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EXECUTIVE SUMMARY

The Wichita State Universty Departnent of Mechantal Engneerng was &sked bythe Federal
Aviation Administraion (FAA) William J. Hughes Technica Center to evaluae the existing
literature and pro@dures usel to design engine rotors ad mntanment of engine rotorsfor hazard
mitigation. This report presents an extensive literature sumiay reports covering3 yearsof
research from 1970 to 1993 he reports are cross referenced to an iraflekey topicsfor future
researchers.The final sectionsof the report provide industryiewpoints and examples of work
performed. To date there is no industgtandard for assessirtige containment capabilityf a
combined enigne and nacelle with proven numerical methodsdditional finite elementcode
developmenis necessaryo matchthe numerical results with theayving body of experimental
data.

v/Vi
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1. INTRODUCTION.

The gneral topic of containment of rotatingarts in gs turbine enignes andprotectionof the
aircraft in the case of noncontainment remains an activédareaustryresearctanddevelopment
and regulatory interest. The work summazed in this rgort was to déermine some sense of
whethera stateof the art exists for the problem of desigg structural components for containment
or shieldingfunctions.

This report is dividel into three sections. Thefirst is a literature summay of reportsand articles
publishedon rotor fragment containmentand deflection. The literature citations are @mgzed
chronologcally and each is accompanied &¥rief summary A keyword index alsoaccompanies
theliterature summargection, so that interested degis midnt find a convenient means to locate
relevant technical reports.

In the second section, the results of mdisgussions with aircrangne manufacturersaircraft
airframe manufacturers, and relatevgrnmental and research institutions are presemtetided
are statements from technical personnel abenergl and specific desigmethods in use.
Comment®ffered about the overall topic of rotor burst containment, mimitiaz of damagfrom
uncontainedotor bursts, and the relation of these topics in the overall concept of aircraftesafety
also reported.

In the final section,someresultsof containment/shieldingtructure analys are presentedThis
work was acconplished with commercially avalable general purpose fite element structural
codes and thepurposeof engaging in this tak was to déermine the suitability of sud toolsfor the
desigq problem. Some examples are provided, showiing types of desig information which can
be obtained from these codes.

2. LITERATURE SURVEY

2.1 COMPREHENSVE LITERATURE SUMMARY.

This secton is a bbliography including a shortsunmary of each artle, of repors and articles
published on rotor burst containment and related issties.time period covered fsom 1970to
1993. Thecitationsarelimited to those directhaddressinghe subject, hence morengral articles
ontopicssuchashigh velocityimpact, for example, are not includetihe orderingof references is
chronologcal.

In section 2.2, an indeaf key words and topics contained in these referemcgsovided. The
indexnumbers refer to the RECORD NUMRS in this section.
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RECORD NO. NOO1

Title: Simplified Andysis of aTrifragment Rotor Disk hteraction with aContanment Ring
Author: R. Bruce McCdlum
Date: May 1970

Report No.: Journal of Aircraft Vol. 7, No. 3

SUMMARY: Thereportdiscusses theEX 1 progam developed at Ml for predictingthe larg
deflection transient response of a containment singcture. Compares predicted shear stress
values with maerial ultimate shexr stress vadues and diswusses goplicability of a shexr stressfailure
criteria.

RECORD NO. N002

Title: Designing Rotor Burst Protetion
Author: A.A. Martino
Date: April 1971

Report No.: ASME 71-GT-70
Gas Turbine Conference and Products Show
Houston, Teas, March 28-April 1, 1971

SUMMARY: Thereportdescribeshe NASA sponsored RotorBst Protection Pragm including
a summaryof MIT computercode development and the test pawg carried out at the Naval Air
Propulsion Test CenterThe test facilityand test procedures are descrilaed severalfactors
important in the desigof containment stems, shown from the test data, are presented.

RECORD NO. NOO3

Title: Status of Engne Rotor Burst Protetion Progam for Aircraft
Author: Patrick T. Chiaito
Date: May 1971

Report No.: NASA SP-270

SUMMARY: Thereport disaussa theNASA progam and desaibes theexpaimentd facility at
the Naval Air Propulsion Test Center for testiogntainment ring Parametersioted to be
espedilly relevantinclude eanf experimental resuts on the deformation characgristics of the ring,
the effect of the numbe of fragments on the contanment capability of thering (i.e., is afour-way
rotor burstworse han a hree-wayburs), and he rektive perfornrance of candiae conainment
ring maerialsincludingsevera stesls and bdlistic nylon doth. The useof patial rings & ddlector
shields is discussedsome nondimensional parameters affectiogtainment ringperformance are
identified.
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RECORD NO. N0OO4

Title: Dimensiona Anaysis Consideations in theEngne Rotor Fagment Contanment/
Deflection Problem

Author: John W, Leech, Emmett A. \itmer, and Raffi P. Ydgayan

Date: December 1971

Report No.: NASA CR-120841

SUMMARY: The useof dimensiond andysis to design effective contanment expeiments is
discussed.An exampleillustratesthe technique used to determine parameters necessdpsiq)
simple circular conainment rings impaced bybladed robr fragmens. Useof a parangter caled
the containment threshodl is discussedor characgrizing performance. Suggestons are rade for
the design of atestingprogam to investigate maerial effects.

RECORD NO. NO05

Title: Examinationof the Collision Force Method for Analging the Responses of Simple
ContainmentDeflecion Sructures b Impactby One Engne Rotor Blade Fragent

Author: Robet M. Zirin and Emmdt A. Witmer

Date: May 1972

Report No.: NASA CR-120952

SUMMARY: Desaibes the theory and aplicability of the (MIT developed) Collision Force
Method (CMM). The method predicts collision forces and ramgifragmentresponsesThereport
includes a section addressitige use of thisnethodin deducingbladestructuralbehaviorduring
impact, eg., dastic-plastic curling.

RECORD NO. NOO6

Title: Development and Modifications of theRB211 Engne
Author: Anon
Date: May 1972

Report No.: Aircraft EngneeringVol. 44

SUMMARY: Narrative of blade containment considerations inrmngesig. Listscontainment
ring general features.

RECORD NO. NOO7

Title: Rotor Burst Protection Progam: Stdistics on Airgaft Gas TurbineEngne Failures
That Occurred in Commercial Aviation Durid§71

Author: R.A. Delucia and G.JMangano

Date: February1973

Report No.: NASA-CR-131525

SUMMARY: One of an annual seriefRefer to Record No. N061.)
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RECORD NO. NOO8

Title: Application of the Collision-imparted VelocityMethod for Analyging the Responses
of Containment and Deflector Structures to iBegRotor Fagnent mpact

Author: Thoma P. Collins ad Emmét A. Witmer

Date: August 1973

Report No.: NASA-CR-134494

SUMMARY: Presentgheory application, and eample problems of fragent/containment ring
responsealculatedwith the collision-imparted velocitnethod (CVM). Includes a detailed user’'s
guide to the MT-developed GYM-JET-4A progam. The progam calculates transient response
for completeand partial rings which may have a number of boundagonditions subject to
impacting fragments speified by initial dynamical propeties. The report indudes compaisons
with experiments.

