failed component disk diameter dade lengh
respectively Dama@ was correlated bfailure type. In these cases, the failuyge corresponds
to the debris type tha causel the damage. Data for turbine disk events ddines the damage
caused byhe uncontained disk fragents. This is different than the analg conductedn large
engnes whee a disk falure causel therdease of multiple blade fragments and thedamage was



mosly causeby the bladefragments. For the snall engnes, he debrs thatwas uncordined and
caused damago aircraft was almost entiretlisk or disk rim fragents.

An overview of the available trajectodata is shown in figre 1. Data is shown for nacelle and
fusdage damage. Tragectory angles are positive for forward trgectories and neative for aft
trajectories. It is evident tha nacelle damage is typicaly significantly larger than the failed
component dimensions.
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FIGURE 1. ALL EVENTS TRAECTORY PIOT

FAN FAILURES. There & a shge fan dsk faiure eventrecordedn the daiabase. Thefull disk
exited the enme nacelle.No report of aircraft dama&gvas provided.

COMPRESSOR FAILURES There are fre incidens with conpressor fdures. Threeof the
events wee rim faillures with oneblade and disk falure respectively. Damage and trgjectory daa
are provided for two of the events (fig 2). Of these two events, one was a disk eventi(@g)
andonewasa rim event(figure 4). All of the damag was reported at a —5-deg trajectory
ande. The damagratio is less than 50% of the disk diameter in all cases.
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TURBINE FAILURES The mgority of the incidents reorted were from turbinefailures, 34
unoontaned events. Fifteen were turbinerim failures, aad 13 wee turbinedisk falures. Of the
34 eventsonly 15 reportscontaintrajectoryand damag data (figire 5). Seven of these reports
includethe generalforward andaft spreadande thatthe debrs exited the nacde. The ngjority

of the daa falls within a+ 5-degee spread ahg. Damege to the nacdke has been repad as
large as 2.60 times lagg than the disk diameterfuselag damag was reported as less than
50% of the dsk diameter in al cases. Trajecbries for he debrs danmege to the nacele ranged
from 5 degeesforward to -15 degees aft. Damag to the fuselag ranged from 2 derges
forward to -11 degees aft.

Five turbinedisk events wee recorded with only onereporting damage to thearcraft fusdage
(figure 6). In this case, damagwas reported with a trajectospread oft 2 degees. The
trajeciory spread forhie urbine dsk fragnens is + 4 degees wih anoutlying point locaed at
-15 degees.

Nine turbine rim events were recorded, oolye of which reported damagdo the fuselag
(figure7). For thiscase, three damagdpcations were notedThe other events, for the most part,
recordedriajeciory dat by noiing a spread arg fromdamege on the nacele. Fusebge danege
for the rim segients rangd from -2 to -11 deges. The damag size for the fuselage damag@
was kss han 50% of te dsk diameter. Nacele danmege spreadandesranged from 5 degees
forward to -3 derees aft.Nacelle damagwas as larg as 1.73 times the disk diameter.

There is onereported event for turbineblade failure. In this e’ent, danage was reportal to the
engne case onlyNo further information can be derived from this event.



Normalized Damage

Normalized Damage

Number of Events = 15

300.00%
¢ |Nacelle Damage
|
Fuselage Damage
—
250.00%
*
200.00%
—]
—o
150.00% *
—
100.00%
2
50.00%
—_
*
* n
0.00% . o,
20 15 10 5 0 -5 -10 -15 -20
Trajectory Angle Error bars indicate damage where the
exact trajectory is unknown but damage
occurred within the band shown.
FIGURE 5. TURBINE EVENT TRAECTORY PIOT
Number of Events = 5
300.00% v
* |Nacelle Damage
R R " Fuselage Damage
250.00%
*
200.00%
—]—
150.00% *
100.00%
50.00%
—_—
0.00%
20 15 10 5 0 -5 -10 -15 -20
Trajectory Angle Error bars indicate damage where the

exact trajectory is unknown but damage
occurred within the band shown.

FIGURE 6. TURBINE DISK EVENT TRAECTORY PIOT



Number of Events = 9

300.00%

*

Nacelle Damage
m |Fuselage Damage

250.00%

200.00%

150.00%

Normalized Damage

100.00%

50.00%

0.00%

20

15 10

+

5 0

Trajectory Angle

-5 -10

-15

-20
Error bars indicate damage where the

exact trajectory is unknown but damage
occurred within the band shown.

FIGURE 7. TURBINE RIM EVENT TRAECTORY PIOT

DEBRIS CHARACTERISTICS

TABLE 2. SMALL-ENGINE DEBRIS DATA SUMMARY

Of the 40 events recorded, 25 contain data on the debgis andsize. A summaryof the
debrisis providedin table 2. Table 2 provides some insigto the sie of fragments for gven
engne componentslt should be noted that this amadyis based on a limited amount of data.

