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PREFACE

Arrcraft must maintain structural mtegrity relative to many types of damaging mechanisms including, for example,
fatue, non-detectable mitial defects and in-flight damage such as that inflicted by military weapons or by debris
froni disintegration o an engine. Whilst the structural design methodology for many ol these is well established,
that for in-flight dumage is currently i a state of rapid development and has not ~een widely distributed to and
unplemented by designen.,

) The resistance of the structure to the smpact of projectiles is an important parameter in consideration of the
vulnerability of miulitary sircraft.  Information on this subject s contained in AGARD Advisory Report AR-47
“Physical Vulnerability of Airerait™. However theie is o need for considerable augmentation of this information,
extending the scope to include the design methodology. ‘The Structures and Materials Panel of AGARD, recognising

| this need. intends to pubbsh g Design Manual in 1977, The Panel decided that this Manual should also emibrace the

clearly anglogous problem, arising mainly on the longer hfe transport aireraft. of the impact on the structure of debris
trom engine disintegration, a subject of rapidly growing importance which has so far received little attention in the
literature.

In order 1o sumulate the collection of data tor the Manual, 4 Specialist Mecting was organised.  The presertations i
and a summary of the subsequent discussions are published in this volume. Amongst the subjects covered are the
5 types of damage produced by various projectiles, the failure characteristios of the structure under foad and its residuul
: strength and lite after damage.  The relationship between the spread of the damage and the materials used and the
detail dosign features of the structure s considered. Where neighbouring systems or fuel tunks are vulnerable the
K degree of penetration of the projectile into the structure s important and this is discussed as is the hydraulic ram
effect which can result in very hugh pressures if a projectite enters a fuel tank.  Blast effects are considered.  Descrip-
tony are given of methods of overall analysis of dimaged structures and their use in the vulnerability assessment of
the aireraft. The likely distribution of size, velocity and direction of engine debris fragments is discussed together
with information on methods of determimng the effect on the structure,  The possibilities are described of reducing
the sevenity of the problem by modifying the engine design to cause blade failures to be more likely than disc lailures
T and to contain a lurge proportion of the resultant debris, The effects of the overall aireraft layout, armour and
Aeflecton on the problem are also discussed.

e i e i

&f It is considered that the publication of these conference proceedings will be of immediate value to those
concerned with the problem of impact damage tolerance. The AGARD Structures and Materials Panel would welcome
any comments, suggestions, ete which would be of help in preparing the Design Manual,

T The Panel wishes to express its appreciation to the many groups and individuals who contributed to the success
of the Specialists Mecting: to the Turkish National Delegates who hosted the meeting: to Mr J.G.Avery. AGARD
Coordinator for the work on hnpact Damage Tolerance; to the authors, session chairmen and those who contributed
to the technical discussions: and to the Panel Members and Swlf who so ably assisted in the planning and canying

P - raree

= thiough of the meeting. ‘

3 N.F.HARPUR
Chairman, Working Group on
tmpact Damage Toloiance of Structuies,
© i
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o
li STRUCTURAL IMTECRITY REQUIREMENTS FOR PROJECTILE IMPACT DAMAGE-- AN OVERVIEW
i by
J. G. Avery
and

T. R. Porter

BOEING AEROSPACE COMPARY
Research and Engineering Uivision
P. 0. Box 399%

Seattle, Washington 9812k

and
k. W. Lauzze

Alr Force Fllght Dynamics Laboratoiy
Wright-Patterson AFB, Chio

SUMMARY

Aircraft can be expased to projectile impacts from several sources, including military weapons, hailstones, pebbles,
and debris from engine failures, In spite of the importance of the projectile damage threat tc many types of
alrcraft, this category of damage is addressed in only o limited degree by existing design guidelines and specifi-
# . cations, There are , however, o growing body of research results becoming available, and attention
- ) must be directed toward moking this information usable to designers. The only means of doing this is to integrate
projectile damage toleronce considerations within the eaisting structural design process, This paper outlines a

design methodology for projectile damage toleronce and summarizes some of the research resylts available for
implemanting the mathodology.

[ INTRODUCTION

As Indicated [n Flgure 1, alrcraft must malntaln structural integri- relative (o many types of
damaging mechanlisms, Including for exampie: !
p
1. Fatigue
2. Non-detectable Initlal defects
3. in~f1ight damage, such as Inflicted by milltary

weapons and englins debr'ls,

The objective In designing for fatigue considerations Is to prevent wear-out durlng the anticipatad
usage of the alrcraft. The otjective of the second structural integrity requlrement Is to prevent an {
alrplane from unexpectedly falling as a result of an undetected flaw or defect. In both cases, the
benefits of successful! design are Improved safety and economics.

With respect to In-flight dam:qge, the deslgn objectlive Is to preveat structural fallure from sud-
denly Inflicted damage durlng flight. For example, a substantial portion of combat alircraft attrition
has bean caused by structure-relataed fallures Induced by projectile damage. Weapon damage may cause loss i
of strength and stiffness, and these effects are often amplified by the Interaction between primary struc- ¥
ture and engine fue! storage. This Interaction leads to damsge mechanisms such as hydraullc ram, vapor
explosions and flre. X

14

In spite of the importance of the projectile damage threat to many types of aircraft, thls
category of damage Is addressad In only a limited degree by existing design guidelin~s and millitary .
. specifications. Although the vulnerabl!lity analyst has always been concerned with the effects of pro-
' Jectiles, this often reprasents unfami)lar ground for tne structural designer.

Becauss of these consequences, effort Is required to integrate battle camage tolerance con-

y B siderations within the structura! deslgn process, along with relatad fatigue and fall-safe critaria, as
Indicated In Flgure 2. In recognition of this need, the Alr Force Flight Dynamics Labsratory has
recently supported research under contract F33615-73-Q-3032 "Survivable Combat Alrcraft Structures
Design Guidellines and Criterls,” (Refersnce 1), In order to formulate the required technology within a
methodoiogy that cen be readliy accep:.ed by struccural designers.

i
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The remainder of this paper presents an overview of a methodology for | -ojectlle damage toleront
desian an. certain ot the techniques and guidelines available for implementation.
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METHODOLOGY FOR IMPACT DAMAGE TOLERANT DESIGN

To achleve desired structural survivabllity with minimum performance degradatlion, a guantitative
“ s3sessme. v of styuctural survivabliity should be Included during the design phase of the al:craft. Thls
requires Implementing an assessment and deslgn methodology that allows designers to determin. the surviv-
al capability of a current deslign and then compare thls cer Y111ty with the structural performanc~
. specifled by criterfa. The objectives of the methodology are to evaluate the structural caepability of
the damaged alrframe, and to compare this with structural performance requirements as dlctated by mission

o criterla. Fligure 3 Is a flow dlagram Illys!ratlng the steps required to evaluate the survivablllity
. level of a structural design (Reference 2).

A tlrst step In the methodology Is tc determine the conceptual goals for the alrcraft, Includling
alrcraft type and antlcipated usage. From theses, specific mission and threat requirements are deflined.
N T Non-nuclear ballistlc threats can be categorlzed into three basic types:

a. Won-explosive nrojectiles (penetrators)
b. High explosive (HE) projectl!les

c. Warheads
COMBAT WEAPON SYSTEM CONCEPTUAL GDALS
AIRCRAFT SYSTEM REQUIREMENTS
]
@ AIACHAFT MISSION ® THREAT
AREQUIREMENTS REQUIREMENTS
AIRCRAFT
i STRUCTURAL
CONFIGURA~
TION
| '
o - 1
STRUCTURAL STRUCTURAL
REQUIREMENTS CAPABILITY
e
S ® COMPONENT LOAD ® DAMAGE
& LEVEL AND ASESSMENT
. ENVIRONMENT
’ AT EXPOSURE e CYCLIC LOADING
= r—"" RESPONSF
® CYCLIC LOADING .
AFTER EXPOSURE ® STRUCTURAL
® MAXIMUM LUAD RESPONSE
AFTER EXPOSURE
i

STRUCTURAL ASSESSMENT
AND TRADE STUDIES

. <>

SURVIVABLE COMBAT WEAPON SYSTEM

Figurs 3. Structursl $/V Design Methodology

Informatlon on the projactile type, 3lze, velocity, number, and directlon must be considared when
making a structural vulnerabllity assessment. In addition to misston and threat requirements, the con-
ceptual structural designs are a necessaiy lnput. The structural design is not flnal, since the final
salaction of the structural configuration and matarials should include the vulnerabllity assessment re-

sults, because structural concepts and material selection significantly Influence the survivabllilty of
the total structure.
N

The remalning steps Illustrated In Figure 3 use the above factors as Input data in establishing
the structural capability and requiraments for the final assessment. These steps are described in the
following paragraphs.
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i DETFHMINATION OF { THUCTURAL HE QUIREMENTS

Structural requirerents are Jdetermined by the physical and loading environimenrs of the “ircraft.

Far servivabitity analysis, theee basic types ot Information are required for each structural com-
ponent (onsidered.  These are:

a The probable toad-level ant the physical environment at the time of damage occurrence;
b. The (yclic loading spectrum atter damaqe occurrence;
< The maxlour load and the associated physical environment that will be encountered

aftee daraae hay necurred.

This inturration is cbhtained trom the anticipated operational stress/time history for the aircrafu,

Thiy includes the 1-g luading, qust loadings, and maneuver load factors tor the prescribed misslons.
A sample stress/Uime history iy shown in fiqure 4. From intormation of thls type a rational stress
level requirement at Lhe time ot impact can be def ined.

The maximum loadings anticlpated from the time ot damage occurrence until mission completion or
repaic witl define the residual strength requirements tor the airplune.
stiesses {rom damage incidence until the airplane
ments tur the daraqed airtrame.

Likewise, the operating
Iy repaired will define the cyclic lcading reguire-

— U timate
I umn
Evenrre
:hu (')'W“ Mane.ver
akeo’ " Flaps Down
Ll
g Oetrvery ’ Landing
i
t
Time
? Tax:
(=3
Taxt %
=

Figure 4 Stress-Time History v Structural Elerment

Physical envirunment is an important consideration,
residual - renqgth of damaged structure because it
materials,

Temperature, tor examplie. can affect the

influences the fracture behavior of some aircraft
Other pouwsible degrading physical environments include: humidity, melsture, cleaning
fluids, hydraulic fluids, and fuel, espacially during the application of cyclic lvads.

.2 DETERMINATION OF I HE CAPABILITY OF DAMAGED STRUCTURE

The determination of structural capability reguires an evaluation of structural degradation due
to weapon damage.  Several unique technical dlsciplines come intn operation at this paint In the analysis,
Evaluating structural deqradation due Lo weapon damage requires a consideration of (he mechanics of
damaqe and damaqge tolerance. The required analysls steps were shown on the right side of Figure 3.

The firat step is to determine the type and exlent of the damane [nflicted hy the threat. Struc-
tural damage from projectile impact is a function of the threat and engagement condltions, as well as
the structural configuration including grometry and materlal. Consideration must be glven to the
envitonmant, Inads, dand compounding effects such as hydraulic ram.

Deagad structure that does not fail at the time of
as a result of qust and maneuvers during conlinued f1ight.

Impact is wubjected to subsequent cyclic loading
These cyclic loadings induce fatique that can




int luence the damage size and character, therehy chanalng the strennth of the structure.  In metal Struc-
ture, cyclic stresses will qgenerally imrease the damage size and severity, thus, teducing the strength ot
the ballistic-damaged structure.

The damaned airtrame must sustain the maximum t1ighy leads subsequently encauntered.  The resrduat
strength of the damaged structure is reloted to design cnd damage size. The stitfness of aircratt
strui ture that has been daraged iy alvo a'tered. This stitiness degiadation can produce several effects
that can alsa dead to tailure.  Among there are {luiter, lass of control, ac extensive load redistribu-
tion withln the structure.

The #inal resulty of the stiuctural capabkility determination can be presented in a manrer analogous
to the stiess/time history presented in figquie 4. This Ts termed the "stiength=time' history (an exanple

is shown ia Fiqure 5). The figure shows that sStiuctural capability i+ the destgn ultimate strength hetore
ancountering damage. Atter projectile impact, however, the structural strenqth [s severely deqraded in
tnis example. The inltial response is characiericed by the strength during the time of Impact. (Imme-
diately atter jumpact, the structural capability iy determined Ly the residuval strength. After this point,

the strength de jpades dug 10 the Tatique darmage caused by cyclic 1aadings.

ULTIMATE STRENGTH (UNDAMAGED!

/ BALLISTIC OAMAGE RESIDUAL STRENGTH

/CYCUC LOAD DAMAGE EXTENSION

/

IMPACT FRACTURE
STRENGTH

STRENGTH

TIME

TIME OF
SALLISTIC DAMAGE

Figure 5. Serength Tirme History for Structural Element

1.3 STRUCTURAL VULNERABILITY ASSESSMENT

The final survivablllity assessment compares the stress/time and the strength/time histories; that
is, the requirements and the capabillties. A typica! comparison Is shown in Flgure 6. This flgure shows
the stress/time and strenath/time histories for a wing structural detal!, At time "A" the sirengih
capability ls reduced significantly due to damage Inillicted by projectile Impact; however, the structural
element did not fall catastrophically. In this example, Lhe strength requirements exceed the strength
capability In the ltanding appioach, and structural fallure occurs. The flnal assessment depends on the
fmpact damage tolerance criteria selecte’ for the alrcral't, and criterla selection and speciflicatlion Is
an extremaly Important aspect of Impact damage tolerant deslan.

IH. DESIGN TECHNIQUES AND GUIDELINES

The structural designer can employ several techniques for Improving the response of alrcraft struc-
.ure to projectile Impact, including:

a. Reduce cthe probabliilty of hitting critlcal structure.
b. Improve cdamage resistance of structure,
c. Improve damage tolerance of struciure.

The flrst approach Includes reducing the slze of critical elements, locatling critlical structural
elements so tha!t they are shielded by less critical components, or focating critical elements so that they
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Mates el properties ond geometric configurat'on determine damage resistance. For example, 2024-T3
wkin i3 more dymage resistant (less crackling) than 7075-T8 skin when exposed to projeccile Impact. |In
neneral, the use of high-toughness materials will provide a high level of danage resistance.

Damage tolarance, on the other hand, |s measured by the abllity of the structure to survive or
¢ "tole-ate'' damage of a given size. A damage-tolerant structure is obtained by careful attention to

i both detall design and material selection. Multiple load paths and stiuctural members capable of 1imlt-
inn or contalning damage extension should be Incorporated.

S

In areas where both members of a dual! load path couid be damaged by a singie Impact, and where
d~sigr (ceometev) limitations restrict the use of redundant structure, speclal effort snould be made to
p- ovide damage resistance. This i5s achieved by minimlzing the exposed area and utilizing damage-resistant
N r terials.  Good demage resistance will also enhance repair capab/lity.