RECORD NO. NO0O9

Title: Experimental and Data Analg Techniques for Deducingollision-induced Brces
From Photogaphic Histories of Enge Rotor FFagment mpact/hteractionWith a
Containment Ring

Author: Raffi P. Yednayan, ohn W. Leech, and Emmett A. Wvher

Date: October 1973

Report No.: NASA-CR-134548

SUMMARY: Describes egperiments and data anslyfor obtainingtransient response dgfarce

and deformation histoyyof containment ringy Data is intended to be usediagut for a structural

response computer code to estimate the forces which wouldbkaneequiredfor the measured
input to be produced.

RECORD NO. N0O10

Title: Genad Speification for Engnes, Aircraft, Turbojd, and Turbofa
Author: U.S. Military Speification
Date: October 1973

Report No.: MIL-E-5007D

SUMMARY: This is a gneric specification for all departments agnciesof the Departmentf
Defense Contanment criteria are speified, cnsistingprimaily in the ability of the engine to
completelycontaina singe fan, compressoor turbine blade, and all parts dared@nd released by
the falure of he blade. The neans of demnstating that conainmentcriteria havebeenmet is also
specfied.

RECORD NO. NO11

Title: Rotor Burst Protection Progam: Stdistics on Airgaft Gas TurbineEngne Rotor
Failures That Occurred in U.S. Commercial Aviation Duriry 2

Author: R.A. Delucia and G.JMangno

Date: March 1974

Report No.: NASA-CR-136900

SUMMARY: One of an annual seriefRefer to Record No. N061.)
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RECORD NO. N012

Title: The Contanment of Disk Burst Fragments byCylindrical Shdls
Author: A.C. Hagy and G.O. ankey
Date: April 1974

Report No.: ASME 73-WA-Pwr-2
ASME Winter Annual MeetingDetroit, Michigan, November 11-15, 1973

SUMMARY: Thepaperdiscusses coainment of seeldisk fragnent by a seel cylindrical shel.
Testresultssupport an analigal development that describes containment in terms of a twe-stag
proess—alocalized inelastic impact and momatum transfer followed (if peneration does not
occur) by development of large tensile strans in large areas of theshdl. It dso indudes aiteria for
containment and test results fotigirical shells.

RECORD NO. NO13

Title: Anaysis of Rotor Fragment Impact on Bdllistic Fabric Engne Burst Contanment
Shidds

Author: J.H. Gerstle

Date: September 1974

Report No.: ISSN: 0021-8669
Symposium on Propulsion Siem Structuralntegation and Enigre htegrity
Naval Postcaduate School, Monterg@alifornia, September 3-6, 1974

SUMMARY: This report disaisses thedevelopment of a maerial modé for bdlistic fabrics in
which fabric is modeled as a slagr multilayered membrane whicban supportloadsalongthe
fibers. It also includes a comparison withpeximental test data.

RECORD NO. N014

Title: Rotor Burst Protection Progam: Stdistics on Airgaft Gas Turbine Engne Rotor
Failures That Occurred in U.S. Commercial Aviation Duriry 3

Author: R.A. Delucia and G.JMangno

Date: August 1975

Report No.: NASA-CR-134854

SUMMARY: One of an annual seriefRefer to Record No. N061.)

RECORD NO. NO15

Title: Rotor Burst Protection Progam: Stdistics on Airgaft Gas TurbineEngne Rotor
Failures That Occurred in U.S. Commercial Aviation Duriry4

Author: R.A. Delucia and G.JMangano

Date: September 1975

Report No.: NASA-CR-134855

SUMMARY: One of an annual seriefRefer to Record No. N061.)
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RECORD NO. NO16

Title: Structurd Effects of Engne Burst Nonontanment
Author: T.W. Coombe
Date: October 1975

Report No.: ISSN: 0549-7191
Spec Meetng on ImpactDanege Tolerance of Suctures
Ankara, TurkeySeptember 28-October 3, 1975

SUMMARY: This report disusss the gened problen of designing to minimize strudurd
damag and contains an empirical correlation for egeapsorbed byull penetration for several
dudile meals.

RECORD NO. NO17

Title: Design Consideations for Minimizing Damage Causal by Uncontaned Aircraft
TurbineEngne Rotor Railures

Author: Fedead Aviation Administrdion

Date: November 1975

Report No.: Order 8110.11 (KA)

SUMMARY: This order outlines desigconsiderations in terms of @ng location, location of
critical systems and components, and protective armor and deflectors.

RECORD NO. N0O18

Title: Usa’s Guide to Compute Progam CIVM-JET 4B to Cdculate the Transient
StructuralResponses of Partial and/or Complete Structural SRingengne-Rotor-
Fragment Impact

Author: Thomas R. Stdigino, Robert L Spilker, and Emmett A. Wner

Date: March 1976

Report No.: NASA-CR-134907

SUMMARY: This ddailed use’s guide indudes aFORTRAN IV listing of the progam. The
CIVM-JET 4B progam, developedat MIT under contract to NASA, was developed to predict the
large-deflection elastic-plastic structural responses of Endpyer partial or complete ring
coninmentstuctures.

RECORD NO. N0O19

Title: Development of Hber Shidds for Engne Contanment
Author: R.J Bristow and C.D. Davidson
Date: March 1977

Report No.: NASA CP-2017

SUMMARY: Empirical work done at the Boeing Companyis described. Two models were
developad from the experimentd work. The first rdates theweght of the shidd with projectile
sizes and velocitiesThe second relates the shield mount load to the momaindg stiffness and
attachment method.
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RECORD NO. N020

Title: Federa Aviation Administrdion’s Approah to Engne Rotor htegrity
Author: A.K. Forney
Date: March 1977

Report No.: NASA CP-2017

SUMMARY: This report summares the FRAA policy and philosophyat the time of the
conference. It also dscusseshe tree-fold approach of (1) deagiing engnes notto fail, (2)
desiging engnes for containment when thé&jl, and (3) desiging aircraft for mininum danege
when engnesfail and containmentfails. The FARs pertinent to this philosophgre cited and
summaized.

RECORD NO. NO21

Title: Ceramic CompositeProtection for TurbineDisc Bursts
Author: P.B. Gardner
Date: March 1977

Report No.: NASA CP-2017

SUMMARY: This reportdiscusseshe desigh and testingf a shield developed to protect the tail
section of the A300Brom auxliary power unit compressor rotor fragnt attack. The desiq,
consistingof boron carbide panels backed with woven filssg in a hig-temperature resin, is
stated to have been vesyccessful in terms of economics and minimum katggnalty

RECORD NO. N022

Title: Analysis Method for Kevlar Shield Response to Rotagments
Author: JH. Gerstle
Date: March 1977

Report No.: NASA CP-2017

SUMMARY: This report describes the thearl a Boeing Companydevelopedinite difference
large deflecion plateshel code. Comparisons of predited and neasured peak splacenent are
shown.