Debris Fragnent Sizs

0% to 20% | 20% to 5094 50% to 100% > 100% Totals

Fan Disk 0 0 1 0 1
0.0% 0.0% 100.0% 0.0% 100%

Compressor sk 0 2 1 0 3
0.0% 66.7% 33.3% 0.0% 100%

Compressor Rm 0 2 1 1* 4
0.0% 50.0% 25.0% 25.0% 100%

Turbine Disk 9 6 9 0 24
37.5% 25.0% 37.5% 0.0% 100%

TurbineRim 2 4 4 0 10
20.0% 40.0% 40.0% 0.0% 100%

* Fragment siz ratio was 1.06



DEBRIS SZE.

Compressor DiskT Hvent For compressordisks, two of the three fragents were
within the 20 to 50 pecent disk diameter sizebin. The remaning fragment was in the50% to
100% siz bin. The averag normalizd lengh of thecompressodisk fragmentswas67% of the
disk diameter (table 3). To sekcta fragnent size that would captire nost of the dah, a 50%
fragment siz would include 66.7% of the compressor disk fnagts.

Compressor Rn [3 Bvents There were few compressor rim failure®f the reported
fragments, the normdized debris sizes were moreor less split gudly beween the20% to 50%
bin and 50% to 100% bin(The one frament geater than 100% disk diameter was 10&84
will be treatedas 100%.) The averagnormalized debris size for compressor rim sections was
67% of the disk diameter.

Turbine Disk[C B8 Elvents. There was afairly even split for turbinedisk fragments from
20% to 100% of the disk diametem.he averag turbine disk fragnent was 54% of th&urbine
disk diameter. Reviewinthe incident data, two events of the samdarengisktype causedhe
15 of the 16 fragents smaller than 50% of the disk diamet&he remainingeventsproduced
fragments in the 50% to 100% ra;gThe averag siz of a fragmentin the 50%to 100%bin is
85% of the disk diametefThis is veryclose to the lerth of a 1/3 disk fragpent (86.6%).

Turbine Rim[CIO Events Eighty percent of turbinerim debris was larger than 20% of
the dsk diameter. The averag nornmalized dmension is 39% of he dsk diameter. Most
fragments over 50% of thedisk dianeter are in the lower end of thesize bin. And similaly,
most fragnents in the 20% to 50% bin were in the lower side of theraizg.

Additional information on erige component dimensions and operatapgeds were used to
estimatethe debris initial translational velocitgnd enerng For each of the categes, the
normdized size debris length, debris weight, initial velocity, and initid energy were calculated
(table 3).

TABLE 3. AVERAGE DEBRIS CHARACTERISTICS

Fan Compressor Compressory Turbine | Turbine | Turbine

Disk Disk Rim Blade Disk Rim
Normalized Siz % 100 67 67 100 50 39
Lengh (in) 9.20 9.33 7.35 2.93 3.34 2.76
Weight (Ib) 21.0 10.2 2.6 0.1 1.9 0.6
Initial Velocity (ft/sec) Unknown 895.49 1688.02 990.60 883.24 932.56
Initial Energy (Ib-ft) Unknown | 64394.70 | 100202.14| 3231.98 | 19364.18| 7205.67

For the most part, the avemglebris characteristics provide gaod picture of the debris
characteristics.The one egeption as noted above is the turbine disk failures, where two events
involving the same enge and the same digesign had a large numberof small fragments
which weightedthe averag to the small side. Removingthose two events provides a broader



picture of hie renaining six evens. The resul is an averag nornalized ske of 87% of the disk
diameter, as @bulated n table 4.

TABLE 4. TURBINE DISK CHARACTEREBTICS

Turbine Disk
Normdized Size% 87
Length (in) 7.18
Weight (Ib) 6.3
Initial Velocity 791.79
Initial Energ 64754.78

PENETRATION ANALYSIS AND RESULTS. A penetration analys was conducted to
estimate the ek velocity of the uncontained debris from the arg nacelle. This analgs is
conducted usinghe same model used in the kewgngne debris study The intentis to provide
estimatesof debrisexit velocity and enery levels for the small-emge debris. Inputs for the
model were basedon the above averag characteristics (eept for the turbine disk debris as
noted above).The followingassumptions are used in the agaly

1. Thedebrislosses 75% of its initial velocity dueto frictiond effects intend to theengne
(This assumtion was ao usedn the lrge-engne anajsis for fan bhde faiures. It was
derived from testinga Prat & Whitney Engne)

2. Thedebrispenetrateswo layers of casingand one lagr of nacelle structure to determine
the exit velocity. The engine designs reviewed typicaly have multiple cases and
housing that the debris penetrates prior tatieg the engne.