Damage tolerance should be considered In the design uf every major component. Multiple-load-pata

- st cture shoulo be used and the load paths should be separated to minimize the possibility of critical

¢ ua- .ge from a single impazt. Short load paths are recommended to minimize the vulnerable area. Flam-
mabie a~d/or explosive components should not be placed In close proximity to the pr.mary load paths.

The ubove general design considerations are ceceptively simple. In actuallly, thelr application In
specific circumstances is complex, and reguires both design awareness and inventiveness. Although it Is
dangerous o gerneralize, design features that typlical'y enhance structural survivablility are:

Extensive use of high toughness materials 1o provide a high ifevel of damage resistancs.
Multispar wing corstruction.

Multiple skin panel constructlion.

Riveted skin constructjon with patterns selected to minimize blast effects
Multistringer, skin fuselage construction.

Fuselage configuration with short primary load paths.

Fuselage configuratior, with large volume to minimize blast effects.

<
u -0 crooy

However, the designer needs more specific analytical tools in order to Implement the tasks defined
previously in the design methodology. These analytical methods must be formulated in terms of design
parameters, so that the effects of design alternatives can be evaluated. The remainder of thls section

presents a brief overview of Impact damage etfects in alrcraft structure, and certain analysis methods 1
available for use In dasign.

The topics addressed Include: l
a Characteristics of Projectile Impact Damage
[ b Prediction ot Impact Damage
<. Internal Load Redistribution in Damaged Structure
d

Failure Criteria for Damaged Structure {

e CHARACTERISTICS OF PROJECTILE IMPACT DAMAGE

i Projectile damage has diverse characteristics depending on the projectile, the configuration of the

structure, and the conditions of impact. Damage can range from dents, cracks, and holes, to large petalled
areas accompenied by extensive out-of-plane deformation. The diverse character of projectlle damage 1
rzises rquestions. How can it be guantifled? What should be meatured?

Alihough there are several meaningful measures of impact damaga, lateral damage Is the measurement
that has bsen found most usefu! for vulnerabllity analysis. Latera! damage, as shown in Fligure B, Is
defined as the diameter of an imaginary circle that just encloses the limits of fracture or material
removz! in the plane parallel to the original surtace of the shest. The terms "lateral damage', 'damage

. size'", and sometimes simply '"damage'' are used synonomously.

A second significant measurement when stressed panels are considered Is the component of lateral

. oamige transverse to the applied load. This index is referred to as transverse lateral damage, often
? abbreviated as TLD.

The following paragraphs describe the basic characteristics of projectile damage in metal and fiber-
composite structure.

1.7 IMPACT DAMAGE IN “1£TALS

Cmaant

The impact-durage response of metals depends upon manv Interrelated parameters. Because of this,
there is appreciable scatter in the test data, and it is often difficuit if not 'mpossible to lsolate and
yuantify the efte:t of Individual parameters.

e An extenslve investigation of impact damage In metals is reported in Reference 3. This reference
E divcusses types of damage and the parameters that influence damage. Some pertinent results from that
“ <tudy are sum-irized in the following paragraphs. These results have been demonstrated In the high-
strength ajuminum lloys, such as 2024-T3 and 7075-T6.
, Damage Tyne

Impact damaye in metal sheet and plate structure can be cracks, spallation, petals, holes, dents or
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gouges. For a given target maerial, the damage type sustalned depends on the sheet thickness and the
projectila velocity and imna~t angle. This behavior is fllustrated in Figure 9.
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1 1 l l Figuee 3. Damage Type Regime Diagram, 0.30 AP, 7076-T6

Figure 8. Lateral Damage Definition

Effect of Projectile Velocity

For a given panel and obliquity, the varlation of projectile impact velocity can rasult In the
resronse shown In Figure 10 which also illustrates the concepts of incipient damage, maximum damage and
high-velocity damage. This response s characterized by a maximum lateral damage size that occurs Just
above the penetration limit. Further increases in projectile velocity result In lesser damage, until a
plateau is reached called the high-velocity lateral damage. Veloclty increases heyond this limit do not
produce any significant change in damage size, unless velocities can be reached that result In appreclable
projectile break-up. The difference between the maximum damage and the hlgh-veloclity damage depends

primarily on sheet thickness.

Figure 11 is a photograph showing the effects of projectiie velocity for .30-caliber AP Impacting
090-Inch 7075-T6 sheet. The increuse In damaye with reduced velocity is evident.

Effect of Projectile Oblliquity

The angle of obliqulity (or Impact angle) has a pronounced effect on damage size. The following are
generally true regarding obliguity effects:
1. When impact angles are increased and other conditions held constant,

the maximum lateral darage will also Increase as long as penetration occurs;
2. The velocities required for incipient lateral damage, maximum lateral damage

and the onset of high-velocity lateral damage increase directly with impact-

angle Increase,
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Figure 11.

Etfect of Projectile Velocity on Damage Sire (0.090 7075-T6
Impacted by 0.30 Cal AP)
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Figure 12 {llustrates this response schematlically, and Figure 13 Is a photograph showing .090-inch
7075-76 impacted at several obliquities with veloclty he!ld constant, There is a dramatic reduction in
damage slze as the Impact angle increases from 60 to 70 degrees caused by projectlle richochet.
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Figure 12, Typical Effect of Obhquity on Damage Size
Effect of Projectile Type
When projectiles re similar In shape and construction but differ In size, - is generally found

that laryger projectiles produce greater damage. When this similarity is not present, however, It is not
possible to make lateral dainage predictions based only on projectile size. Projectile type must also be
considered.

A distinction must he made between ogive bullets and compact fragments, for example. Oglve projectiles
can exert significant in-plane wedqing forces that contrlbute to paneil cracking during projectile
penetratlon. Compact fragments tend to puch through the panel, causing a different mode and size of damage.

Effect of Sheet Thickness

Damage size is highly dependant on shesat thickness. A convenient thickness parameter is the ratlo
of thickness to projectile diameter (t/D). Typlically, as t/D ratios are increased beyond 0.1, the maximum
lateral damage size increases from a projectila-sized hole to a relatively large damaged area. This
principal maximum lateral damage occurs at t/D values between 0.3 and O.4 for aluminum and titanium alloys.
Increasing t/D ratios beyond 0.4 reduces the lateral damage to a prujectile-sized hole that may be
accompanied by significant amounts of spallation,

The typlcal response |s shown graphically in Figure lha. It should be kept In mind that since lateral
damage is also dependent on projectile velocity, this figure shous the largest damage (i.e., the maximum
lateral damage) that occurs fus each given t/D ratio.

The remaining lllustrationy in Figqure 14 demonstrate the parametric effects discussed, namely: the
effect of projectile velocity, Impact angle and projectile type.

Effect of Sheet Material

The choice of material will have a marked effect on the resulting size and type of damage, since
materials differ In their resistance to Impact damage. A comparison of damages produced under [dentlcal
impact conditions, changing only target material, will show large differences in damage size. It was
shown t wat the damage sizes for 2024-T3, 2024-T81 and 7075-Th aluminums have the ratios 1/2.2/5.1,
respeclively. On the same basis, the ratio for BAl-4V titanium was found to be 1.,8. The.e materials rank
in the follosing order of damage resistance, with the first having the highest:

[ 2024-T3

2, hAl-LY

3. 2024-78i

4. 7075-76
Si1-e damage tolerance Is alsu dependent on material, material selection is a means of reduclng structural
degradation due to battle damage.

Effect of Applied Stress

If the stress Jevel is sufficiently high to precipitate impact fracture, there will be an extension
of damage keyond that ohtained from lower stressed panels. Applied stress levels below thls value may
have a small influence nn damage size and orlentation; however, the extent of these effects has not yet
been established.

11.1.2  IMPACT DAMAGE IN FIBER COMPOSITES

There has been very little parametric impact-damage testing of fiber composites. Figure 15 shows
typical projectile damage in a Soren/epoxy sandwich panel. Some buron/epoxy test results are shown in
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Figure 6 for comparison with the meta! data (Figure !4). The dashed iines represent the size of the
projectile projected onto the plane of the test panel. This Is the mirnimum damage slize corresponding to
passdage of the projeciile through the pane!. In contrast to the response of metals, there is a close
currelation betwaen the measured damage extent and the projected area of the projectlle. The one excep-
tion Is for the exit face of thicker laminates.

The available data Indicate that extansive visible cracking extending from the impact polnt does not
occur in thin panels of boron/epoxy and graphite/epoxy. These materials exhlbit good damage resistance.

SONON/EPOXY STRUCTURAL PANELS

0 CAL AP
- BOCAL AP 2 HONEYCOME SANDWICH,
5 SO 30L10 LAMINATE g 0 IPLY/FACE
L . s ® EXITFACE
[
i+ o ‘ w O ENTRY FACE
) a
g 10 j= ¢ 1w
«
il enrnace 2
mganes g egy— —— 'y
5 ’;‘ _&D._J_m_o._-—d—
° 1 L 1 1 11 | 0 ! A : | 1
O W 2 W & & & 70 & ° 1,000 2,000
NUMBER OF PLYS PROJECTILE VELOCITY ¢py
al EFFECT OF NUMBER OF PLYS b) EFFECT OF VELOCITY «
0CAL AP ' 30CAL AP
HONEYCOMS SANDWICH e HONE YCOMS SANDWIYCH
20} 4PLY/FACE } 20} 3 PLY/FACE

MAX DAMAGE $IZE Inches
s
1

MAX DAMAGE SIZE inches
s
I

*
(-]
[ ]
{ -
s ——
) 11 1 1 1 i 1 1
] W 20 XN W0 S0 @& 70 80

IMPACT ANGLE ,Duroes
<.} EFFECT OF OBLIQUITY

P—-.’@u_-__._
0 L 1 {
[ 26 80 5 100

APPLIED LOAD IPERCENT ULTIMATE)
4} EFFECT OF STRESS

Figure 16.  Typical Perarmetric Damage Data for Fiber Composites

1. 1.3 PROJECTILE IMPACT INTO FLUID FILLED CONTAINERS

In many aircraft applicatlons, the structure serves the additional functlon of fuel contalnment, so
that a penetrating projectile enters a fluld medlum after passage through an adjacent element of structure,
The term '"hydraullc ram' refers to the dynamic pressures generated within the fluld as a result of energy
imparted by a penetrating projectile. These pressures are transmitted to the walls of the fuel tank, and
they can cause severe structural damage to lightweight alrcraft structure.

Hydraullc ram must be consldered as a damage mechanism for any structural element that is wetted by
fluid, or any element that ls separated from fiuid by a pressure transmitting component such as a flexible
biadder. The structural damage caused by hydraulic ram consisis of bulging and tearing, and fastener
fallure s common. Damage Is especially severe at entrance and exlt wails because the internal pressures
extend tha damage caused by penetration. Hydraulic-ram damage due to fragments and small-arms projectiles
can be extensive and potentially catastrophic as suggested by Flgure 17. Hydraullc-ram will be discussed
more fully In a subsequent presentation.

. 2 PREDICTION OF PROJECTILE IMPACT DAMAGE

The description and modeling of ballistic Impact damage is a new and complex technology. The available
prediction methods are primarily upper and lower limit technlques, and statistical rellabiilty has not yet
been adequately defined. These limlitations In damage-prediction capability Influence the retiability of
structural vulnerabllity assessment and design.

The foilowing paragraphs describe some techniques for predicting projectile Impact damage slize. The
description I|s organized according to the type of projectile and the type of structural material, and
inc ludes:

I, Bullets Impacting metal

2 Bullets or fragments Impacting flber composlites
3. Fragments impacting metal

] Impact damage from HE projectiles




Figure 17, Hydrauiic RAM Darnage in Fuel Tank Caused by Small-Atms Prapectile

BULLETD IMPATTING METAL

AL aqernize nesde] i descr ibed in Peterence 4 and was incorpurated into a deslign handbook In
ferorencr 3. HBecagse of the inberent scatter in damace size data, the rodel was designed to predict the
Leper oand Lower Ticity of Loage wige. The rodeling io itblustrated qualitatively in Figure 18, and a
Lonioal set of apper-tic it davane=prediction curyes is showa In Figure 19.

tpper ant leger=1i it prediction carces were plotted by computer for the following conditions:
Fredectilen: 30-catiner AP

L1 caliber Lal)

B0 calibes AP and Lalld

Materials 2024-13 alurminun
202h~180 atuminum
7975-T6 aluminum
fib-4y titanium (except .39 calibar ball)

Thicknee ae 0.632, 0.003, D090, 0,125, 0,160, 0.130, 0.250,
N.375, N.500, 0.750, 1.000 inches

Pt Fogles: 00 20,0 4O, 60, 4nd 70 deqgrees

Ay a congenience, the upper-linit danagre-size predictions have been reformulated in terms of maximum
ppec-binit damage for varying panel qages over a specified velaocity range. Typlcal results are presented
in Fiqire 26, These curves proside a condensation of the prediction curves shown in Figure 19. This s
e pouyible by transforming the veloclty variation into a velocity range {0 to 3200 fps).

BULLEVS OR FRAGMENTS IMPACTING FIBER

HPOS I TES

Ay disvcussed previouslty, there has been nnly limited parametric damage testing in composite materials.
However , o tentative evaluation of the extent of damage in thin composite panels beyond the prujected size
ol the projectile wan made using available data. The results are reported In Reference 5. The average
salae tound T all the Jats reported was abuut 0,2 inch, based on using linear elastic fracture mechanics
lor coreelating rasidual tensile strenath,  From this result, an effective damage size was deflined as shown
in Fiques 21, This provides a domaqge model for thin composite structure that relates projectile damage
vize to impact angle and projectile caliber. Fiqure 22 presents effective damage size results from this

T TN
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A prediction mode! way deve loped in Reterence | tar damage size in aluminum due to singly iwmpacting,
high-veloe ity compact tragments. This model is described below, and should be applicable to low-density
fragment impacts from SAMS ur HE projectiles. High-density impacts involve the interactions hetween

sljacent prujectile damgges, and there is currently no gencral method avallable for quantifying thls type
of damage.

Typical damaqe trom high-velucity {greater than 2,000 f.s) compact fragments |4 shown in Flgure 23.
Examination of compact-fragment data ol this type indicated that the lateral damage i% essentially
Independent of projuctile veloncity in the high-velacity range {2,000 to 6,000 fps). This behavior is
similar to that established for bhullets in Reference 3 The data also indicated that materisl effects were
not prorounced in this range, as the domage sizes for 2024-T3 and I075-T6 were very nearly the same.