RECORD NO. N023

Title : Engne Nonontanment—The UK CAA View
Author: G.L. Gunstone
Date: March 1977

Report No.: NASA CP-2017

SUMMARY: This report presents the CAA philosopbry desiging for engne noncontainment.
Worldwide accident histories are discussed as rationale for thiatiegs. Some backgound is

presented gaining the implementation of a probabilifigure (probabilityof catastrophic failure
as a result of uncontained failure) as part of the desitpria.


http://www.abbottaerospace.com/technical-library

RECORD NO. N024

Title : Metallic Armor for Bdlistic Protestion From Stel Fragments
Author: Donald F Haskell
Date: March 1977

Report No.: NASA CP-2017

SUMMARY: This report descrbes experimental daa collecied for cyindrical steel fragnents
impacting on sixdifferent dloys. Experimentd dda s available in undassified reports of theU.S.
Army Ballistic Research Laboraory.

RECORD NO. N025

Title: Conapts for theDevelopment of Lightweight CompositeStrudures for Rotor Burst
Containment

Author: Arthur G. Holms

Date: March 1977

Report No.: NASA CP-2017

SUMMARY: This report summares lessons learned from previous rotor burst containment
experiments and uses these observations to fardelgnes for an effective testifgogam.

RECORD NO. NO26

Title: Rotor Burst Protetion Progam—Expeimentaion to Provide Guiddines for the
Design of Turbine Rotor Brst Fagment Containment Rirsy

Author: G.J Mangano, JT. Salvino, and R.A. Dalcia

Date: March 1977

Report No.: NASA CP-2017

SUMMARY: This report discusses results opernmentation done at thdaval Air Propulsion
Test Center. Guiddines were developed for designing optimumweight contanment rings for
turbinedisk fragments.

RECORD NO. N027

Title: Types of Rotor Rilure and Chaacteristics of Fagments
Author: D. McCarthy
Date: March 1977

Report No.: NASA CP-2017

SUMMARY: This report presents statistics on iergnoncontainment collected Bylls Royce.
Discusses in detail the possible failure modes ofinengomponentsDescribescharacteristic®f
fragments in terms of sg velocity, energ, and ante of deflection.
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RECORD NO. N0O28

Title: Rotor Burst Protetion Criteria and Implications
Author: Ralph B McCormick
Date: March 1977

Report No.: NASA CP-2017

SUMMARY: This report reviews, without specifics, aircraft desigethods for minimizing
damag from uncontained rotor burst and the effect of noncontainmentnandontainment
protection on aircraft desig Presents brief results of Boeingstudyof noncontainmenaccident
stdistics. A point maleis tha if additiond contanment (weight) measures will contan low-energy
fragments but beineffective against hidr-energy fragments, theimprovenent to arcraft sdety will
be minimd.

RECORD NO. N029

Title: Blade Fragment Enegy Andysis
Author: M.A. O’'Connor, J.
Date: March 1977

Report No.: NASA CP-2017

SUMMARY: This documentgenerally discussesvork done at Dougs Aircraft but with no
details. It also describes the development of amiaBl methods to describe blade fnant
dynamics and a testingrogam to determine the effectiveness Kévlar cloth containment
systems.

RECORD NO. NO30

Title: Numeica Andysis of Impact in Woven Textile Strudures
Author: D. Roylance
Date: March 1977

Report No.: NASA CP-2017

SUMMARY: This report describes the theoand application of a computer code desd)to
predict the impact response of woven fabritéser input consists of material properties, weave
geomdry, and projetile velocity. Expeiments ae compaed to the computed predictions for
sinde layer Kevlar 29 fabric and small projectiles with velocities up to 700 meters per sedond.
comparisonof Kevlar 29, Kevlar 49, nylon, and gaphite based on the results of the computer
modé is dso examined.

RECORD NO. N0O31

Title: Engne Noncontainment—UK Risk Assessment Methods
Author: J.C. wdlin
Date: March 1977

Report No.: NASA CP-2017

SUMMARY: A detailedtechnical discussionof the calculation of risk to the aircraft from
uncontained rotor burst includinthe use of a detailed eng failure model as part of the
calculation procesdt also discusses some specific measures implemented in the Concorde.
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RECORD NO. N032

Title: Lightweight Engne Contanment
Author: A.T. Weaver
Date: March 1977

Report No.: NASA CP-2017

SUMMARY: This paper summaiz the Pratt &Vhitney work done for developmetf Kevlar
fabric contanment systans for blade contanment. The work induded bdlistic impact evaluaions,
laboraory tests, spin pit tsts, @d engine tests. Key results induded the efficiency of Kevlar
compared b hardened skl the resul that Kevlar efficiency decreased ithe fabrc deflecion is
constraned, and thefact tha Kevlar fabric can absorb multiplehits. Wicking and flammability
tests to define the fire resistance of Kevlar are also reported.

RECORD NO. N0O33

Title: Analysis of Simple2-D and 3-D Meal Strudures Subjeted to Fragment Impact
Author: E.A. Witmer, T.R. Stalipno, R.L Spilker, and .J.A. Rodal
Date: March 1977

Report No.: NASA CP-2017

SUMMARY: This report describes antafal work done at the Ml Aeroelasticand Structures
Research Labordory. It dso distisse themeits and limitations of thecollision force method
versus the collision imparted velocitnethod. Analytical predictionsare comparedwith

experimental data obtained at the Naval Air Propulsion Center @wgje-bladefragment and
trihub turbine rotor burst) and impact @eriments done with solid spherical impactorsiast
aluminum panel and beam tats.

RECORD NO. N034

Title: Rotor Burst Protection Progam: Stdistics on Airgaft Gas Turbine Engne Rotor
Failures That Occurred in U.S. Commercial Aviation Duriry5

Author: R.A. Delucia and G.JMangno

Date: May 1977

Report No.: NASA-CR-135304

SUMMARY: One of an annual seriefRefer to Record No. N061.)

RECORD NO. N035

Title: Studyto Improve Airframe Turbine Enge Rotor Bade Containment
Author: C.O. Gunderson
Date: Jduly 1977

Report No.: FAA-RD-77-44

SUMMARY: This study performed byMcDonnell Doudas Corporationfor the FAA, examines
the range of energes and riajecories of varous bhade fragnents and ests the energ absorpion
capability of various candidae materials to provide protection from the blade fragments. The
necessay a'mor weghts ae deermined, and theeconomics of instdling sud armor is discissel.