. Layer 1: 0.10-inch steel casing
. Layer 2: 0.08-inch steel enge housing
. Layer 3: 0.06-inch Al nacelle cowl
3. Turbine blade anafis assumes a hole is ithe casing and housing The initial

penetration velocitys the same as the debris initial velocifyVithout this assumptiorg
singe blade does natontin sufficientenery to ext the casng.)

The details of the penetration arsidyare provided in figres 8 throuly 12. Resultsprovidedin
the ddails are Vs a velocity for which a projectile would have 50% probaility of penetration
and perforating certain thickness, for the plate debris residual vela@sydual energ and the
platethicknesdtr) requiredto stopthe fragnent at the tyen residual velocity The results of the
analsis (table 5) indicake thatthere s more han suffcientenergy from mostdebrs fragments to
penetate the fusehge structure of nostsmall aircraft



INPUTS | Compressao Disk
Width 9.2 | in
Height 2|in
Weight 10.2 | Ibm
Release 671 | ft/s
Velocity
(V)
Obliquity 0 [ degree
Release | Residud Kinetic Delta Plate Fragment
Vgo Velocity Enegy tr Enagy | Velocity | Thickness Angle
Plate (ft/s) (ft/s) (ft Ibf) (in) Ratio (ft/s) (inch) (degree) Material
1 146.8 623.4 61606.9 | 0.49 0.86 47.6 0.1 0 Hard Stedl
2 119.9 588.1 54830.6 | 0.46 0.77 35.3 0.08 0 Hard Steel
3 45.3 580.1 53342.4 1.01 0.75 8.0 0.06 0 Aluminum?2024
FIGURE 8. COMPRESSOR DISK PENETRATION ANALYSIS
INPUTS [ Compresso Rim
Width 7.35 | in
Height 1]in
Weight 2.6 | Ibm
Release 1266 | ft/s
Velocity
(V)
Obliquity 0 [ degree
Release | Residud Kinetic Delta Plate Fragment
Vo Velocity Enegy tr Enagy | Velocity | Thickness Angle
Plate (ft/s) (ft/s) (ft Ibf) (in) Ratio (ft/s) (inch) (degree) Material
1 238.4 1152.6 53677.0 | 0.57 0.83 113.4 0.1 0 Hard Stedl
2 194.7 1068.7 46147.1 0.52 0.71 83.9 0.08 0 Hard Stedl
3 71.6 1048.5 44418.1 1.17 0.69 20.2 0.06 0 Aluminum 2024
FIGURE 9. COMPRESSOR RIM PENETRATION ANALYSIS
INPUTS Turbine Blade
Width 293 | in
Height 1]in
Weight 0.1 | Ibm
Release 990 | ft/s
Velocity
(V)
Obliquity 0 [ degree
Release | Residud Kinetic Delta Plate Fragment
Vo Velocity Enegy tr Enagy | Velocity | Thickness Angle
Plate (ft/s) (ft/s) (ft Ibf) (in) Ratio (ft/s) (inch) (degree) Material
1 776.7 508.4 401.7 0.06 0.26 481.6 0.1 45 Aluminum 2024

FIGURE 10. TURBINE BLADE PENETRATION ANALYSIS




INPUTS Turbine Disk
Width 7.18 | in
Height 1]in
Weight 6.3 | Ibm
Release 593.8 | ft/s
Velocity
(V)
Obliquity 0 [ degree
Release | Residud Kinetic Delta Plate Fragment
Vgo Velocity Enegy tr Enagy | Velocity | Thickness Angle
Plate (ft/s) (ft/s) (ft Ibf) (in) Ratio (ft/s) (inch) (degree) Material
1 99.5 567.4 31518.5 | 0.68 0.91 26.4 0.1 0 Hard Stel
2 81.3 547.6 29361.0 | 0.66 0.85 19.8 0.08 0 Hard Stedl
3 30.5 543.1 28873.2 1.46 0.84 4.6 0.06 0 Aluminum?2024
FIGURE 11. TURBINE DISK PENETRATON ANALYSIS
INPUTS Turbine Rim
Width 2.76 | in
Height 1]in
Weight 0.6 | Ibm
Release 699 | ft/s
Velocity
(V)
Obliquity 0 [ degree
Release | Residud Kinetic Delta Plate Fragment
Vo Velocity Enegy tr Enagy | Velocity | Thickness Angle
Plate (ft/s) (ft/s) (ft Ibf) (in) Ratio (ft/s) (inch) (degree) Material
1 402.8 506.4 2390.8 0.13 0.52 192.6 0.1 0 Hard Stel
2 329.9 349.1 1136.1 0.09 0.25 157.3 0.08 0 Hard Steel
3 117.5 319.8 953.9 0.18 0.21 29.2 0.06 0 Aluminum 2024