Thewe obuervations led to the dovelopment of o fragment damage mode! for aluminum alloys similar in
tacm to the high-veloclty damige model tor bullets developed in Reference 3. The final expression is:

b

2
[ t
Ln--J‘-,:-I- ['.‘6‘0.6 (5") ]

e

where:
b = lateral damage size (Inches)
0 = the maximum projected frontal dimension of the fragment (inches)
= impact angie, medsured between the tlight path and a normal to
the target surface
t = target thickness (inches)
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THPACT DAMAGE FROM HIGH EXPLOSIVE (HE) PROJECTILES

High-explosive projectiles of 20 to 37 rm calliber represent a prubable threat for combat aircraft.
Figqure 2h shows several aspects of the terminal effects caused by HE projectiles. The resulting damage
is due tu the combined effects of fragments and blast {uften internal).

The condition shown in the figure is for a projectile having an instantanecus fuze that detonates upon
contact with the wuter structure. Delay fuzes are alsvo prevalent. In either case, a hole is punched
in the vuter shin, oand o “pray of fragments from the projectile casing emanates from the center of
detunation. The spray forms a cune of fragrents. The angle of divergence relative to the projectile flight
path depends on prujectile velucity and the fragment ejection velocity. This latter velocity is a char-
acteristic of the projectile.

The develupment of methods for predicting damage due to HE projectiles has received recent attention,
and certain uf these methuds - i1l be dewcribed in subsequent presentations. The BR-1 computer code
(Keterence 6), for axample, cuntainy a iragmentation model for use in conjunction with the finite-element
structutal model developed for predicting the lucal damage and transient respunse of aircraft compariments
subjected tu the internal detounation of explusive projectiles.

The BK-) code currently containe the characteristics of three HE rounds, including the static
velocity, the mean stutic direction, the nurber of fragments and the mass distribu' ion for the fuze, the
tuze sttachmen:, the side purtion, and the hbase.

The velucity of the fragments is vectorally added in the BR-1 code to the velucity of the projectile
refative tu the target at the time of detunation tu determine the relative velocity of the fragments to
the target structure. For fragments emanating froum the side uf the projectile, the code autormatically
determiney which finite elements in the structure are struck. ror fragments emanating from the nose or
base ol the projectile, the user hay to specify through the Impul data the elements struck, The BR-1 code
feterminey what percentage of the fragments penstrate the structure, the impulse imparted to the finite
slements becouse of the menentur change of the fragments ay they encounter and/or penetrate the structure,
a4 the luss in strain enerqgy carrying capatllity, and mass of the structure because of holes created by
fraqrents thot penetrate the structure.

1. 3 INTERNAL LOAD REDISTRIBUTION

The infliction of damage in multip'e luad-path comnonents causes a redistribution of internal loads
sgmong the elements. 1o addition, the availability ol altcinate load paths results in some level of
residual strength capability in major structural compnonents, even though element failures have occurred.

A powerful tonl fur Jetermining load-redistribution in damaned structural components (a wing or wing
segmuent, for example), is the finite-element structural analysis computer program. These programs are
frequently uved for design analysis, ard their application to damaged or altered structure is a logical
extonsion,

The uperational thenry of finite-element structural-analysis computer programs will not be discussed
in detail bere, as this theory is well krnown and well docurmented. The basic anproach, however, is to
develop a model or “structural fdealizatiun' of the component, using discrete structural elements such
as, plates, beams and rods having defined stiffness propertins.

The utility of these technigues for structural vulnerability analysis ties in the fact that struc-
tural damage can be incerporated into the model by altering the stiffness properties of the damaged
elements., This alteration must be made using damage models of the type dlscussed previously that relate
damage slze to threat, and that relate stiffness degradation to damage.

Using the altered element stiffness properties, the finite-element computer program can then
reanalyze the structure and deveinp the redistribution of element stresses caused by the damage. The
strength capablility of the damag structural component for any desirad flight loading condlition can then
be determined by comparing the rudistributed element srresses with structural fallure criteria for damaged
elements and crack-arresting structure.

Figures 25 to 28 show key aspects of the application of finite-element structural analysis to damaged

Cloaura L le oha =coda

tructu Figure 25 1s the noda! dlagram for & wing section under anaiysis. Considerabie engineering
judgment must be applied In preparing a nodal diagram that will ensure realistic results.
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. Fflgure 26 Is the element diagram, indlcating the various elements selectad for the ideallzation.
0] Typical element selection might include:

1. Upper and iower skin plates-- Stiffened plates carryling shesr 2.l
axlal load. Stiffeners ware Included as part of the pnlate . uperties.

2. Spar and rib web plates-- Spar webs were modeled as plates cepable
of carying shear only.

3. Spar and rib stiffeners-- These elements were modeled as beams
carryling axlal load.

4. Spar chords-- All spar chords ware modeled as beam e!ements
carrying both axial and bending load.

< ) - 7 aernan

reas L]
BUAF ACH

N0 STIFPENERS
LOWER BUAFACE

Figure 26, Wing Elenent Diagram

o Flqure 27 shows the loads appiled st the nodes for a particular fllight loading condltions. For cxampie,
these loads may be selecied to represent flight conditions at Vimit load factor, or any load factor nf Interest.

The moduling devalopad at this point is that of the undamaged structure. The program should now be run
so that element strosses and deflectlons for the undamaged case 2re svailable for comparison wilth the damaged
cases. Faollowing this, elements are altered as shown in Figure 28, in accordance with a damage model for
the threat considered. The reanalysis is then conpleted to dete mine member strerses and deflections for
the daragsd component. There results must then be compared with fallure criteria for both damaged and
undamaged elements

. 4 FAILURE CRITER!A FO. DAMAGED STRUCTURE

Having established the extent of damage, and the stress lavels i members fcr a glvan external loading
conditiun, residual structural performance can be estimited by comparing the stress levols In btoth dumaged
and undamaged elements with struciural fallure critoria. These failure criteria include net sectlion
strength, buckling, attachuwent fallure, crippling, and fracture, Stiffness degrassation may alio lesd to
flutter-related failire modes.
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Figure 27.  Wing Modui Loads Diagram

Figure 28.  Schematic of Damaged Wing Modei

Fracture of tension memburs (s one of the nost significant failurc modes for projectile Jdumaged struc-
ture, an¢ considerable research has been done leading to the devetopment of failure criteria. Some of this

development 1s desqcribed in the Following paragraphs, Tor both rtructural elements, and crock arrésting
structure.

1. 4.1 FRACTURE OF STRUCTURAL ELEMENTS

Typlical element tenslle strength behuvior is shown schematically in Figure 29. Ip ductlle materials,
or when the type of damage results in low stress concentraticn, the residual strength behavior depends on
the net area, This is defined as notch-insensitive {racture hehavior, This behavior describes the feast

severe damage {greatest strength) for aircrart structure. The analysis of resldual strennih for this
behavior is straightforvard,
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Figure 29. Variation in Fracture Fespnise With Failure Mode

The most severa damaye {Jowest strength) consists of sharp cracks in brittle materials. This results
In hiigh stress concentrations with little duct.livy and @ rasponse characterized as notch-sensitive. This
behavlar is normal'ly assoulated with fatlgue-crack damage, and fracture mechanics (Kc) is used for the
analysis.

. The tensile strength of ballistic-damaged panels, based on transverse damage, often does not flt
either of these categories, but is located in-betwean {referred 10 as transition behavior). The tran-
sition behavior for baliistic-damaged materials Is due to the bluntness of the notch resulting from
ballistic Impact. A modlflcation of the fracture mechanics technique has been developed from test data
for predicting the residual strength of baliistlc damaged sgructure (Ac).

An additional consideration Is vital to structural vuinerablility assessment: The strength of the
structure Is Influenced by he loadings and effects Induced by the impact. Because of thls, structural
elements may not be chle 1. carry the same load durlng Impact as Immediately after Impact.

Impact fracture is a term used to describe the fracture of a stressed tension panel immediately upon
Impact. This type of fracture occurs when loral cracks, Initiated by the impact, undergo rapld propags-
tion through the structurs) member. Unless the crack propagation Is arrested In some mannsr, the struc-
] tural member will not survive the impact. This failure mechanism Is distinct from the residual strangth
(SRR fallure. in that residual strength fallures ocrur when surviving (but damaged) panels a e subjecied to

C Tncraased loadings untll fracture cccurs. Figure 30 depicts this distinstion. From savallable data, a
threshold lovel termed ''Impact fractuce strvength' can be defined, representing the onset of prestress
influence. The analysis of impact fracture hehavior follows a modification of the fracture mechanics
technique using a parameter, A'c, to detina the threshold value for lmpact fracture {impsct fracture
toughness) .

The remainder of thls sectlon descrlibes analysis methods for predicting the tensile strength of
damaged structural elements. As Indicated in Figure 31, these methods are based on llnear elastic fracture
mschanlcs.

AC ~ BALLISTIC DAMAGE RESIDUAL STRENGTH

A technlque has been used for estimating the residual tensile strength of ballistic-damaged panels by
defining a stress ‘mensity facinr for gunfire damage, Ac’ by the relation:
V/2

1
A, = 9 ({ E—TLD) , where

Oc = gross stress ar fellture 1

TLD = uwaximum transverse latsral comage,
as shown In flgure.

Figures 32, and 33 show a comparison of A_ values for 7075-T( from Reference 3 compared with typical
values of Kc. '

‘“fﬁ_ it Is telleved that the trend shown In the figure is typlc ' for metals and that the relative posi- i
R tion of the ballistlc damage fracture data depends primarlly upon the extent of cracking Infticted by the
ié impact. In general, the tendurcy to crack decreases as thickness increases beyond a t/D ratlo of approx- ;
g
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imately 1:3. Consequently, it would be expected that the fracture response of {mpact-damaged sheets wi}l
become more notch=insensitive as thickness Is Incressed.

Ac Values for Hetaly

Vatues of A are determined experimentaily by puiling damaged panels until tensils fallure occurs.
Reference 1 presente 2 detalled analysis of A, determinations for 2024-T81, 7075~T8& and 6A1-4V. The
average values of J\c are summarizad In Table f. along with the standard deviatlons and standard error of
the mean.

{t should bs mentioned that cyclic loading after ballistic damage may increase tha shatpness of the
effective notch. This may occur guickly (with few cyclic losd applicatlions) in some applications, and a
decision must be made whether (o base strength predictlons on Ay o Kc.

Ag Values for Fiber Compasites

Anslysis of available duta (Reference §) has indicated that the tensile strength of boran/epoxy snd

grauhite/epoxy panels danaged by smatl caliber bullets can, in many casss, ba predicted using a modifice-
tion of the tachnique for metals. The modification consists of using sn “effective' iransvarss Jataral

damags (1.0} as defined previously in Figure 21. This approach has &iso found spplication In fracture
andlysis of composives containing 7laws other thes balllstic damage .
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TABLE |: Average Values of A

[T 777 [, STANDARD | STANDARD ERROR NUMBER
< DEVIATION | OF THE MEAN oF
MATERIAL (ks 1Vin) (ks 1¥Tn) (Ls1/Tn) TESTS n
2024-18) §1.% 8.3 4.2 4
(TRANSVERSE
GRAIN)
7075-76 65.6 12.6 2.8 20
(TRANSVERSE
GRAIN)
7075-16 91.9 14.9 2.7 31
(LONG) TUD INAL
GRAIN)
BAI-4V 162.0 25.5 5.3 23
(TRANSVERSE
GRAIN)

Availabla balllstic results fur tiber cumposites iayed-up in the 0, 45, 90 conflguration family have
been correlated effectively by the relation:

£ . “J—C- “TLDEFF
Ftu Flu 2
The data was presented as shown in Flgures 34 and 35, and average values of fc/Fy  were found for each
material classification. In addition, statistical data vas generated for each materla* to establish
allowable values as presented in Table 11,

TABLE 11: Boron/bkpory & Graphlte/Epoxy A Data

/by, Vi w STANDARD

MATERIAL AVERAGE DEVIATION .95 CONF., .90 PRGB.
Graphite/Epoay 574 .098 .393
Boron/Epoxy .509 .059 4oy

traphite/epoty on the averaqe retained a greater percentage of [ts strength than boron/epqu; but the
variability was greater for the graphite/epoxy, resulting In nearly the same g1 ajlowable (.99 conflidence,
.80 probability) for the two materials.

Figqures 36 and 37 define preliminary residual tensile strength allowable data for boron and graphite/
epory panels of 0, 45, 90 lay-up, based on the test data avallable fur conslderation.

Impact Fracture Analysis

In Peference 3, the possibillty of oredicting impact fracture in a manner analogous to that used for
residual static strength was examined. As desc ibed above, the static fracture behavior (residual strength)
of Impact-damaned panels has been characterized by Lo the stress Intensity factor for Impact damage. A
similar characterization for Impact fracture is given by the formula:

-1/2

TLD) where

= threshald applicd stress for impact fracture

= threshold stress intensity factor for impact
fracture

TLD = transverse lateral damage, (the maximum com-
ponent of damaqe transverse to the applied
stress due tu projectile impact).

There is very little data available, however, for pursuing this characterization, except fo. transverse
graln 7075-T6 reported in Reference 3. Evaluations of A, for 7075-Tf are compared with a K. data envelope;
in Figures 38 and 29, The A' estimates fall within the K. envelope; however, the A'c data tends to fall

., c '
in the lower region of the envelope. The ranne of A'C for transverse-grain 7075-T76 is between 33 and
55 ksi Vin. It should be noted that these values are substantially below the A values for this
material, demonstrating that threshold levels for stressed panels are generally Yower than the residual
strengtiv of similarly damaged panels.
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11.42 FRACTURE OF CRACK ARRESTING STHUCTURE

Alrcraft structure in most cases is not configured as a monolithic panel. For example, wing structure
generally consists ot skin with riveted stiffeners. The stiffeners can provide damage-contalinment or crachke
arrestment capabilicy that is not considered in the element residual strength analysis procedures described
sbove. Since the crack-arrestrent capability can slgnificantly impraove the residual strength of battle-
darmaged structure, the stiffen.ng must be Included In the analysis.

Toaderw wine 1he residual strength of stiffened structure damaged by weapon fire, the type of damage
] wtablished. Figure 40 niesents several typical damaqe confiqurations. In Flgure 40a the

Provie incaatined to the skin area betucen the stiffening elenments. This would be typical nf a small-arms
iyt Tern thee shin between stiffeners. In Fiqure hOb the damage is confined to the skin but reaches into
*. kit tags. This damage configuration, used in fatlque-damage analysis, Is probably not typical for
satenotvaae When the skin damage extends into more than one bay, the intcrmediate stiffener normally
coalt e Dewmed. This iy lllustrated in Figure 4Oc where both the skin and stiffener are damaged with the
Teit tamane extending Into two skin bays. Damage of this type gencrally would be considered the critical
sank for sulnerability analysis. Many impacts ¢ould damage several skin bays, and sever all the inter-
«tive wtiffening elements, For the particular case investigated, the threat and structural parameters
s stitfener spacling would be used In establishing the extent uf damaqe.