10
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RECORD NO. NO36

Title: Report on Airaaft Engne Contanment
Author: Sodety of AutomotiveEngneers/Committe on Engne Contanment
Date: October 1977

Report No.: AIR 1537

SUMMARY: This report contains detailed statistics on noncontained failures including
classification bydegee of damag fragment tye, flight mode, and cause of failurelt also
contains a discussion on potential for improvement of aircraft safégrmsof engne desiq,
aircraft design, end inaeased contanment capability .

RECORD NO. N0O37

Title: Rotor Fagment Prote&tion Progam: Stdistics on Airaaft Gas TurbineEngne Rotor
Failures That Occurred in U.S. Commercial Aviation Durirgy 6

Author: R.A. Dd_uciaand JT. Sdvino

Date: July 1978

Report No.: NASA-CR-159474

SUMMARY: One of an annual seriefRefer to Record No. N061.)

RECORD NO. NO38

Title: Two-Dimensiona Finite-Element Analyses of Simulded Rotor-Fagment Impacts
Against Ring and Bams Compared with periments

Author: Witmer

Date: August 1978

Report No.: NASA-CR-159645

SUMMARY: The report presents a detailed theoretical description of ¥-GET 4B computer
code. The response of containment rirggponse to &ihub burstis analyed and discussed. It
also includes dimensional anafyconsiderations and the use of deflectors fonfieag control.

RECORD NO. N039

Title: Contanment of Compositd=an Blades
Author: C.L. Stotler and A.P. Coppa
Date: July 1979

Report No.: NASA-CR-159544

SUMMARY: Prepared byseneral Electric under a NASA contract, this document describes (1) an
analytical determination of blade impact behavior; (2) scaled blade impact tests conducted on
confainmentrings formed of Kevhar/gpoxy fins nated to analuminumring, Kevlar cloth facedwith

an aluminum ringaluminum honegomb, and stainless staelg; and(3) design andfabricationof

a contanment system utilizing results of tsting and find testing of the design concept. A graph
showingKevlar thickness required for containment versus blade kineticyeisargluded.

11
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RECORD NO. N040

Title: CompositeContanment Systems for &t Engne Fan Blades
Author: G.T. Smith
Date: February1981

Report No.: NASA-TM-81675
Thirty-Sixth Annual Conference of theeinforcedPlastics/CompositeBistitute
of the Societyof the Plasticsndustry Inc., Washingon, D.C., Ebruary 16-20,
1981

SUMMARY: The reportdescribeghe testing of composite containment structures that include
Kevlar/epoy fins mountedon an aluminum ring an aluminum honepmb, and a Kevlar cloth
filled ring It dso indudes thecurve of Kevlar thickness reuired versus blale kinetic energy.

RECORD NO. N041

Title: Development of Advanced Lightweight Systems Contanment
Author: C.L. Stotle
Date: May 1981

Report No.: NASA CR-165212

SUMMARY: This report describes testirtpne byGeneral Electric (NASA contract) wittry
weave Kevlar for blade containment for a6tz engne. Experimental data is used ¢onstruct
a curve of amount of Kevlar cloth required versus blade impactyenerg

RECORD NO. N042

Title: Rotor Fagment Prote&tion Progam: Staistics on Airaaft Gas TurbineEngne Rotor
Failures That Occurred in U.S. Commercial Aviation Duriry 8

Author: R.A. Dd_uciaand JT. Savino

Date: September 1981

Report No.: NASA-CR-165388

SUMMARY: One of an annual seriefRefer to Record No. N061.)

RECORD NO. N043

Title: Rotor Fagment Prot&tion Progam: Staistics on Airaaft Gas TurbineEngne Rotor
Failures That Occurred in U.S. Commercial Aviation Durirgy9

Author: R.A. Dd_uciaand JT. Sdvino

Date: October 1982

Report No.: NASA/CR-168163

SUMMARY: One of an annual seriefRefer to Record No. N061.)
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RECORD NO. N044

Title: Stdistics on Aircraft Gas TurbineEngne Failures Tha Occurred in U.S. Commeeial
Aviation During1981

Author: R.A. Delucia, JT. Salvino, and T. Russo

Date: Marchl987

Report No.: DOT/FAA/CT-86/42

SUMMARY: One of an annual seriefRefer to Record No. N061.)

RECORD NO. N045

Title: Report on Airaaft Engne Contanment
Author: Soaety of AutomotiveEngneers/Committe on Engne Contanment
Date: September 1987

Report No.: AIR 4003

SUMMARY: This report presents detailed statistical @astaoncontainedotor failuresincluding
classificationby degee of damag engne tye, flight mode, enige and rotatingpart component,
and cause It dso indudes rotorcaft and generd aviation dda not included in a similar report
issuedin 1977. This report also discusses potential improvements in the areasioé elesig,
aircraft desiqn, bird threat, and maintenancé&his report provides an overview of related A=
regulations and certification procedures.

RECORD NO. N046

Title: Design Consideations for Minimizing Hazards Causal by Uncontaned Turbine
Engneand Auxliary Powe Unit Rotor aad Fan Blade Failures

Author: Federa Aviation Administrdion

Date: March 1988

Report No.: Advisory Circular AC 20-128

SUMMARY: This AC recommends desigconsideration be directed at location rotating
sections relative to critical components andgssty amaxmum fragmentsize andenergy level for
desigqh purposes. It also sugests that the airframe desgy obtain fragient energes and
trajectories from the ege manufacturer’s data.

RECORD NO. N047

Title: A TurbineWhed Design Story
Author: Wilson R. Tayor, Keith Wheless, and ée G. Gray
Date: June 1988

Report No.: ASME 88-GT-316
Gas Turbine and Aeroeimg Congess
Amsterdam, The Netherlandsing 6-9, 1988

SUMMARY:: Design consideations redating to contanment issues for aJet Fuel Stater usal in the
F-15 Hghter Aircraft are disaissel. Consideation is given to limiting the powea turbine
coni@ainmentring by desgning the power tirbine wheelto break nto small pieces.
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RECORD NO. N048

Title: Stdistics on Airgaft Gas Turbine Engne Rotor Filures Tha Occurred in U.S.
Commercial Aviation Durind.982

Author: R.A. Dd_uciaand JT. Sdvino

Date: July 1988

Report No.: DOT/FAA/CT-88/23

SUMMARY: One of an annual seriefRefer to Record No. N061.)

RECORD NO. N049

Title: Expeaimentd Guiddines for the Design of Turbine Rotor Fragment Contanment
Rings

Author: James T. Salvino, Robert A. Detia, and TracyRusso

Date: July 1988

Report No.: DOT/FAA/CT-88/21

SUMMARY:: Experiments performed at the Naval RropulsionCenteraredescribedIn thefirst
sd of expaiments, ontanmant rings wnstruted of Kevlar fabric and bdlistic nylon are tested for
containmentof trihub turbine rotor failures. h the second set, containment sngpnstructed of
aluminum, 304 stainless steel, and A-286 steel are testd#teoability to containsinde andtriple
blade release event$est results include findisghat a minimum casirnickness of 0.37kchis
required to contain the testetidD and J3D blades.