FIGURE 12. TURBINE RIM PENETRATION ANALYSIS

TABLE 5. PENETRATON SUMMARY

CompressorCompressor Turbine Turbine Turbine
Disk Rim Blade Disk Rim
Normalized Siz % 67 67 100 87 39
Length (in) 9.33 7.35 2.93 7.18 2.76
Weight (Ib) 10.2 2.6 0.1 6.3 0.6
Exit Velocity (ft/sec) 580 1048 508 543 319
Exit Energ (Ib-ft) 53342 44518 401 28873 953
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AUXILIARY POWER UNITS

Six APU events were provided for the armdy Trajectory data were unavailable for these
events. Thedataprovidedfor APUs do not support a trajectgpgnetration anatis as described
in this docunent A summary of each of lhe everd is provided in table 6. The sunmary
includesfailed componentdebris size, erige operatingspeed, estimated translational velocity
and energ, and damagsummary

TABLE 6. APU EVENT SUMMARY

Normd Rotor Initial Initial
Incident Length | Weight | Speed | Velocity | Energy
No. Date | Component | Type (%) (Ib) (rpm) (ft/s) (Ib-ft) Damage Summay
35 3/29/91 T D 100 9.1 35314 677 64979 | APU garter motor dented and aicraft
compartment structure torn. Debris
contained within aircraft structure.
80 18.3 35314 1354 | 519830 | Containment platetorn and deted. Debris
contained within aircraft structure.
36 11/22/90 T D 100 13.7 63830 836 148181 | Debris containeal within APU.
100 8.6 63830 947 120208 | Debris containel within APU.

1.8 63830 184 948 Debris exited APU and deted aircraft skin.
1.8 63830 184 948 Debris exited APU and deted aircraft skin.

37 10/20/91] C B - Compressa shaft damaged inlet screen
and danaged theinlet vanes.

- Maintenancedoor dented.
- Hole in compartment fire wall.

38 12/14/91 C R 32 1.2 63830 2155 87994

43 1.6 63830 2147 | 115939 | - Saoll housing fractured. No arcraft
system effect.

- Compressor shaft daneged inlet housng,
APU plenumdanaged, and RH ifrewall
penetrated.

39 3/28/92 c R 106 5.0 63830 1395 | 151063 | - APU diffuse vanestorn and saoll
penetrated.

- Compressor shft was liberated and tore
the firewall and left a cut in the aircraft
skin.

40 4/00/91 T D Entire disk exited theAPU through the
exhaus duct and camato rest 200 mbehind
the aircraft. No noted danage to the
aircraft.

C- Campressa, T - Turbinge, D - Disk,R - Rim B - Blade

CONCLUSIONS

DEBRIS SZE AND TRAJECTORY.

Keeping in mind the limited amount of data in ttamalysis, the following conclusionsare
provided. (See table 7.)There is insufficient data to define fatisk debris characteristics.
Compressomdisk debris characeristics are based omé averag charaddristics of he daa within
the database.The trajectoryspread is based on dameag the aircraft and nacelleDue to the

11



limited amount of data, the trajectognde was etendedto include +5 degeesforward to
-5 degees aft The conpressor nin characeristics were desied ushg the same reasormg and
logic. Turbine disk characteristics were defined based onfdixe eidnt turbine disk events.

TABLE 7. SMALL-ENGINE DEBRIS CHARACTEREZATION SUMMARY

Exit
Normdized Length | Mass | Velocity Trajecory
Component Size (in) (Ib) (ft/s) Spread

Fan Disk -- -- -- -- --
Compressor Disk 67% 9.3 10.2 895 +5°
Compressor Rim 67% 7.4 2.6 1688 +5°
Turbine Bade 100% 2.93 0.1 508 -
Turbine Disk 87% 7.2 6.3 543 +5°t0 -15
Turbine Rim 40% 2.8 0.6 320 +5°to -1

AUXILIARY POWER UNITS.

The APU debris sis are comparable to those of small thrust-produemgnes; however,the
damag@ associated with the debris is not consisténtmost cases it is components other tnen
failed componenthatdamag@ the aircraft skins. In these cases, the daraag typically a small
puncturein the aircraft skin or firewall. In thrust-producingengnes, a small puncture in the
engne nacelle is not considered an uncontained faifutbe debrisdoesnot exit the engne
nacele. The nostcommon danage to the arcraft was fromthe compressorshaftwhich becane
unrestrained &ter acompressor faure. Eliminating this falure modewould eliminate hdf of the
events provided for anadg.
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