The failure of a stiffened panel containing damage of the type iilustrated in Fiqure 40c depends on
"he caiticality of each panel component. Flgure 41 illustra: s schemitically the critical components in
the wing panels.  As shown, the critical skin stress In an ui.tiffened panel follows the basic relationship
' ¥e. The critical skin stress Is lnoroved by the stiffeners when the crack tip Is near the stiffeners
‘117 = 5). As noted, however, th stiffener stress, because of the stress-concentration effect of the
datiaqge, ¢an become critical for larger damage sizes. Also, the loading In the fastener attaching the
stiffeners to the skin near the crack tip can approach a critical level resulting in an unzipping of the
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attachment. For the total stiffened pinel, the stress level for crack propagation corresponds to the

critlcal skin stress (K » K. in th2 stiffened skin). As can be seen in the fiqure, for Intermediate crack
tengths (TLD less than S), the skin Is more critical than for larger cracks (TLD = $). Thls results In
cracks that run, but theve may arrest at the stiffener.

Stress analysis must be performed In order to quantity the fallure levels for speciflic bullt-up con-
figurations, This analysis is identical to that performed for fall-safe requirements due to non-balllstic
flaws, but must take into account the effective stress Intensity factor for ballistic damage.

IV, CONCLUSIONS

This paper has described a mathodology for Integrating projectile damage tolerance considerations into
the structural design process, along with related fatlgue and fall-safe ciiteria. A key element for success
In this task is the continued Jevelopment of analytical methods that can establish critaria compliance In

terms of desyign parameters.
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STRUCTURAL ANALYSIS OF
IMPACT DAMAGE ON WINGS

by

Dipl.-Ing. Jilrgen Massmann
Industrieanlagen-Betriebugesellgchaft mbH
8012 Ottobrunn, Einsteinstrale, Germany

SUMMARY

This paper gives a brief description of a recently-daveloped Structural Strength Model
and examines in greater detail the functions and characteristics of a Damage Model, A
discussion of a Shock Wave Model and how it anslytically determines the dynamic response
of a pressurized flat plate is also presented, Test and Finite Element results are com-
pared with wmodel-predicted results in order to determins model credibility. The pressures
resulting from the detonation of ammunition are discussed and the contributions of each
of the prassure components to the entire response are illustrated. Some advantages of

an advanced Fragment Model are mentioned znd the results from such a model are compared
with appropriate test data. Lastly, the applications of the different Damage Submodels
with respect to a honeycomb structure are shown.

1. INTRODUCT1ON

A relevant question for the design of a military aircraft is

how sensitive is the structure to impacts of different kinds of ammunition?

The lnvestigation of this question results in the following statements: if the airplane
has been hit

the airplane is totally operational or
only the mission can be finished or
the mission ability is reduced or

the airplane is no longer flyabla.

Some tests have been performed to analyze the influence of

- different kinds of ammunition
-~ different alrplane designs
- different locations of the hit points nn the structure and so on,

As a result of these shooting tests and add¢itional ultimate load tests, it has bean
datgrmined that the most sensitive structural parts of an alrcraft are the

- wings and the
~ empannage.

The fuselage has also been partly destroyed. However, for most of this structural part
the inside ccaponents are dominant.

This was the reason vhy damaged and undamaged wings and empennages have baen investigated,
These investigations have been done for

~ gliven, specific wing and empennage designs
and for

«~ different design principles,

(Fig. 1 shows some of tha different investigated structural designs.)
For these analyses a computer model har besn developed, a so-called

Structural Strength Model

C o e o it Y
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2, STRUCTURAL STRENGTH MODEL

By using the Strutural Strength Mcdel it is expected that the reduced 1 ad carrying
capacity of the damaged aircraft can be obtained. To aquire this information it is
necessary to calculate the stress fislds of a damaged aircraft structure loaded with
the actual loads which are present during the mission. A very effective and powaerful
method to calculate the stress fields is the Finite Element Method. The most important
advantage of this method is the flexibility in mcdelling structures. This becomes
essential for structural changes which are caused by damage due to ammuunition.

The damaged structural areas can be considered to be holes with cracks, removed pansls,
destroyed bars and so on, Apparently, there are different c:iteria which determine the
reduction in load carrying capacity, Most of these critecia are

fracture wechanic criteria
= ultimate strength or strain
- stiffness criteria
- gtability criteria and so on,

(See Ref. 1 and 2)

The model used to predict the residual loads of damaged structures, taking into account
the above criteria, is our so-called "Structural-Strength-Model" (see Fig, 2).
Essential inputs for this model are

- data of the wing
= load distribution and the
.= destroyed areas of the structure.

As a result of damaged structural arzas the aerodynamic loads can also be changed. To
take into consideration this additional effect, an Aerodynamic Model is available (see
Fig. 2). This model is based on a Panel Method.

However, the most important information is the description of the destroyed area of the
structure, The prediction of these values has been accomplished by a Damage Model

(see Fig., 2).

3. DAMAGE MODEL

The overall damage of a structures caused by projectile hits is based on different damage
mechanisms, For high erxplosive ammunition these damage mechanisms are the

- penetration and perforation effact of the total ammunition (impact of the
ammunition)

- shock wave effect caused by the detonation of the shell

- internal overpressure effect '

- penetration and perforation effect of the fragments of the ammunition

= hydraulic ram effect and so on.

The flow chart of these models is shown in Fig, 3.

On the other hand, some results from real field tests with different types of wings

and empennakes are available., These test results are necessary to check and/or scale the
model results wnd to obtain the degree of confidence in the model predictions.

For the impact of the ammunition the destroyed areas can be described by a function in
which the fgnition delay, the material properties and the kinds of ammunition are in-
cluded. The other effects are described by more complicated models.

.1 Shock wave mode]

I{g. 4 shows the most critical areas for the influence of the internal overpressure and
the shock wave of the ammuniticn as a result of diffevent field tests with certain kinds
o ammunition. This figure indicates that most of the sensitive areas can be described
t-; time-dependent pressure-loaded thin flat plates.

. thin plate can be so highly loaded that the deflection is much larger than the thick-
ness of the plate without failure. Therefore, a second effect, which can be described

as a "cable-effect", occurs and leads to tension in the entire | ~te. In addition, it
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must be taken into account that the material can be deformed into the elasto-plastic
region. Hence, to describe the behavior of a loaded thin plate, the following physical
effects have to be considerad

time dependent load function
nonlinear stiffness of the structure
nonlinear material behavior
different failure modas.

Our investigation of this problem resulted in the decision to develop a model which is
sensitive enough to take into consideration all of the above mentioned parameters.

This model would be a one-dimeanajonal, mass-spring system where the spring stiffness is
& function of the deflection.

3,1.1 Static deflection behavior of a thin plate

The static deflection beshavior of a thin plate has been described by a superposition of
ths bending mods and of the effect of extending the plate as a function of central de-
flection., The deflection as a function of loading has been considered for both

- glastic material behavior and
- perfactly plastic material behavior.

A more detajled description is shown in Tab. 1. It aiso shows the model used to describe
the entire deflection behavior. The springs are nonlinear and the jump in the stiffness
of the springs indicates the change of the material behavior.

To check the results of the described model, a Finite Element Program, which takes into
congideration all of the mentioned nonlinsar terms, was used. The aspplied program system
was MARC. Figs. 5 and 6 show the comparison between the results of the Finite Element
Program snd the introduced theory for a clamped square plate which is statically loaded.
Fig. 5 shows the central deflection as a function of the pressure for low pressures, and
Fig. 6 shows the function up to very high pressures. The comparison shows that the
theory used approaches the Finite Eleament results quite well for both material regiomns.
Therefore this model is abie to predict the central deflection of & pressure loaded thin
plate.

3.1.2 Dynamic deflectiun behavior of a thin plate

The description of Lhe dyniwmic deflection behavior of & thin plate has besn performed by
using the same mass-spring system with tha developed nonlinear springs. A reduced wai 1t
which represents the effective mass hkas been used. With this moditication this system
gives nearly the exact first eigen frequency (see Ref. 3 and 4).

The differential equarion for this problem is nonlinesr (see Tab. 2). The sclution
technique used is an integration of the plecewise linear differantial equation with
raspect to the actual total plate stiffness. The different material behavior for loading
and unloading has also been coneidered and the pressure has been described by a piece-
wise linear function of time (zee Tab, 2).

A very important question was the precision of the prediction of the daflections and
stresses with this modal,
Firat, for test axamnles th nam havig
- the model and with

= the Finite Eiement Method.

The Finite¢ Elewent Program used was egain MARC,

Fig. 7 shows the comparison of the results from both. The ¢ssential result ir the
maximum deflection, and thess values differ by iess than 3 %. Only the starting phase

is different, btut the maximum value is reached at nearly the same time.

Second, for some available test results from the U.S. (see Ref. 5), the deflection &nd
failure modes ware calculated. Fig. 8 shows the comparisor of the calculatsd and measured
reasults, For ail of thuse examples the maximum deflectior or failure modus are in good
agresment (differences iess than 10 %). Therefore, it is possible to predict the dynamic
daflection behavior of thin plates with the described wmodel and obviously with the
Finite Element Method. Howevar, for & large number of parsmatric investigations, the
modsl s more economical,




3.1.3 Pressure as a function of time

The detonation of a high explosive ammunition inside a given volume results in an
incrragse of pressure within the volume. There are two effects - the internal over-
pressure and the pressure from the shock wave.

Fig. 9 shows the overprossure from an ammunition as a function of time for two different
venting areas. The overpressure is also a function of t'.c size of the volume. However,
the shock wave is governed by the distance from the detoaation point to the investigated
point, In Fig. 10 the reflected pressure as a function of time is shown for different
radii, A result of this investigation is that the maximum pressure denreases and the
action time increases with increased distance from the detonation point. The pressure
values shown are obtained from a U.S, model which is available for these investigations
A (see Ref. 6), The internal overpressure charges the entire surface of the panels with
the same magnitude pf pressure., In the case of the shock wave the total load on the sur-
face area must be determined by integrating over the entire panel surface., The pressure
from the shock wave is constant on a circle of given radius (see Fig. 11). Fig. 12 shows
the maximum shock wave pressure as a8 function of the radius ¢ and the affecting pressure
at a specified time after detonation., R (t) represents the iistance the shock wave has
travelled as a function of time after cetonation. A corresponding integration procedure
is accomplished within the model,

3.1.4 Influence of internal overpressure and shock wave

In order to determine the correct response of a pressure-loaded panel it is necessary
to consider the simultaneous influence of both

- {internal overpressure aund
- shock wave,

Fig, 13 graphically illustrates the interaction of the internal averpressure and the
shock wave, In the example shown the deflection is greater than the allowable strain
limit., The strain limit {s not reached in the cases of the individual responses.

o e

3.2 Hydraulic ram model

L The Shock Wave Model is able to describe the deflecticn and also the stresses and
strains in a dynamically loaded flat plate structure which is used for some tanks.
However, when a hit occurs in the tank svstem a very complicated pressure-time~history
has to be calculated, An additional problem is5 to fiud out the material properties as
a function of strain rate for different types of e.g. rubber material,

Hence, if this information is available, the Shock Wave Model can also be used to
predict the hydraulic ram effect for the surrounding panels,

3.3 Fragment penetration model

(ur first Fragment Penetration Model corsisted of A box with all of the real cross
sections of a portion of the wing, However, the format of this box was rigid (see

Ref. 2). Te improve the flexibilitv of this model, an advanced model has been developed.
For the stress and strain calculation the Finite Element Method has been applied. There-
fore, u definirion of the structure with a similar description for both

- the Finite Element Method and §
o - the Fragment Penetrat’/sn Model

has been found tn be very useful, A further advantace is the applicability of this model !
o~ to aifferent kinds of structure. With this model it is possible to idealize structural
L parts in 3s much detail as necessary,
Fig. !4 shows an example of a portion of a modelled wing with honeycomb panels, The
mndel predicts the fragment penetration points on the pauels., In addition the model
calculates the depth of fragment penetration, and this represen: s a distinct advantage
t of the new model. This analysis capability is essential in investigating relatively
thick panels (for example, for the defintion of three dimensional cracks in these thick
panels).
In Fig. 15 a thick panel of a wing is shown, The letters indicate framgments which are
\ i not able to perforate the panel and the numbers indicate points where the panel {is
. penetrated, (More than 60 % did not go through the ps +1.)

Figs, 10 - 19 demonstrate a comparisnon between model predicted results and field test

e datua, :
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Fig. 16 shows the spars and ribs of the structure end Fig. 17 gives further information
about the usei honcycomb panels.

The rradicted results are shown in Fig. 18 and in Ffg. 19 the resl test result is
iilustratad. As » result of the comparison it can he seen that the wodel predictions
are in good agrecment with the ° =at data.

4. HIT SENSITIVITY OF A HONEYCOMB STRUCTURE

For a ailitary aircraft it is very important tec choose a design which lLias a low
structurzl responus to impact damage. An snalysis has been performed to investigate the
behavior of a hon¢ycomb structure which has incurred projectile hite. The honaycomb
panels have a higher bending stiffnesa than that of a stiffened panel. In addition, thu

structure of the lioneycomb panel consists of two plates and consequently diffarent
effects can bea expected.

4,1 Prassure effect

Pane. thicknss«s is one of the essential values in dete- :ing the tension of a honeycomb
structure and a stiffened panel.

To investigste the influence of different tending stiftnesses andequal entire thicknesses
the Shock Wave Model has bser applied. The results of this fnvestigation are shown in
Fig. 20.

This comparison gshuws that there is no significaunt difference hetween tlie designs. Hence,
the increused stiffrness does not give an gdvantage. (This result is in agreement with

our shooting test data.)

4.2 Fraguent effect

To determine fragment effect for thc honeycomb structure and the stiffened panel dasigns
the Fragment Penetrating Model has been applied., Fig. 21 shows a result for a stiffened
nane! design. A large region is destroyed by the fragments. In addition to that Fig. 22 a
shows the inside nanel of a honeycomb structure, A comparison of Fig. 21 with Fig. 22a
shows that the perforativn of the panel for the inside honeycomb plate is slightly larger.
However, the result for the outside plate is different. There ara only a few fragments
which have penetratad this plate. The prediction is, that th: outside plate of the
honaycomb structure is not destroyed by che fragments.