RECORD NO. NO50

Title: Stdistics on Airgaft Gas Turbine Engne Rotor Filures Tha Occurred in U.S.
Commercial Aviation Durind.983

Author: R.A. Dd_uciaand JT. Savino

Date: March 1989

Report No.: DOT/FAA/CT-89/5

SUMMARY: One of an annual seriefRefer to Record No. N061.)

RECORD NO. N0O51

Title: Stdistics on Airgaft Gas Turbine Engne Rotor Filures Tha Occurred in U.S.
Commercial Aviation During.984

Author: R.A. Delucia, JT. Salvino, and EC. Fenton

Date: June 1989

Report No.: DOT/FAA/CT-89/6

SUMMARY: One of an annual seriefRefer to Record No. N061.)
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RECORD NO. N052

Title: Staistics on Airaaft Gas TurbineRotor Filures Tha Occurred in U.S. Commecial
Aviation During1985

Author: R.A. Delucia, JT. Salvino, and EC. Fenton

Date: July 1989

Report No.: DOT/FAA/CT-89/7

SUMMARY: One of an annual seriefRefer to Record No. N061.)

RECORD NO. N0O53

Title: Development of an Advanced Fan Blade Contanment Systam
Author: Alan D. Lane
Date: August 1989

Report No.: DOT/FAA/CT-89/20

SUMMARY: Ceramic-based @dde cordinment systens are sidied. Such a systemis desgned
for minimum weight and compaed with meal systams for weght and st dfectiveness. Kevlar
and B,C/Specta systens are eamined.

RECORD NO. N054

Title: Stdistics on Airgaft Gas Turbine Engne Rotor Filures Tha Occurred in U.S.
Commercial Aviation Durind.986

Author: R.A. Delucia, JT. Salvino, and EC. Fenton

Date: January1990

Report No.: DOT/FAA/CT-89/30

SUMMARY: One of an annual seriefRefer to Record No. N061.)

RECORD NO. N055

Title: Development of Helicopter Modular Armor 8gms andnistallation Techniques
Author: U.S. ArmyMaterials TechnologLaboratory
Date : March 1990

Report No.: MTL TR 90-11
SUMMARY: Not summaized.

RECORD NO. NO56

Title: An Overview of Propulsion Syem Risks 1959 Throtgl989
Author: G.P. SlHee
Date: November 1990

Report No.: BoeingCommercial Airplane Compary6-55456

SUMMARY: A comprehensive studgf all propulsion-tpe risks, which includestatisticson
uncontained turbojet and turbofan arefailures.
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RECORD NO. N057

Title: Titanium RotatingComponents Review Team Report

Author: Federa Aviation Administraion/Aircraft Cetification Sevice/lEngne and Propdier
Direcorae

Date: December 1990

Report No.: N/A

SUMMARY: This reportdescribeshe resultsof a project to collect data and provide a review of

industrypractices relevant to titanium rotatipgrts in aircrafturbineengnes. Aspectsof desiq,
manufecturing, qudity control, and inspetion proedures were investigated.  Detailed
recommendations are made.

RECORD NO. N0O58

Title: Stdistics on Airgaft Gas Turbine Engne Rotor Filures Tha Occurred in U.S.
Commercial Aviation Durind.987

Author: R.A. Delucia, BC. Fenton, and anine Bake

Date: January1991

Report No.: DOT/FAA/CT-90/19

SUMMARY: One of an annual seriefRefer to Record No. N061.)

RECORD NO. NO59

Title: The Impact Load on Contanment Rings During a Multiple Blade Shed in Aircraft
Gas Turbine Enges
Author: T.B. Dewhurst
Date: June 1991
Report No.: ASME 91-GT-163
International Gas Turbine and Aeroemg Congess and Eposition, Orlando,
Florida, &ine 3-6, 1991

SUMMARY:: Usingexperimental data of rindisplacement during multiple blade sheglventin a
medium sied gas turbine enigne, the finiteelementcodeANSY S is usedto developanimpactload
record. Reacton force resus$ are preseetl. Details and probéms with the nunerical anaysis are
disaussel. Obsevations of fidd experience ae presented regarding failure modes, with brittle
tensilefailure identified as themost ommon mode

RECORD NO. N0O60

Title: Stdistics on Airgaft Gas Turbine Engne Rotor Filures Tha Occurred in U.S.
Commercial Aviation Durind. 988

Author: R.A. Delucia, BC. Fenton, and E.R. Chapdelaine

Date: March 1992

Report No.: DOT/FAA/CT-91/28

SUMMARY: One of an annual seriefRefer to Record No. N061.)

16


http://www.abbottaerospace.com/technical-library

RECORD NO. N0O61

Title: Stdistics on Airgaft Gas Turbine Engne Rotor Flures Tha Occurred in U.S.
Commercial Aviation Durind.989

Author: E.R. Chapdelaine,.B. Fenton, R.A. Delucia, and M. Muller

Date: June 1992

Report No.: DOT/FAA/CT-92/5

SUMMARY: The stdistics contaned in this report wee taken from the FAA Flight Standads
Service Difficulty Reports. The reports were analyd to establish theumberof containedand
uncontainedotor bursts the distributionof failures amongngne components and fragnt types,
and the cause of failuréAlso included is the distribution of incidents éggne type andtheflig ht
condition at the time of failureAn analysis of engne failure rate according engne fleet hourss
included. The incidence of uncontained rotor bursts in ey 1962 throdg1984 is presented.

RECORD NO. N062

Title: The Useof Imposed Displacements to Determimgphct Forces in a Multiple |IBde
Shed hcident

Author: T.B. Dewhurst

Date: May 1993

Report No.: ASME 93-GT-127
International Gas Turbine and Aeroemg Congess, Cincinnati, Ohio

SUMMARY: The report presents an approach to findorges errted on containment risgoy
blades. Experimental data on containment ridgflection is used witthe ANSYS finite element
code. The reportalso focuses orhe correctuse of he nunerical parangters requied for accurag
modéding.