6.3 Comi ined effa-*

In the case of the example shown thw pressure effect is dominant. Therefore, there is no
significant differsnce betwesn the hoiaycomb and the stiffened panel design i1f the numbar
of ribs and spary &1d the thickness are the sase. However, if the increased stiffnass of
the aoneycomt pancls used to reduce the thickness and/or the dimensions of the other
structural parts sn increased vulnersbility would be axpected. For a smallers amrunition

or an ammunitfon with a swaller pressure effect, the honeycomb design provides some
advantages.
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TABLE 1

Static Deflection Behavior

Plate
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1 _ Lo
7 £ W rr

for elastic msterial behavior
p*A~K W

for perfectly plastic material behavicr
P*"A = comst

Thin plate with large deflection (without bending stiffness)

E iﬁ“ %

for elastic mataerial behavior

P A~Ky * W4 Kyc W 4.,
with
K2> K3 aso

for perfectly plastic material behavior
P*A = KW

Model to describe the entire static deflection
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TABLE 2
Dynamic Deflection Behavior
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Differential equation:
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Preasure as & function of time:
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FLUID DYNAMIC AMNAL) SIS OF NYDRAULIC RAM
by
Dr. Eric 4. Lundstrom, Physicist
and

Wallace K. Fung, Aerospace Bnginser
Naval Weapous Cauter
China Lake, CA 93355

SUNBUARY .

The hydraulic rum pressure loading associated with the ballistic impact of & projectile into aa aircraft
fusl cell can causc catastrophic failure of the cell snd result in several wodes of aivrcraft kill, such as
fusl starvation, explosion, and fire. In sddition, hydraulic ras prassuse pulses 1a the {uel can damage
critical componsats vithin the cell and comporeats lying ocutside of and adjacent to tha ceil walls.

This paper summarizes oungoing work aimed at providing a4 theoreticsl basis for predictiag hydraulic rem
phenomena. A wodsl bha: bsen devaloped for predicting fluid presaure f{islds genstated by tumbliag militery
ammunition. Derivation of thu model is described, and cowparison with easperimestal data is showu. Agree-
@ant of the model was quite good with skots fired fato & test cell with O-degree obliquity, Sigaiiiceat
daviation of the model from sxperiment was obtsined with 30~ sad 45-degree obliquity shota.

LIST OF SYMBOLS

Cavity radius

waximus cavity radius

valus of A at polnt on che trajectory
projected froatal sred of the bullet
W, - p /ol

sound speed in the fluid

drag coefficient

projectile kinetic snergy

jacket kinutic ensrgy at poiat x'

projectile mass

in /A

fluld pressure

gas prassure vithin the cavity

ambient pressure

distance from point (x, ») to a point on the trajectory
distance from & point to the projectile

e distunce from a point to the projectile impact poiat
time

time of projectile arrival st a distance X,

magnitude of the vector M

fluid velocity

component of ¥ io ths x direction
compooent of u in the o direction
projuctile velocity

initial projectils velocity
position coordinate

distance slong the bullet trajectory
distance vhere jackat strips

bullet tumbling distances

paramater ia Eq. (5)

velocity decay coefficlent

vaiuss of ¢ for tumbiing bullets
value of £ for bullet jacket

source strength

dummy integration vaciable

fluid deasity ]
retarded tims given by t - r/c !
perpendiécular distance from the bullet trajuctory
integration limit on w }
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INTRODUCT LON

Hydraulic ram ig a phenomsnon that say cause catastrophic faillure of aircraft cells whaa they sie sub~
jected to ballistic impact. During impact and penstration of the fusl cell, imtense pressure vaves are geo-
erated by the projectile. The respouse of the tusl cell to this pressure loading varies accordiag to its
construction. For example, the walls of an integral fusi cell are formed by the aircraft skim, which ix
usually constructed of high-stxeangth, oftem brittle metal designed to vithstamd normal [light loads. This
type of structure can fail catsstrophically in respoase Lo hydraulic ram presswre loading dus to severe frac-
turing of entrance sud exit walls of the cell, Self-sesling fusl cells cea also ba defeatad dus to hydraulic
ran by gross tearing of tha matsrial or by wmisalignmant of ths wound edges, thareby defeating the self-
ssaliug process. Both of these effects becoms incressingly severe as fusl cells bacoms smeljer and
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projectile kinetic snergivs increass.

fuel-cell tailure can lead to oumerous modes of alrcratt kill. One particularly effective wmode isx fusl
wtasvation revulting trom & swsp tank being hit or the failure of a cell which coatains & large proportion
ol the total system's tuel. Other possible kill mudes are explosion and fire, ignited by an jncendiary pro-
Juctile ot by secoadary 1gnition svurces withiin the aircratt, In additiva, the hydraulic ram pressure pulsae
can Jiructly damage critical components, such as pumps and valves within the cell, ur it can iadirectly dam-
age compotients Lhat lle outside ot and adjacent to the cell walls.

luring penetrativn ot the bulk of the tu 1, & pressure tield is generated that acts tu displace the fluid
trom the projectile path., Applied tu the projuctile surfsce, these pressurus tform the source of the drog

torcw that decelerates it. lu this sssuer the projuctile woergy is gradually trsnsforaed into the kinetic
sasrgy ot tlufid metivn,

une of tue most striking phunomenum assuclated with ballistic penvtration ot §luids i the formation of
& large cavity behind the projectile. The cavity tu tilled with a 1iquid vepur evaporated irum the cavity
wurlace and air, which can esiter the cavity through the estrance and exit wounds. The prussure of these
gases is normally vecy lew. The dynamic behavior ot the cavity in lousely analogous to that oi a cavity
tormed by an underwater eaplosiovn. The uriginal vutward motion ut the {luld imposaed by the passage of the
profectile iw opposed by the pressure dittervnce betwesn the amblent prussure ot the fluld and the cavicy
pressure, tugether witn the restralning eltfect of the fuel-cell walls. The cavity will thus expand to soms
maxinum vige, and then begin to coutract until, eventuslly, it will closu. For & constant velocity projectile,
this process resultn in 4 cavity that s youghly ellipsoidal fu sbape, The masiaum size of Lthe cavity is
ludicetive vi the lnitiel kioetic vnergy of the vutvard sution ol the 1luld and restralnlag forces.

L west laboratury waperiments, bullu<s are tired intu a tuel ~ell ju 2 nunyawed attitude. Since a bullet
in uamtable in this attitude, 1t will tuable, usually withia 1 tuot ui the lmpuct pului,. In the tumblsd con-
tiguration, the bullet loses morte woerygy to the tluid by virtue of ite hydrodyndmic dray and, thersfore, pmo-
viatdm o MUl lunger cavity. As tie cavity begine tu collapss, it usually relaxes (ntuv 4 spherical shape
wentered roughly at the point ol bullet tumbling. The gas trapiped will rwbound. Thus, the cavity may oscil-
late throuph weveral much cycles until Lhe energy of the fluld {8 diswipated, Kach rebound of the cavity im
acnompatiied by a4 pressurs o lze,  The peak pressure and pulse wideth depend on the total energy ol the iluid,
Liw smount o1 gas trappud ln the cavity, and the wxteat ot cavity mhape deviation lros wpherical symmstry.

Britow wnd Lundeberg (Ketorencues 1 and 1) sw well oo Yurkovich (Retervuncva 3) have conducted axtansive ex-
perimvntal and theorsetical work on the tluid dynamics of ‘hydraulic raa, The theory presented in this paper
in & dizuut uxtonaion ul the ldeas reported in thene thrue teferences.

BULLET DYNAMICS

Bullets are ualy wdrginally stable in their wivaved attitude. Asymmetric turces, sactiug on the bullet
duriag impact into & tluid, viten cause wwall perturbactions fn bullet sttitude that sre Lhen wmagnitied by
the drag torcun ancounterud. As & vonsequence, an wxperimentally tired bullet will tumble during tusl-cell
punetrativa., While the bullet is tumbling, litt torces are generuted perpendiculer to tha line of flight,

Floally, the bullet is wplnuing very rapidly which, cumbiuved with the liit torces, produce a spiraling tra-
jectory through the tluld,

Tor on alroralt Ao tlight, an impacting bullet will eilther be tumbled at i{mpsct or it will start to tum-
ble within fnches ot the point ut entyy. Thix is duv to the relative metion ot the sircraft, vhich gives
the bullet & wignlticant engular deviatiun trom its unyewed attitude, The devistion will be magnified by

tiwe penviration ot Inlervening alrcrett structuce >0 that, in the worst case, the buller will be fully tum-
bled upon {mpact,

Fur celculating tluld preswurun, {t Is necessary to know the veluvcity, the rate ot kinetic energy lows,
and the time of arrival of the projectile as tunctions ot di-tance along the trejectory. To obtain esti-
Nuten ! thews quantaties, & wlwplitied model of the complex bullet behavior ls used.

The bullet (s anwumed to travel in 4 straight line. Along this line {ts velocity iw given by

dv
i, -V W)
where V and )Lb denute the bullet velocity and pusition, respectively. The velocity decay coefficient, i,

i given by

1 .
S T (2}

whare O iu the tluid density, A is the projected frontal aresa of a bullet, m is the bullet mass, and C_ ls
a dim¢nsionless drayg ::uu(flclunl’, which, in general, depsnds on the velocity and yaw angle of tha bullet,

The rete o kinetic energy loww, dEId&b. where £ = 1/2 mV?, ix giv. n by

dE niv’ 3)
[} ¢
b
It v is & known tunction of xb and V, Eq. (1) and (3) cvan be integrated to give the desired results.
Baned ou experimental vbservations, the variations of 14 with tor tumbling bullets is ewpected to be

similar tu that shown in Figure L. The bullet enters the test cell with a U-degree vaw withg = (;  and
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DISTANCE ALONG THE TRAJMCTORY, X,

 TIGURL 1. Variation of the Yalocity Decay Coefficieat.

continues watil it veaches s poiat, X,, aloag its trajectory whare it begins to tumble. At a further puiat,

L -

. -—e-rL

X2, the bullet is fully tumbled with s = t,. As the bullet procesds, it continues +o tumble in & cyclic mem~

nar. An empirical functica haviag thass properties Ls

L}
" ) ‘l 1 ~ X3
txh) s Ly & (B2 = u‘)lz nicui X, -x—n «a)
for X, « [bxx‘.
-
H(lb) . B, ¢ (8 - 53):‘:‘-%:0. ) ;.‘:_._—E.: )

for X; < < X3, and 80 on., The valus, f,, correspumds to the bullet moving Lla a steurn-first attitude.
Yor wimplility fu the following amalysis it has beoen assumsd that the tumbling procesds st a constamt rage,
that is

X X » Xy - K3 =Xe ~Xp o4
A value of the supooest u = ) wes fowmd to be reasomabls.

During many exparimasnts it was nolsd that the jackets were stripped from thy arwor plercing cory of ihe
APLl (arwor plercing incendiary) asmmitios. The kinetic esergy of the jackat and imceadiary is appromnimstely
601 of the total kinetic easrgy of the complete round. Deposition of this energy imto the fluid is evidenced
by a distiact pulse oo the experimesatal pressure records.

A crude wmethod ‘for lacorporating the jecket nergy depositiom into the hydraulic ram model is as follows.
The projectile pamatrates the fluld in 3 sorms. fashioa for a discance l. whare tha jacket strips. The ki-
natic esergy of the jschet and incendiary material is calculated at this poiut. The enargy depoasition of
the srmor plercing core is then cslculated in the normal mannar emcept that valuas of § appropriate to the
Coie wust ba used. Te enargy edeposiiioa oi the jacket is assused to be exponential, and is added to that
of the core. The squstios for the tolal emergy deposition is thenm

-4 “b - X))

a_ 1, Tyag ! y

Y - m BV ¥ E}L. (5)
where the subscript ¢ iadicates proprrties of the core, and L . is the kinetic easrgy of the jackat at l..
{ha paramstar, B, , dictates the distasace ovar which tha juhl eaargy is Juposited ia the fluid. A ressum
able value can bd obtained from Kq. (2) using the jscket and incandiary wass, the srea of the tusbled round,
and & drag coetficiear of 1.0. The factor, a, {a Eq. (5) was imcluded to allow adjustmsn: of the pulse
height to agres with the esperimsat. A coustant value of o ¢ 1/) vas ussd throughout the anslysis, sand ve-
sulted i{n » reasonable descriptioa of the stripping pulse for moat of the shots,

PRESSURE FIELD AMALYSES

in the light of the previcus work (Keferemces 1, 2, and J), the problem of predicting the pressure field
gsnsrated by a bullet in the drag phase will be rvecxamined. Bucaude of the wathssstica. Jdifficulries intio-
duced by the vall boundary comditioms, a simple model which naglects tiw wall e.fects vill be comsidered
hare. A schematic of tha modal is whows in Pigure 2. (The effect of the wally o2 tha prassurs fisld is
discussed in the followiag sectiom.)
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In #sscnce, the bullet showm in the Figure 2 model is initially stationazry in au infinite body of fluid
until ¢ = U, The bullet iu then impulsively accelersted to an initial velocity, Vo. At times t > O, the

bullet moves with & velocity, V, in a straight line alupg the axis in & prescribed manacr as discussad
previously,

1t is avsumed that the tlow field can be describud {n terms of » portential funceion, ¢, which satisfiea
the wave equation,

e s ' (%)

whers ¢ is the ipeed 0t sound fn the tluid. In terms of this porential the fluid velocity, G. is expresasd as
W= (€]

and the tluld pressure, p, can be vbtained fromw Bernvulli's Equation

.u (4)

where . s the tlufd dexsity, P, in the embient pressure, aud u is defined as i;i.

Since we have not yet included the ettects of the walls, the proper boundary conditions for tq. (6) are
that the tluld velocity s tengential tu the projectile surface and that p = p on the cavity surface, whare
b, denutes the pressure in the cavity, It is sswumed that p Is conscant throughout the cavity., Under these
restrictions, tne problem is tu Jdetermine the pressure as a tunction of time at any arbitrary point (x, «)
where, as shown in Figure 2, 1y the perpendicular distdnce ui this puint from the x axis,

Lven daiter thesw simplitications, the prublem is ¢norwously difticult to solve. Therefore, the approach
tuken here in Lo lgnure the bounddry conditiony and then try to approximate the eftect of the bullut and cav~
Lty on the tludd by the action of 4 line ot suurces distributed along the bullet path. Consequently, the
reculting tlow ticld In symmetric abust the x axin, The potentlal due to these svurces can be cxprer ed as
the fntegrul

At
)
Ht N A S R (%)

o

where - ls the Jistance along the trajectory, r im the distance frow the point, §, to (%, w) and 7 is the
wource »trength at ‘. lo account tor the flnite swound, the integral sust be evalusted using the rerarded
tiee { = ¢ - 7/C. Hethiods were derived in the section on bullet dynamics to determine the bullet time of
arrival, t,, on the trajectory as a function ot the bullet position, . The results of the thwory are not
consfdered to be valid duriag the cavity collapse; therefore, the lower limit in this integral can be taken
as a¢ro, The upper limic, Kb. denotes the projectile position when [ = tb.

In order to determine the svurce strongch, -, an estimate iw wade by a wethod based on the conservatiuvo

of energy. Fur thls purpose assuse that the flow {s confined to a wlice, dx, as shown in Figure 3, and that
= approaches infinity. The tluld velocity in this slice i then

r !
wn o il (10)

At the cavity rudius, . » a and u = da/dt so that

da
Iy (11)

.
s
Nu -

Following Birkofi (Reterunce 4), the kinetic energy of the slice is added to the potential easrgy s
balanced against the energy depusited fnto the slice by the bullet. The result is a differential equai.on
for the cavity radius, &, which, when integrated, can be used with E¢, (11) to give the scource strength

1

7 W ] - !'- 4 -
A z“ 2l (t -t (12)
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FIGURE 3., Flow Model for Istimating Cavity Crowth aud Source Strangth Variatioa.

where the maximum cavity radius, A, is glvea by
dE_ ) .

A'z - ————-%-

W(Po i . R

- E

The paramseter, ¥ = In {i/a, comes trom taking & finite limit, {I, to the integral giving the kinetic ensrgy of
the slice. If ths upper limit, {, vera allowed to be infinite, the kinetic energy would become iunfinite,
which is a physical imposeibility. Hence, the limit, !, will ba assumed to ba finite. Siace N is a slowly
varying fuaction of {i, 1. will be trcated as & constant. This is justified in that, for the mpecial case in
which & bullat is traveling with a coustant velocity, the correct cavity shape is obtainsd for constant values
of the quantity {i/a in the 20-30 range (Reference &4). FPhysically, this step can be ratioualimsd by consider-
ing the neglected {afluence of ths noncylindrical divergence of the flow.

The pressurs field resulting from this line of sources can now be calculated. Substituting EKq. (12) for
the source strength in Eq. (9),

(1)
elu,u,t) = -%‘h %}A(E) - llt - f - tb(£)”d£ (13)
-]

Since { had to be expressed in tevms of the retarded time 7, t in Eq. (12) was replaced by t -~ r/c.

The terms in Barmoulli’s Equation for the pressure can be obtained by differeaciating Eq. (13). For the
time derivative one obtaius ,
c'

M : | =+nx :
32_-__‘!___.L__¢Lg——_"_—l (14) l
at zg.l cx- % 2 "!x-xifl.'j :

whete R and are distances from the point (x,u) to the impsct poixt and the bullet, and Ab denctes the
velus of & evaluated at "h

The fluid welocfity componeat, L is given by

. < 5 )
.. ;‘.: =5 __, s tw.).- -lc - :bm” x

&

. : 13 (15)

4

Since the fuictioa A({) and t ({) depend on the t.mbling behavior of the bullet, the integral in Kq. (15)
cannot be evaluated uaucltl’. The velocity compumeat in the w directiom, . is given by

Vu lib('()
uw--g-wi-+;:—:l-—!;!— -*-:-ug ’A(L) - Ilt-tb((,)”%;dl;
c K

16)
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PRESSURE WAVE REFLECTIONS

Pressure wave reflected from the fuel-cell walls play an {mportant, if not dominating, role in determin-
ing the total pressure field within the fluid and the pressure loading that acts on the walls.

To confirm theoretical predictions of the pressure field produced by the bullet and to visualize the hy-
drodynamic processes, a simplc method of accounting for wave reflections can be used. This method is based
on the solution of a problem given by Cole in his book on underwater explosions (Reference 3).

Consider the case of a plane, acoustic pressure wave that impinges normally upon an infinite, flat plate.
Wave reflections within the plate are neglected so that the plate will react to the pressure loading as a
rigid body with no internal stresses.

As representative of hydraulic ram in an aircraft fuel cell, consider the case of a l-mws pressure pulse
in JP-5 fuel incident on a 0.063-inch-thick aluminum panel. A common wall material used for windows in hy-
draulic ram experiments is l-inch-thick plexiglass. Figure &4 illustrates the effect that walls constructed
of these mata2rials would have on records of the normalized total pressure taken at a distance of 5 inches
from the wall.

20
15}
10} INCIDENT WAVE
w N - /
S T =~ a
g 05F PLEXIGLASS (1 INCH) ~ ~ =~ ==~ _J
@
& o
—osF ALUMINUM (0.063 INCH)
FREE SURFACE
-1.0 i M n A, A i A 4 A
0! ©0 01 02 03 04 05 06 07 08 09 10
TIME, MS

FIGURE 4, Total Pressure Versus Time of an Exponential Plane Wave Impinging
Upon Plane Walls of Specific Construction.

[t is obvious from this figure that the reflected pressure waves are extremely important in determining
the measured pulse shape and impulse. For the rational correlation of any theory with experiment, the theory
must include the wave reflection effects. The analysis also brings to attention the phenomenon of bulk cavi-
tation in the fluid. As shown in Figure 4, the pressure becomes negative; that is, the fluid is in tension.
When this occurs, cavitation in the form of a dispersion of small bubbles in the fluid is possible. After
the inception of cavitation, the analysis is no longer valid.

A curve for the case of reflection from a free surface 1s also included in Figure 4. It is apparent that,
for comparing experimental with amalytical pressure measurements within the fluid, it is a good approximation
to consider the walls as free surfaces. To a certain extent this is true ever for heavily constructed walls
such as thick plexiglass. If this approximation is made, then, for rectangular volumes, the method of images
can be used to account for the pressure-wave reflections. The incident pressure due to bullet penetration
has been approximated as arising from a line of sources. Reflections from a firee surface near this line of
sources (or sinks) can, therefore, be accounted for by adding the pressure due to a mirror image line of
sinks (or sources).

BALLISTIC TESTING AND DATA REDUCTION

A toral of 53 shots were fired at muzzle velocity into a water-filled test cell instrumented with five
Kistler 60lA pressure transducers. The rounds were .30 caliber AP, .50 caliber APl, 12.7mm API, and 1l4.5om
APl, The parameters that were varied were impact plate material and thicknesses, entrance angle obliquity,
and bullet actitude on impact.

The test tank was a 5-foot cube. Entrance panels were 2 feet square, and two l-inch~thick plexiglass
windows were placed on opposite sides of the test tank for high speed photography. These provided a 30-inch-
high and 36-inch-long field-of-view,

The five Kistler 6ULA pressure transducers were mounted at the end of 1/2-{nch-diameter pipes extending
beyond the open end of the rank. The pipes were, in turn, mounted to a separate frame isolated from shock
and vibration in the test tunk. The transducers were placed 6 inches above the expected trajectory of the
O-degree obliquity shots and spaced 6 Inches apart.

The size of the test tank was sufficiently large so that pressure waves reflecting from the tank walls did
not arrive at the transducer locations untll approximately 1 ms after bullet impact., To avoid the complicating
effects of the wall reflections, the analysis included only the J-ms time interval., Wave reflections from the
impact wall could not be ignored. Because of the lightwelght construction of the entrance panel, it was as-
sumed that the pressure waves reflected from it as if from a free surface. The teflected pressure wave could
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then be calculated using the method of images.

Initial values of the drag coefficients for bullets in the O-degree yaw attitude (C_ = 0.05) and in the
tumbled attitude (C_ = 0,30) were obtained from Yurkovich (Reference 3). The drag coe?ficient used for the
bullet traveling in a stern-first attitude was C_ = 0,82 corresponding to a circular disk. The trajectories
vere measured from high speed motion pictures of the shot. On the basis of this comparison, the drag coef-
ficient of the .30 caliber AP round was doubled to C_ = 0,60 for the fully tumbled attitude. The accuracy
of the exparimental trajectory measurements was not Qufficient to obtain direct verification of the drag co-
efficient for the O-degree yaw attitude. Therefore, a comparison between theory and experiment was made of
the initial part of the pressure pulde which wvas generated by the bullet in its O-degree yaw attitude.

Much better agreement was obtained when the O-degree yaw drag coefficients were doubled to CD = 0.10 for
the .30 caliber AP and the 14.5mm APl rounds. However, the O-degree yaw drag coeffi~ients are particularly
sensitive to the geometry of the bullet nose which can be considerably distorted during impact and penetra-
tion of the targer panel, It is expected, therefore, that the O-degree yaw drag coefficient will vary with
impact obliquity and velocity as well as with target thickness and material. The drag ccefficient for the
armor piercing cose were taken as identical as those of the complete round.

The tumbling distances, X; and X2, could not be accurately measured from the motion pictures. Therefore,

a computer program was written which calculated those values of X, and X; that minimized the rms error be-
tween the experimental and theoretical pressure pulses.

COMPARISON WITH EXPERIMENT

The agreement of experiment with theory was, in general, quite good for all shots impacting at O-degree

obliquity into the test cell. The pressure pulse recorded at two of the transducers during one of the 12.7mm

shots is shown in Figure 5 together with the theoretical curves. The origin of the time axis ia these plots
is arbitrary.
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FIGURE 5a. Pressure Versus Time Plot; 12.7mm APL; x » 6 in.; w r 6 in.

The overall accuracy of the theory can be assessed from Figure 6, where the experimertal peak pressure is
plotted against the corresponding theoretical values for 18 of the 12.7mm APl shots. The theoretical values
1ie, in all cases, within a factor of 2 of the experimentsl values and are, in most cases, much better than
that. Similar plcts for the 14.7mm API, .30 caliber AP, and .50 caliber API ahow the same agreement.

Comparison of the theoretical bullet trajectories was made with experimental points taken from high speed
motion pictures. Figure 7 shows “he trajectory obtained for the same 12.7mm APl shot whose premsure pulse
was given in Figure 5. Similar plots were maje for a number of other shots and showed somewhat worse agree—
sent on the trajectory, but much better agreement of the tumbling distance, X;.

The tumbling distances varied quite widely from shot to shot. The actual distributicn of theoretical
values of X; and X; are shown in Figure 8 for the 12,7sm API shots.

The pressure pulse produced by the stripped-off jacket of the API rounds is of interest. A good example
of this for a .50 caliber API shot is shown in Figure 9, where the pulse can be easily identified. ’

The agreement of experiment with theory was consistently bad for the 12 shots fired at 30 and 45 degrees

cbliquity. A plot of the experimental and theoretical peak pressures is shown in Figure 10 for the 12,7em
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FIGURE Sb., Pressure Versus Time Plot; 12,7mm APl; x = 30 in., w = 6 in.
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APl shots. The theoretical values are consistently too low, There are several possible sources for this
disagreement. First, because of the nonzero impact obliquity, the path of the bullets could deviate con-
siderably from a straight line. Second, the bullets could be deformed producing a alfferent drag coeffi-
cleat than in the O-degree obliquity shots. In addition, the jackets could strip off in a manner different
fruom the O-degree obliquity shots, The actual source of the error could not be discerned from tae pressure
traces, and no motion pictures were taken of these shots, The possibility of laulty experimental technique
exists, Hy comparison of Figures ¥ and 10U, the peak pressures measured for the oblique shots are much
higher than those with U-degree ohliquity even though the latter shots passed much closer to the pressure
transducuers.

CONCLUSTONS

A theory has heen derived for predicting the pressure field generated in a fluid during the penetration
ot tumbling, military ammunition. The theory was tested against pressure measurements taken during a large
number of shots using a variety of ampunltion, Agreement between the experiment and the theory was quite
wood tor those shots Impacting the test cell at O-degree obliquity. Shots at 30 and 45 degrees obliquity
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were in serious disagreement; the predicted pressures being consistently too low. The reason for this die-
agreesent could not be resolvad.

Further ballistic testing is desirable, first to resolve the discrepancy with oblique impacts and, second,
to test the theory at lower impact velocities.

Solutions of a simple problem illustrated the importance of wave reflections from the fuel cell walls on
total pressure field. TYhe problem of obtaining the total pressure loading on the walls will require
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further theoretical advances.
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SOMMATRE

Aprés le rappel de quelques séthodes, classiques et par ¢léments finuis, utilisées aux AMD-BA pour le
calcul des chocs, et des réponses transitoires, nous examinerons les poxsibilités d'application sur les pro-
bldmes suivants :

- képonse de la structure aprés impact d'un projectile sur un blindage.
- Réponse des structures aux effets de souffle d'explosion.
« Calcul des atterrissages durs, catapultage et roulement.

On abordera le problime du calcul pratique de la tenue résiduelle des struetures localement endom-

-

magées

SUMMARY

After reviewing some of the methods by finite elements, used at AMD-BA for calculating impacts and
transitory responses, we shall examine the possibilities of application in the following cases :

- Responne of structure upon impact of & projectile on an armor-plate.
- Response of structures to forces due to explosion blast.
- Calculation of hard landings, catapulting and taxiing.

Moreover pratical calculation of the residual strength of locally damaged structures will be
considered.

1 - INTRODUCTION
Les problimes d'impact de projectiles sur les structures ne sont souvent traitables que par des

oéthodes semf-empiriques ; fious allons cerner certains des points od les techniques modernes de calcul, en
particulier les méthodes d'éléments finis, peuvent apporter une aide :

- Réponse d'upe structure aprés jmpact d'un projectile sur un blindage ; la loi du choc sur le blindage étant
supposée connue.

- Réponse des structures sux effets du souffle des explosions. On montrera que ce mode de destruction n'est
pas dérajsonnable pour les avions modernes On évoquera le calcul de choc treés bref sur des ngives cylindro-
coniques .

- Réponse des avions lors des atterrissages durs, catapultage et roulement sur obstacle

Ces types de probléme étant tous trajtables par unembme modélisation numérique.

- Méthode des éléments finis pour la discrétisation dans |'espace.

Méthode des différences finies implicites pour 1'étude dans le temps.

+

On verra que ces modélinations conduisent malheurcusement souvent A des calculs d'une telle comple-
xité que leur utilisation systéwatique n'est par actuellement i{ndustriellement rentable, tant du fait de la
longueur des calculs que du nombre des données A rassembler pour décrire le phénomene.