RECORD NO. N0O63

Title: Fibe Ranforced Strudures for TurbineEngne Fragment Contanment
Author: J. Pepin
Date: June 1993

Report No.: AIAA 93-1816
29th bint Propulsion Conference, Monteré€yA

SUMMARY: The report describes pearimental progam to test fiber reinforced stgns for
containmentof turbine rotor disks. The effect of construction details is inveatgd. Hybrid
sandwich panels were found to perform comparaébligonexomb panels. Polybendisoxazole
(PBO) is tested as an option for hot-section containment.
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RECORD NO. NO64

Title: Analysis of TurbineEngne Rotor Contenment and Shidding Strudures
Author: JA. Mathis, S.C. Parduhn, and P. Alvarez
Date: June 1993

Report No.: AIAA 93-1817
29th bint Propulsion Conference, Monteré€yA

SUMMARY: Applies commercia finite element codesto geometries and fragment energes
typical of conainment problenms. Descrbes resus avalable from anaysis such aglisplacenent,
reaction force, and engrgbsorption histories.

2.2 INDEX OFKEY TOPICS

The following index accompanies the record number list in section Xgy topics from the
bibliographic record are arraed here in alphabetical orderThe index numbersrefer to the
RECORD NUMEERS in section 2.1.

Analytical research—001, 005, 008, 009, 018, 022, 024, 033, 039, 059, 062
Fabric—013, 022, 030
Failure criteria—001
Finite element codes—059, 062, 064

Armor
Helicopter—055
Metdlic—024

Auxiliary powe unit—021

Blade fragnens
Deformation—002
Dynamics—029, 035
Impact structural behavior—039

Ceaamic
Ceramic composite—021, 053
Ceramic composite, environmental test—021
Ceramic composite resin, higemperature—021
Ceamic compositearmor—021

Civil Aviation Authority (CAA)—016, 023, 031
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Containment
Blades—002, 003, 006, 010, 032, 049, 059, 062
Containment criteria—004, 022, 026, 028, 040
Military engines—010
Disk fragnents—001, 003, 026, 024, 049, 063
Engne casinghickness required—049
Fan blades—039, 040, 041, 053
Parameter stueiy-004, 025
Threshold—004

Containment ring
Axial length—026
Clearance fromotor—002
Deformation of—013
Failure mode—001, 012, 059
Finned—022
Restraints—002, 003
Sandwich panel (hyid structural)—063
Stiffening ribs—006
Weight of—013

Deflectors—017
Disk fragnent—024

Design
Aircraft considerations—016, 017, 020, 028, 035, 036, 045
Containment ring—041, 049
Experimental gidelines—026, 049
Engne considerations—006, 036, 045, 047, 049, 057

Dimensional Analgis—003, 004, 039

Disk failure mode—012, 027

Empirical Models—016, 019, 035, 049

Environmental testing-021, 032

Experimental research—002, 012, 019, 035, 039, 040, 041, 049, 063
Ceramic composits—021
Compaison with analytical work—009
Engne containment test—032

Planningfor experiments—004, 025, 053
Spin pit testing-002, 009, 019, 026, 040, 063
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Federal Aviation Administration Poliey-020, 036, 045

Fragnents
Deflection of—003, 027
Energy—002, 012, 027, 029
Geometry—002, 027, 053
Number of—003, 026
Residual velocity-012
Retention—039, 040
Spread arig—016, 027
Trajecory—013

Honeycomb materials—029, 041
Containment structure, aluminum—O035, 039
Containmentstructure, seel—035

Kevlar—019, 022, 032, 035, 039, 040, 041, 049, 053, 063
Environmental tests—032
Fire resstance—032
Restraint of fabric—040
Weave gometry—030, 032, 049, 063
Weight required—032, 035, 039, 040, 053

Material
Material comparisons—002, 022, 053, 063
Material models—004
Fabric—013, 022, 030
Strain rate—024

Materials
Alumina—021, 053
Aluminum—O002
Ballistic nylon—002, 003, 049
Boron carbide—021, 026, 053
Ceamics—053
Ceramic/polyner fiber composite—053
E-gass—002, 003
Rubber/metal composite—021
PBO (polybenzdisoxazle)—063
S-dass—013, 022
Spectra
TRIP steel—002, 003

Military Contanment Criteria—010
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Risk, calculation of—016, 023, 031, 056

Shields—002, 017, 019
Mounting—019

Stdistics

Uncontained failures—002, 007, 011, 014, 015, 023, 034, 036, 037, 042,
043, 044, 045, 048, 050, 051, 052, 054, 056, 058
060, 061

Cause—007, 011, 014, 023, 027, 034, 036, 037, 042, 043, 044, 045

048, 050, 051, 052, 054, 056, 058, 060, 061

Damag severity—028, 036, 045

Propulsion related—056

United Kingdlom—027

Worldwide—023, 056

Testing
Verification of containment criteria—010, 020

Turbine Wheel
Frangble—047

Uncontained failure
Energ absorption byircraft structure—035
Engne failure model—031
Structural damag—016, 028, 031

Weight of containment structures—013, 023, 026, 035

3. COMMENTS FROM INDUSTRY AND REGULATORY GROUFRS.

A portionof this research task induded visiting with and gathering the opinions ad commaents of a
variety of airframeandengne manufacturers and agcies involved in the issue of containment.
An initial list of companiesnvolved was developed, however not ewvang contacted wished to
participate in discussions.

Generdly, the companies and agncies vsited could be paced n the following cakegories: large
engne manufacturers, small eng and AR manufacturerslarge airframe manufacturerssmall
airframe manufacturers, research institutions, anctimimental agncies. Since issues involving
rotor burstcontanment are consideed by most to behighly sensitive, the comments presented in
thisreportareleft anonynous in the above catages. Most companies were unsure of our motives
in talking with them, especiallyin light of the research project beifignded bythe FAA and the
fact tha the preparation of the AC on minimizing the hazads from @gine rotor burst
noncontainment was still oomg.
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3.1 LARGE ENGNE MANUFACTURERS

A typical opinion expressed blarge engne nmanufactrers wasHhat their extensive researchand
development efforts into rotor containment advances had cost them aloney Hence theydid
not wish to reveal antechnical details odiscusscompanyphilosophy One companyindicated
that analtical modeing of fragmens impacing coneinment structures was a researeffort that
has spanned at least Iays and has been conducted in part with a version of DYNA-3D.