L.'autre point ou les techniques de calcul par éléments finis sont évidemment fécondes est celui de
la tenue résiduelle des structures asprés endommagement . :

Ces calcula présentent deux aspects différents :
- Calcul de "fail safe”

Nous décrivons un procédé pernel?unl d'effectuer trés rapidement ce type de calcul sans avoir A
effectuer une réanalyse compléte de 1» structure.
- Calcul de propagation de [issure

Sous uti{lisons la méthode, maintensnt “classique™ dans les éiudes de fatigue, de 1'énergie de
dislocation




4.2
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- RAPPEL DES METHODES DU CALCUL DES REPONSES STRUCTURALES EN TRANSITOIRE

2.1 - Equation de la micaise linéarisée

Soit X le vecteur représentant le déplacement des degrés de liberté de la structure ; en linéarisant
les équations de la wécanique pour les petits mouvements, et en l'absence de frottement {nterne, il vient:

]
1 (] X"« [} X = Fq
Les matrices de masse et de rigidité [ﬁ] et [K] sont élaborées par la méthode des éléments fiais,
X représente alors les déplacements des noeuds du mafllage, son rang est généralement de plusieurs

milliers, voire dizaines de milliers

11 est plus simple de ne pas tenir compte des frottements internes, car ceux-ci sont faibles et mal
connus (de plus non lindaires), les négliger revient A 8tre conservatif dans beaucoup de cas.

Nous pratiquons 3 types de fagon d'intégrer dans le temps le systime | :

- Intégration dans une base rédulte de modes propres.
- Intégration sans réduction de base par wéthode de différences finies implicites.

Remarque préliminaire importante

Toutes les méthodes que nous allons décrire résultent du fait que le plus gros des calculs sur ordi-

nateur, e¢st 1'obtention de 1'inverse de la matrice de rigidité [K] , ou celle d'une combinaison RI]Q\["],

Cette fnverse est écrit sous une forme dite factorisée que nous calculons par la méthode

de Gauss ‘rontale ; cette forme est relativement “creuse”, cependant pour les problimes dépassant quelques
milliers de degrés de libeité, elle ne peut plus tenir dans la méwoire centrale des ordinateurs actuels.

Dans ce cas, 1] est préférable d'utiliser les méthodes de résolution ) seconds membres simulianés
plutdt que successifs pour minimiser les accds sux fichiers périphériques ou sc trouve la matrice facto-
risée.

Ce sont ces considérations tactiques qui ont inspiré le choix des méthodes que nous allons décrire.

2.2 - Intépration dans une base¢ de modes propres

C'érait jusqu'd ces dernitres années la méthode la plus utilisée.
Son principe est le suivant

- (n calcule, ou on mesure, les modes propres de la structure, les vecteurs propres sont rangés en
colonne dans une matrice [B]

On integre dans une base réduite telle que IX] - [B] X

lLe svstime 1 devient

: D 1"
"t m] = () (W] [8] L [W]=[ad(KI[8] L §u = (8] R

['ﬂ] et [ﬁ] sont alors des matrices diagnonales et les équations du systime 2 deviennent découplées
tsi +lles oo sont pes couplées par £ (1) ).

L'intégration dans le temps ne pose alors plus de problimes.
Sous effectuons le talcul des modes proupres soit

- par la méthude de langzos-Hrévan directe,
- par cette wéme méthode, mais utilisée sur une hase réduite selon les principes du § 2.3.

Farmi les inconvénients de la méthode, on peut citer

- de néces<iter le calcul des modes propree,

- ce calcul ¢tant long, on est conduit ) prendre une base trop restreinte,

- rette hase 1rop Tealreinte emplche dans la pratique le calcul des efforts sur la structure A partir des
déformations,

- ¢lle esat mauvaise quand les forces d'excitation sont concentrées,

« elle est exclunivement linéaire.

‘or. avantage est de pouvoir #tre pratiquée A partir des mesures des modes, et alors de conduire )
des calculs extrémement simples.

"
-

il
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2.3 - Intégration_sur une base réduite - bsse de chargesent

La réduction de bsse est faite sur le mbme principe qQue celle du parsgraphe précédent, mais la base
réduite [.] n'est plus une base de modes propres.

Dans ls pratique cette réduction ne peut #tre arbitraire ; on a intérét A ce que les déformfes de
base [l] soient issues de chargement ralsonnable [P] (soft [K] [.]-[’} ), {1 est souhaits-
ble que le second membre F puisse 8tre exprimé totslement duns la base [’] de fagon 2 ce que cette

réduction soit exacte en statique, on complite [P] par des chargemsnts d'inertie judicieusement intuités.

L'intégration dans la base réduite peut 8tre conduite par les méthodes classiques.

Le co0t de cette méthode est essenticllement celui des résolutions de systime linéaire, avec seconds
membres simultanés, qul sont peu onéreuses sf on utilise la méthode de factorisstion de Gauss Frontale.

Son avantage par rapport 3 la méthode modale est de pouvoir contraindre ls structure dans une base
comprenant su choix, des forces concentrées, forces de surfaces et forces d'inertie ; alors que la méthode

modale contraint la structure par des seules forces d'inertie.

On remarque que la méthode classique de condensation de Guyan est équivaslente A cette méthode sf on
prend pour [P] des chargements concentrés sur certains noeuds.

Pour le calcul des modes propres du bas du specire, nous avons constaté qu'en prenant des forces de
volumwe pour [P le nombre de degrés de liberti 3 conserver semble pouvoir 3tre divisé par 3 par rapport
) la méthode de Guvan, ce phénomine s'accentuant avec le raffinement des muillages d'éléments finis.

Cette méthode est hien adaptée aux problimes 3 plusieurs dizaines de milliers de degrés de liberté,
elle permet de récupérer pour les problimes dynamiques les idéalisations du calcul statique (la
matrice [K]" est alors obtenue implicitement par la méthode des sous structures).

Cette méthode est exclusivement lindsire, cependan:y dans les problimes de non linésrité locale, on
peut coupler assezr facilement les partfes non linésires par le second membre (voir § 2.52).

- Remarque sur la reconstitution des contrsintes - Méthode déplacement, méthode forces

Dans les méthodes de réduction de base, le <alcul des contrafntes peut s'effectuer de 2 fagons :

On reconstitue les contraintes 2 partir des déplacements calculés
0. (1] x

l.'opérateur linéaire [l] exprimant le calcul des contraintes 2 partir de la loi de comportement
et du calcul des déformations, A partir des déplacements X.

Pour simplifier les calculs, on transpose dans la base réduite, soit

Taft]z  awe [2] -[1] [8)

i.'opérateur [!] est tabulé avant l'intégration pour les contraintes que !'on veut suivre dans
le temps.

Méthode forces

I.a réduction n'étant pas parfaite, les forces appliquées A la structure réellement, n'entrsfnent

pas la relation X - [l("] [rm _ [H] '-]

D'oi 1'idée de calculer les contraintes 3 partir de la déformstion résultant des forces appliquées,

sote qa [L][K"][Fu)-[ﬂ] l’]
T (][] [Fe - ["](0] =]

On tabule & l'avance les contraintes suivies, pour chaque composante de 'u) et chaque accéléra-
tion unitalire.

fette deuxidme méthode est généralement préférée surtout avec les réductions modales, car elle
permet une cowpréhension, par le calculsteur traditionnel, de "1’équilibre™ ct du "cheminement des
efforta” .

Notre opinion est que la réduction n'est correcte que si les 2 méthodes doanent sensiblement les
mlmes résultats, au moins pour les cfforts généraux

O AT e SR



34

2 & - Intégratior, sans réduction de base

L'existence, dans un modéle d'éléments finis, de modes A fréquences triés élevées, oblige B utfliser
une méthode d'intégration dans le temps ne présentant pas de critére de stabilité.

Nous utilisons la méthode de Houbolt.

Dans cette méthode d'intégration pas b pas, on pose comme {nconnue ls position X¢ & 1'instent t,
et on écrit l'équation | d'équilibre dynamique en calculant par extrapolation 1'accélération d 1'instant t.

Il vient ”
xt-.’—'[zx.—sxl-‘to‘xt_ztt ‘Xt-36t]

L'équation 1 devient

[["] + ;%7 ["]] Xt = Fp + T’p’["][”t-at “ Xy ot xt-ut]

Dans les problimes lindajyes, cette méthode est relativement peu onéreuse car la matrice de rigidité
dynamique

[K.] - [[“] + 2 ["] ] est factorisée préalablement 3 1'inté-
AL, gration,

Dans la pratique, cette méthode n'est applicable que lorsque la matrice de rigidité dynamique facto-
risée tient en mémoire centrale ; ce qui nous limite A quelques amilliers de derrés de liberté.

ia méthode ne présente pas de critéres de stabilité ; les modes élevis par rapport At sont
arortis par le calcul

ES

2.5 - Prohléme non linéaire

Dans les problimes de choc, les effets non linéaires sont rarement négligeabies, car ils apparais-
sent dans presque fous les processus d'absorption d'énergie, su point que c'est géndralement plutdt le
doratne lindaire qui est négligeadble

l.a plupart des tvpes de non linéarité peuvent 8tre représentés

- «hangewntde géométrie-grand déplacement
- travail des précontrsintes

- plastidcité

- viscosité d'amortisseur

- accélération de Coriolis

i.a méthode simple d'intégration directe est toujours théoriquement praticable en linéarisant
ay volsinege de (haque pas d'in:/yration.

uand les non-linéartiés ne sont pas prépondérantes, on peut rejeter dans les seconds membres
les effets non linéaires, dans les autres cas on est amené A él-ubhorer et factoriser la matrice de
rigidit¢ dvnamique 3 chaque pas

Dans les 2 cas, la méthode perd sa vertu qui est Je ne pas avolir de critére de stabilité.

¥lle n'es: praticable que pour les problimes 3 petit nombre de degrés de liberté ou dans les
problémes mono-dimensionnels (dans ce cas les matrices [K! et ["] sont tridiagonales) voir
$ 3.2

2 52 - Intégration directe avec_confinement_des_non_linéarités dans_une_sous-structure

Dans la plupart des problimes de choc, la zone non linésire est au voisinage du point d'im-
pac® dans la structure ou dans des amortisseurs

1.'équilibre de la partic linfaire s'écrit par la méthode de Houbolt

"
1 [Kl+2.‘lt;] Xg-F,'bF'L ‘%[sxl-ﬂt"xt-zﬁ*xt-SAl]
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Le terme 'u représente 1'action des parties non linéaires sur ls partie linfaire, elle
n'a en général qu'un petit nombre de composantes non nul, qu'on rassemble daas un vecteur "

On pose r‘ - ['] " 2
Xp = Xg ¢ [8] ‘u. 3

_X_g Solution de 1 pour '._ =l
avec [K . _‘{7 ﬂ] [.] - ['] 3

Les degrés de liberté non linéaires de la frontidre X ML s'écrivent en fonction dc-"..

par ‘.. - [k‘] T S

-1
avec
[w] - [[n) [,]]
Cette matrice est appelée : wmatrice de rigidité dynamique des parties linéaires condensée

3 la frontiére des parties linéaires.

L'équilibre dynamique des parties non linéaires ® W voisinage du pas b — AL e'écrir :

[[xd] + [ u]] xq = §o

comprenant des termes de précontraintes et d'fnertie.
[l‘ .,] érant la matrice de "rigidité dynamique™ tangente des parties non linéaires.

L'algorithme d'intégration est résumé sur le tableau 1.

Cette méthode est trds économique car en dehors des parties non linfaires les matrices sont

constituées et inversées une seule fois préalablement 3 1'{ntégration.

On notera que la base des parties linéaires peut avoir ¢été réduite par la méthode deg char-

gements, il est évidemment nécessaire que parmi les chargements de réduction figurent les o

. I1 n'est pas toujours souhaitable de linéariser le comportement des parties non linéaires,
dans la mesure ol t1 peut 2tre préférable de résoudre un petit systime non linéaire 2 chaque
pas plutdt que d'avoir un critdre de stsbilité (voir § 3 31).
Jableau |
CALCUL DYNAMIQUE AVEC NON LINEARITES LOCALES
N ——
Partie linéaire X déplacement Equations d'équilibre
A forces
- Partie linéaire
— — -y
-,
[P] : watrice rectangulaire de correspondsnce
\ degrés non linéaires —an degrés linfaires

(9]

\¢
3 - Partie non linfaire

]
Ny - fonction (X, X', x* L)
./
-—
Partie non linéeire déplacement
forces

O

!
!

sl
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ORCAN IGRAMME,
Inftialement Intégration

t=t + AL

) " - - ! forme factorisée — —
[[n]. at? ‘[H]] [Ka] " gorme raceortee x..[x.]"[F;.I.% [%5- 4 %5~ aee x,-204
[B],["]- [P] déplacements structures pour

non linésires unitaires [h‘] [;-[P] 'i‘.]- L'. (I.I‘, xﬂ.t)

[h‘] = ['] ['] matrice Je rigidité condensée résolu par linéarisation ou exactement, x’ et :.
par méthode de Houbolt

::x’condlt1ons’1nit.llles. xt - x‘ M ['J[: - [P] x.]

C'est une méthode de 1'analyse classfque qui est plus simple que les méthodes précédentes
pour le flambage, elle comporte cependant beaucoup d'hypothises restrictives.

2531 - Statique

Soit une structure soumise d un chargement restant proportionnel A lui-méme )y Fg
on peut poser quand

1 \Fp = [[KT-&OX [6]] X

l.a matrice \ [G] , ripidité gtométrique, correspond au changement de direction des
tensions internes, elle est fonction de Fo.

- Fxemple pour une harre de rigidité ES/L = 's

Xy o
’,/” I rigiditd géométrique perpendiculaire

x4 selon § : ¥ = E Rs

CENCIR b R o L

e appelle charge critique la valeur de qui rend indéterminée 1'équation 1.

A writique st donc la plus faible valeur propre du systime
[k]x + » [6] X =0

u'on caloule par la méthode de Lanczos-Brévan

L'¢quilibre avant charge critique se calcule classiquement dans la base des vecteurs
propren ['] du systéme 1.

\: ‘. - [[\k‘] « )\ [ \!\]] xal
forme diagonale ‘. . [.‘] f, [\.\] - ['t.] [K] (] [\,\] = Xﬁ*[k]

o xali = A __fis

ki +)gi
v X a [8] 2l « Mo

le svsteme 1 8'y Gerit
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L'équation | s'écrit en dynsmique '
' .
[K.QK']Xo[H]X - f; 3
On simplifie cette équation avec les ) hypothises suivantes :
- Ft - ‘t F. effort extérieur proportiomnel 3 lui-mbme,
-
- les forces d'inercie [H] X sont négligeables dans 1'effet linfaire (les déplacements
de "compression™ sont du second ordre par rapport sux “déversements latéraux”, et il n'y a

pas de grosse masse concentrée dont les forces d'inertie ne soient pas comprises dans ¥ (¢)).

- les contraintes provoquées par les forces d'inertie (supposées en flexion) ne provoquent pas
de rigidité géométrique.

L'équation | peut alors s'écrire :

xt F. - “.

Systdéme qui réduit, donne en statique dans ls base des formes de flambage

M o= [08] + 2 [@]] [x] +[=] =* ‘

Ls matrice [m] n'est en général pas diasgonale.