3.2 SMALL ENGINE AND APU MANUFACTURERS

One companydiscussedheir computationaimodeling efforts with us which consisted of usiag
versionof DYNA-3D to simulatethe interaction of a fgical containment ringvith fragments
releasedfrom a trihub rotor burst. However, theystated that this research effort is still in a
developmentattage and most of their desiguidelines come from test datargrated in-houseA
problem mentioned with use of thigt/of modelings that of findinga failure model.Continuing
research effort is directed toward correlai@mgl nondimensionalizg the data in useful way

3.3 LARGE AIRFRAME MANUFACTURERS

Manufecturers inteviewed in this @tegory incuded dvilian transport and military aircraft
manufacturers. On the question of the appropriateness of thenfilag siz/spread arlg data
included in the proposed Advisor€ircular, different opinions were offered. While one
manufacturerfelt that the historical data well supported this frant definition, another
manufactureffelt that the datawas not realistic nor conservativelhis companyis supporting
analytical researchto addressthis question. When questioned on designethods used when
dedling with uncontained rotor burst (URRevents, the approach of desigy redundant stems
and relocatingritical components to areas outside of an expectechératgrajectoryenvelopevas
mentioned as a primamethod. One companyelated some&lesigy work involving the possible
useof strudurd shidding. They mentioned tha a possibledravback to theuseof shidds is thain
ceriain cases, re serous stuctural damege resuts as a consequence of ngsthe shield, because
the sheld transfers lte impact reacton o more stuctural members. Another manufacurer has
devotedsomenumber of gars of research into the use of atiedy codes (DYNA-3D) that can be
usal to modétheinteraction of rdeased URB fragments with thearcraft strudure

Military manufectures stressel thar compliance with geneic military speifications for dedling
with URB threats and pically suggested the relocation of critical componeuistheir primary
design tool. In compliance with themilitary speifications, this is onéem addressel on arequired
progam plan where apparenttite operatinghistory of the engne is takeninto consideration.
Findly, one company felt tha a probaility numbe for design would bemore desirable than the
proposed Advisorgircular approach of minimizintpe hazard.

3.4 SMALL AIRFRAME MANUFACTURERS

An opinionexpresseds that the smaller airplane, if required to have the sameelef) protection
as the larg transport airplane, would be penetizbecauséhe structuralcomponentshemselves
areless nassve. The conpanies survegd basialy rely preserly on geometric anaysis and he
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relocation of critical components out of the trajectpagh as a means of minirnmg the haard

from and URBevent. The question of the role of maintenance \&eddressedy more thanone
conpany. If, for exanple, he engne of a gneral aviation busness ¢t is inspeced with a
frequency of three times thd to which a transport j& engine is inspeted, or if the engine is

monitored in a formalied trend monitoringgrogam, whyshould both thesmall jet andtransport
category jet be subjet to the sane criteria for protection from URB events? Someresavations
about the use of the words “minimize the hazard” in the draft AdviSooular were expressed
with a staed preerence for a speific quantitative probaility numbe in lieu of themore genera

term minimize. If this approach were adopted, what merit should\ando field histories?

Anothe smadl company interviewed rerofitted various fixed and rotay wing arcraft with smdl gas
turbineengines. The stdus of poligy for minimizing damage from unontaned rotor bursts wa of
great interest to this ompany. Sud questions & how to denonstrée tha a certain shidding
material and configration would be adequate were statedhiiycompanyto be of critical interest,
as the necessityf extensive testingrould make the conduct of business impossible.

3.5 RESEARCH NSTITUTIONS AND GOVERNMENT AGENCES.

Opinionsoffered by various individuds employed a civilian and military arworthiness @encies
are gouped under this catey. Some individuals offered sgestions for the direction of future
researchefforts. Theseincluded nvestgatng the effectof the engne case pressadion of he
fragment trgectories, the design of disksto limit the mass of frgments by bresking into smal
pieces, andhe desgn of direcied falure pahs. Some concernwasvoicedthat if more stringent
requirements for containment were required, less emphasis would be directednt® ant
integrity and or monitoring The repeatability of contanment tests was questionel, with a
suggestion that this be investgated. Finaly, an opnion was receied hat follow-up on he
recommendations of the Titanium Rotati@@mponents Review Team would resultoverall
enhanced sdety by providing improved maerials and inspetion techniques whidch will reduce the
probaility of manufacturing defects.

4. ANAL YSIS OF CONTANMENT/SHIELDING STRUCTURES

A review of he pastwork accomplished revea many previous anaftical studies. Some conmputer
codeshave been especiallgleveloped for modelingf containment ring) and deflector shields,
notably the codesdevelopedby MIT as part of the NASA-sponsored Rotour& Protection
Progam (see Record Numbers NOO1 and NOO8 in section Hbwever, theseodesdo not
appearto have beenadaptedfor widespread use in the aerospace industgrt of the present
research effort involved examinitige use oturrentlyavailablegeneralcommerciafinite element
codes for the degigof containment structures and related structural components.

The availability, capability, and workdaility of commecially available finite dement codes has
increaseddramaticallyin recentyears. These codes offer the abilitp accuratelyperform the
dynamic, nonlinear, higvelocity impact analges requiredo model containmentand shielding
problens. Such ols alow the impactand energ transfer nechansms andthe time dependent
developmenbf stresspatternsto be studied in detail for various materials argmetries. Two
sud codes weae evaluaed for ther capability to modé various strudurd configuraions
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representative of containment ringr shieldingcomponents.No attemptwasmadeto modelany
specific enghe components; rather, angralizZd studywas madewith fragment kinetic energes
representativef gas turbine engne sizes rangg from awiliary power units (APU) throdg50,000
pound thrust enges (Ib.t). Only metallic structures wemodeledn thisresearch.The geometries
studied were aicular continmentrings and fat plates subgctto directimpact Oneof the goals of

this researchwasto deermine if the useof such commercilly avalable codes codl be usefuin

modelingand providingdesign information for the hig-velocity impactproblemsencounteredn

containment and shielding

The flat plate was 12 x 24 x 1 in. thik. It was meshel with qualrilatera shdl elements with
minimum e&lge dimensions of 1 inkh. The dement dimensionswere minimumin the center of the
plate, where impact occurs, and amaimum of 3 indes near the edge of the plate, resulting ina
total numberof degeesof freedom (includingrariables associated with contact elements) of 1776.
All edges of he phte were fked aginstdisplacenentin threedirecions. The plate wasimpaced

with arigid flat cylindrical disk 8 inches in diameter and 2.2 inches thitke impactor mass was
6.36 sluggs; its velocity was varied from 25 in/sec to as thigs 700 in/sec resulting a kinetic
enery range of 170 to 130,000 in-IbThe ratio of impactomassto plate masswasapproxmately

2.5.

The ring model was circular and unflaeg with dimensions chosen to matelperiments
performedat the Naval Air Propulsion laboratory(see Record Number NO49 in section 1.The
ring had an inside diameter of 28 inches, aialdgngh of 9inches,anda thicknesswhich varied
in differentrunsfrom 0.187to 0.390 inch. The total number of elements in the rimgpdel was
810. Quadrilateral shell element dimensions were 1 inch, antbphendbottomedges of thering

werefixed againstdisplacenentin three drecions. The rato of impacor mass b ring mass rangd

from 2.3 to 6.4.1n both the flat plate andng models,the meshsizes were coarsecomparedvith

the rigd impactor contact area, hence gsmetrywas somewhat irrelevant.

Problemswererun with two codes:ABAQUS (Hibbett, Karlsson, and Sorensen, Version 4.9) and
DYTRAN (MacNeal-Schwendler, Version 2.0ABAQUS is a finite element direct integion
implicit code tha solves the nonliner equilibrium equdions. The implicit time integration
opeator is amodification of thetrgpezoidd rule caled the Hilbert-Hughes-Taylor opeator. This
formuldion contansa paameer useal to introdue atificial dampingand an be useal to diminate

the high frequency noisetha is generated as aresult of thetime step bang changed in the automatic

time stepping procdure A force tolerance and momat tolerance are entered by the use to define

the accuracyvith which equilibrium must be satisfiedlime steppingcan beuserdefinedor an
automdic incrementation sdieme is gplied which ajusts thetime step after compaing the
equilibrium residuds hdf way throudh thetime step with thoseet theend of thetime step.

The second code, DYTRAN, is an arsdycode for analging dynamic, nonlinear behavior of
structurespsing explicit time integation. It is an adaptation of the DYNA-3D code developed at
LawrenceLivernore Natonal Laborabry. Time steps are conblled aubmaticaly to assure sible
solutions. The default automdic time step is cculated by the progam to be smdler than thetime
taken for a gess waved cross e snallest element a user adjstable safey factor (typicaly of 2)
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is then gpplied to this @culation to deéerminethe actud time step. Both codes weae opeated ona
HP9000 Series 730 workstation.

Simplebilinear elastic-plastianaterialmodelswere used for the materials studied, A286 Steel and
Inconel 625.Required parameters include thelg point, elastienodulushardening modulugnd
Poisson’s ratioValues are summased in table 1.

TABLE 1. MATERIAL PROPERTES

Parameter Inconel Steel
Yield Stress (psi) 4.40E4 9.00E4
Elastic Modulus (psi) 29.8E6 22.5E6
HardeningModulus (psi) 25.3E5 20.3E5
Poisson’s Ratio 0.29 0.25
Density(Ibf seg /in) 7.82E-4 7.40E-4

Generally both codes were found to be effectivemiodelingproblemsof this nature,and both
compared well, providingome verification of one anothefime historiesof maximumdeflection
and enery summariesrom both progams proved to be nearlgentical. For the models and
dynamic time peiod ranges studial, the explicit code ran in approxmately onetenth the time
required for the implicit code. Some convemgnce problems with thémplicit code were
encountered. These occurred at engrégvels insufficient to produce plastic dissipatiokven
maximum vdues of atificial damping paameers provel insuffident to diminate the high
frequency noisegenerated as aresult of timeste changes in theautomatic time stepping procedure

Theanalsis resuts for the flat plate modek include naximum displacenent that occurs awvarious

impactor energ levels, time of maximum displacement, plastic dissipatm maximum total

reacton force. Maximum displacenent occurred m the cenér of the plate in the impactarea,and

for the two materials, these are pitted in figure 1. The maximum displacenentis seen ¢ increase
nonlinearlywith impactor eneng The displacement of th@donel is, in the plastic remn, less
than tha of the stedl; theratio of Incond deflection to stel delection is thesame as theratio of the
respective material hardeningpduli—approximatelyl.25.

For the Incond plate, the maximum tota reaction force and thesum of & reaction forces in the
direction of impactor travel are plotteda@gst impactor eneygn figure 2. The valuds seerto rise
sharplywith enery and level off at approximately200,000 Ib. The time at which marium
displacenent occurs for bdt plates, 8 shown n figure 3. Times are hgher for e Inconelplate,
andtheratio of time for the hconel to that for the steel is approximat&l@5. The increase scales
with the product of relative hardeningodulus and densifpr the two materials.
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Containment ring models of A286 steel were also constructed with geometries chosen to match
experimental work performed earlier. A summary of these experiments is shown in table 2.

TABLE 2. CONTAINMENT EXPERIMENT RESULTS

Thickness (in.) Fragment Energy (in-1b) Result
0.140 23,490 Not Contained
0.187 29,900 Contained
0.250 98,900 Not Contained.
0.390 116,000 Contained

These experiments were modeled numerically with the DYTRAN program. Geometry models
matched those of the experiment and impactor velocities were chosen to result in identical energy
levels. However, several aspects of the experiments differed from the computer model. In the
experiments the rings were hanging free, suspended by chains, while in the model the top and
bottom edges were restrained. Also, in the experiments the impactors were actual turbine blades,
not rigid disks. Curves showing the total amount of energy absorbed by the rings is shown in figure
4 with the maximum values in good agreement with the fragment initial energies.

Max. Displacement (in)

- [nconel
-+ Steel

O_ I T i I T I
0 20 40 60 80 100 120

Fragment Energy (1000 in-Ib)

" FIGURE 1. FLAT PLATE—INCONEL 625 AND A286 STEEL DISPLACEMENT VERSUS
IMPACTOR ENERGY
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Maximum Total Reaction Force (1000 Ib)

250

200

150}-

100

50

0 20 40 60 80
Fragment Energy (1000 in-lb)

(Reaction in Direction of Fragment Travel)

* FIGURE 2. FLAT PLATE—INCONEL 625 MAXIMUM TOTAL REACTION FORCE
VERSUS IMPACTOR ENERGY

Time (milliseconds)

= [nconel
—+ Steel

0 20 40 60 80 100 120
Fragment Energy (1000 in-lb)

FIGURE 3. FLAT PLATE—INCONEL 625 AND A286 STEEL TIME OF MAXIMUM PLATE
DEFLECTION
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Internal Energy (1000 in-Ib)

120
100l
I VAR S
601 I ____________________________________
40| X
ool ~ 0.140"
NPl — +0.187"
0 0.5 1 1.5 2 2.5 3 ~0.250"
Time (milliseconds) +0.390"

FIGURE 4. STEEL RINGS INTERNAL ENERGY TIME HISTORIES

5. CONCLUSIONS.

Few published research results on design methods for the containment of rotating parts within the
gas turbine engine case have appeared in the last 15 years. The nature of such research, requiring a
large amount of expensive test data, is such that most development has occurred at the engine
manufacturers. The work is considered to be highly proprietary and details are not generally
released by the companies involved.

Some research work has been carried out under various NASA, DOD, and DOT programs.
Experimental work has been performed at the Naval Air Propulsion Center, which is publicly
available and provides a wealth of experimental spin pit testing results on many candidate
containment ring materials for rotor segment and blade containment. This work is presently
continuing under sponsorship of the FAA William J. Hughes Technical Center and focusing on the
application of fiber composite materials.

A number of companies report using finite element codes to model containment structures and
shields; derivatives of the DYNA-3D program are often mentioned. However, in no cases were
these tools described as a simple solution. Indeed, many companies described a substantial
research effort, consisting of years of development, to obtain useful computational results. While
time histories of deflection, stress levels, and reaction forces are fairly simple to obtain, as shown
by some examples in this report. Selection of an appropriate failure model and hence the ability to
predict containment capability, remains a problem.
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