L'équation 4 (type Mathieu-Hill) peut 8tre intégrée 'clullqumut (en diagonalisant

arbitrairement [m| ), ou pas 2 pas (en profitent du fait que [ \
est du;on-le).[ ] \k. ¢ Xt [\’j

Cette méthode est certainement wmoins onéreuse que la méthode d'intégration directe

mais ses hypothdses d'emploi rendent son spplication tris spécifique & certains problimes de
coque avec matériaux fragiles et petites déformstions.

3 - APPLICATION A QUELQUES PROBLEMES PARTICULIERS

3.1 - Probldwme du choc sur un blindage avec amortisseur

C'est un probldme que nous sommes en train de traiter actuellement pour le cas d'éclastement du
réacteur arritre du FALCON 50.

Pour éviter un endommagement des parties sensibles de
1'empennage, on & envisagé 1'implantation de bouclier de protec-
tion selon le principe de la figure ci-contre.

Le bouclier est chargé d'arr@ter ou de dévier le projectile,
il est monté sur une plaque de nid d‘'abeille faisant office
d'amortisseur.

les premiers calculs sont fafts cluulquc-'nt en ne tenent
pas compte de la souplesse du cOté aviom.

Dans le cas od le projectile est arr@té par le bouclier,
par le théordme de la quantité de msouvement, on trouve em calcu-
lant 1'énergie cinétique du bouclier et du projectile aprids le
cheoc

W  bouclier
+ projectile

" project
{ M project + M bdeuclier)

- W project.

qu'on égale A 1'émergie absorbable par le nid d'sbeille en écrasement .

W boucller

s proseceile o¥ Hauteur mida = { critique mida x § mide

Le recours sux méthodes d'¢lémeats finis dynsmiques est nécessaire pour sevoir comment s'équili-
brent les forces appliquées par le nid d'abeille 2 1la structure.
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Nous sommes en train de tester l'utilisation de la wéthode d'intégration directe du § 2.4
avec couplage non lindaire de |'amortisseur.

Le modele de rigidité non linéaire pour les barres idéalisent le nid d'abeille en compression
est le zuivant

\”'2 ite

~——

he,
~

".\‘\

——
Enfoncement

3.2 - Effet de soufile
Ce prohbléme nous a ¢té posé dans 2 cas de natures trds distinctes @

321 - Effet de souffle sur un avion

'ne ¢tude vlassique rapide, résumée sur le tableau 2, permet de dégager rapidement les
ordres de grandeur.

On modélise lem surfaces portantes pour des syvstimes A | dexré de liberté (mode fondamental
de tlexion)

Il vient la relation
Pression statique Ccquivalente = 2 x Waeefxi

t = fréquence propre fondamentale
I = jmpulsion surfacique

vette impulsion, soit se calcule par les méthodes de sphire de choc, soit est obtenue par

seais
Tatleau 2
20y d'explosif 3 2 = O ke
4= = I = 0,11 1T ¢ w2 d = l0m I = 0,027 s'm2
P. statique équivalente
! Charges extrémes
D= 'Ym o= lon
Vollure © Mz 6,2 T/m2 1, 1T/md 4,1 T/m2
Dérive 15 e 10, 1'=;2 2.3 T'el 2.8 T/m2

fes valeurs sont X diviser sensiblement par 2 2 7 » 1O ke

les impulsions de la distance sont proportionnslles ) la puixsance | 3 dv la quantité
Atexplost!



Pour aller au-deld de ces ordres de grandeur, nous :ungons une étude basée sur une
réduction par base de chargement (§ 2.3).

Ces chargements de réduction sont de 2 natures :

- chargemnts de pression,
- chargement d'inertie correspondant A des champs d'accélération par zone.

Ces études sont classiques sur certaines ogives ; elles se carictérisent par le fait que
la durée de la pression envisagée est . ettement plus petite que le tewmps de parcours de 1'onde de
compression dans | 'épaisseur de la coque, et que cette dernfdre est composée de plusieurs couches
de matériaux différents et anisotropes.

Deux types de problimes de choc sont posés, qui diffdrent par 1'échelle des temps :

~ transmission et réflexion d'onde de choc dans 1'épaisseur de la coque,
- réponse générale en flexion de 1l'ensemble de la coque.

Nous avons traité le premier problime par la méthode de Houbolt avec un schéms d'éléments
finis monodimensionnel qui a 1'avantage de conduire X des matrices tridiagonales, donc un colt de
calcul extrémement faible méme en introduisant une plasticité et une viscosité non linéaire.

Nous présentons sur ls planche 1 quelques résultats de cette étude.

Le problime de réponse en flexion a été traité en linéaire par une méthode trés voisine sur
schémas d'éléments finis axisyemétrique.

Pour le comportement en flambement, nous avons envisagé d'utiliser la méthode du flambement
dynamique du § 2.53.

3.3 - Probldme d'atterrissage, de catspultage et de roulement

£zl

Ce sont les problémes ol notre expérience est la plus grande et o0 nos méthodes de calcul ont été
bien recoupées par l'expérience.

L'étude que nous présentons a été effectuée pour le Mercure.

La caractéristique du probl2wme est de présenter des zones A tris forte non linéarité (pneu-
matique et amortisseur, sonnette de train) mais sur un trés faible nombre de degrés en liberté.

Nous avons utilisé la wéthode d’'intégration directe de Houbolt sur un moddle d'avion sim-
plifié & SO0 degrés de liberté (voir olanche 2). *

Les trains ont été couplés en tenant cowmpte des non lincarités géométriques dues 3 la rota-
tion de la sonnette, de la mise en rotation des roues, de l'aplatissement des pneumatiques, et des
viscosités non linéaires des amortisseurs.

Tous ces effets non linfaires ont 6té linéarisés au voisinage de chaque pas d'intéyration
selon la méthode du § 2.52, A 1'exception des termes de lavinage et de frottement sec des amortis-
seurs qui n'ont pas été linéarisés

On 8 €té conduit aprés une sous structuration sur 2 niveaux, 2 résoudre A chaque pas un
4 systéme non linfaire du type.

signe de BT?}E [frouenm . C. lnin-[%%‘ﬁ'- ‘- - [h] .‘1"
ﬁ-L(%!-‘i-zt-‘:_no_‘.hi )

YR At 2 T-at

1 & | & Nombre d'amortiszeurs

enfoncewent du idwe smortisseur 3 1'instant T.

.

-

Ce systéwme dont les inconnues sont nowmbre d'amortisseursest résolu exactement par relaxation.

Nous présentons sur les planches 3 2 6 quelques-uns des résultats de cette étude comparés
2 des résultats d'essais en vol.

On remarquers que nous avons tenu compte de la souplesse du plancher et des passagers dont
1'influence n'est pas négligeable.

49
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PL.1
CHOG SUR LES COQUES
Propagation de Fonde de pression a travers fépaissear
Repartition des contraintes i dillérents instasts
4+ Convmamry ? Couroamre
Tel Tm2
, Clﬂ'ﬂl ., niTAL — mxsm . HETAL

MERCURE A2
IOEALISATION POUR ATTERRISSAGE DYNAMIQUE

TOERLTSATION MERCURE PCUR ATTERRISSAGE SOUPLE
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Nous pensons qu'une réduction par base de chargement étaft sussi judiclieuse que §'inté-
gration directe sur ce probléme, nous ne 1'avons pas utflisée car 1'avion n'était pas complétement
idéalisé au moment de cette étude

Une réduction modale essayée préalablement donnait des résultats trés mauvais.

332 - Catapultage - roulement piste irrégulidre

Nous avons utilisé un modile tris analogue pour lg simulatiuvem du catapultage ; s'ajoute aux
non linéarités du problime précédent, la simulation de la catapulte et de son élingue, ainsi que
celle du Hold back et de sa rupture, voir planche 7.

Nous proposons d'étudier de fagon snalogue le roulement des svions sur piste irrégulidre.
Le moddle peut 2tre linéarisé 3 1'exception du laminage et du frottemeat des amortisseurs ; en
réduisant par hase de chargement, le calcul par intégrstion directe doit 23tre alors d'un coOt
extrémement faible

4 - PROBLEMF DE TENUE RESIDUELLE

On peut artificlellement les décomposer en 2 familles.

4.1 - cCalcul "fail safe”

C'est le caleul de la redistribution des contraintes aprés ls destruction d'un élément structural.

Dans le domaine élastique ce tvpe de calcul ne pose qu'un probléwme d'organisation et de prix de
calcul, nous rédufsons au mieux ces prix de calcul en utilisant une méthode de sous structuration
"gigogne" (sous structure de sous structure) ¢t du calcul de la matrice de flexibilité sur la frontidre
de la zone modifife selon le principe suivant, l'équilibre de la partie modifide a'écrit

[[x.-x,] ¢ K] X = Fo—Fy o Fy

Ko = matricce de rigidité de la structure
7° initiale condensée au niveau de la
frontidre avec la partie modifiée ;
elle est obtenue par inversion de

’ la matrice de flexibilité issue de
———— Ko chargement unitaire sur les points
de la frontidre.

————— Ky

= — K;

coslevepaonals

Kt - matrice de rigidité initiale de la partie modifiée condensée 2 la frontidre.
My = Matrice de rigidité de la modification.

F° ) r1 s Fl second membre réduit correspondant.

Par ce processus de calcul de la modification résulte uniquement de chargement supplémentaire sur
le modele initial et du maniement de matrices relat{vement petites. )

On ne fournit, en donnée supplémentaire, que la modélisation de la modification.

Les résultats de ces calculs sont généralement snalysés "classiquement", pour déterminer si la
rupture va se propager.

Dans les cas od cette analyse n'est pas simple, on déduit de ces calculs les charges pour un essai
4 partiel.

4.2 - Propagation de déchirure

1 Nous avons envisagé une approche du mlme type que celle utilisée en fatigue avec le coefficlent
! concentration de contrainte.

Le coefficient :

!

. ke L AW 1 x, | DA]X
. 2¢ da 2e de

\i W = énergle interne

a = longueur de déchirure

e = épalsseur

X » déplacement discrétisé en F F

A v aatrice de rinidité
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K est considéré comme catactéristique de 1a propagstion de la déchirure et permet ls comparaison avec
une éprouvette simple de mbow matériau.

Cette théurie, asses bien vériiiée en tatigue ol la contrainte est en général perperndiculsire sux
lovres de la déchirure, demande encore d Mtie développée et étayée par 1'expérience, pour des charges
quelvonques, tel que 1'on peut les trouver au bord des déchirures d'impact

Fn outre, elie prut necessiter des calculs oon linéaires (cas de pression interae)

CONCLUSTON

Nous avons présenic une sulte de méthodes de calcul que nous avons utilfisé pour ls plupart, notre
sentiment est qu'en dehors des probliwes avec amortisseurs, elles ne permettent pas une confisnce dans le
calcul qut pourrait dispenner d'eflectuer des essals

La raiwon est qu'au volstnage de la rupture, l'énergic est absorbée par les mécanismes les plus
complexes (plasticité, cisaillement ou arrachement de rivets, etc...) dont la représentation exacte est
tris complexe ¢! souven! mal connue physiquement

[1 taut remarquer que dans les cas ditticiles {choc d'oiseaux, et de projectiles sur structure
courante’, un calcul, non seulement peut apporter une alde 3 I'interprétation, mais permet de vérifier les
conditions aux limites des ¢prosvettes d'essais et de réduire la taille et le co0t de ces derniers.

Nous pensons hien micux dominer les problemes de choc sur awortisseur comme 1'a montré le probléme
de 1'atterrissage : ¢ 'est heureux car los charges induites dans ce cas sont dimensionnantes pour les fuse-

lages d'avion civil
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COMPUTER METHOD FOR AIRCRAFT VULNERABILITY
ANALYSIS AND THE INFLUENCE OF STRUCTURAL
DAMAGE ON TCTAL VULNERABILITY

by
Dieter Kardel s

INDUSTRIEANLAGEN-BETRIERSGESELLSCHAFT MBH
&O1F 0t tobrunn, Einsteinstrasse

est -~ Germany

SUMMARY

This paper presents an overview of the methodology developed
by the Industrieanlagen-Betriebsgesellschaft (IABG), Utiotrunn,
West Germany, for the analysis of aircraft vulnerability. This
methodclogy consists of twou basic computer models, the so-
called ammuniticvn and target models. These models are sc
cinstructed that the evaluation of ammunition types such as

AP, API, HEI with both impact and proximity fuzes, and frag-
menting warheads is possible, as is a detailed vulnerability
acsecsment of a particular aircraft. The approach taken in this
paper is the interasction of varicus submodels in order to show
the ditfferent types of possible outputs. A special emphasis is
given to the influence of structural damage and aerodynamic
capabilities on total aircraft vulnerability. Some test data
and model prediction results are alsc graphically presented.
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With regard tc the objoctive of this meeting to discuss svailable methodology
and test results related to the aassessment of in-flight damage tolerance as 8
part of the structural design process,

the purpose of this briefing is to present a methodology developed by the IABG
for an overall Afircraft Vulnerability Assessment.

The analysis and evaluation of a complex process such as i{n-flight demage in-
flicted by military weapons is, in general, possible only if u sufficiertly
sophisticated abstraction of this process can be materialized in a model.
Hereby, the quality and confidence of the output datas is directly dependent
upon the quality of the weapun ond target input data as well as the resources
available for experimental investigations.

Due to the design complexity of high performance aircraft and their represeatation
as relatively soft targets it isz advisable to describe the aircraft as real and

as detajiled as possible. With regard to the operational capabilities of the air-
craft, the description must be so managed, that the influence of damage to compo-
nents of the major-subsystems, the structure or the engine can be evaluated with
the desired accuracy.

The objective of the study is to establish an adequate data base for systems
analysis and operational research studies relating to

o  Air Defense Weapon Systems Effectiveness
o Alrcraft Vulnerability
o Military Requirements and System Specifications

o Operational Procedures and Tactics for AAA-, SAM- and Aircraft Weapon Systems.

The output of the below-mentioned submodel data analysis will be

o the effective vulnerability analysis for a special aircraft type when
considering different ammunition and warhead configurations

o the determination of design weakpoints
o the criteria for use in design, development and evaluation relating to
- allocation and efficiency of armor

- change from component location

5 assessment of critical components within a failure mode and effects
analysis

o development of kill categories for classification of the effects of
damage on the operational capabilities of the aircraft

- effect of subsystem arrangements and assembly upon A/C vulnerability.

h necessary prerequisite to assessing the effects of specified damages

involves developing classification of these damages. These classiflications,
called kill or damage categories, ore defined as those damages which result

in a partizular class of effercts on the operational capability of the aircraft.
Fo.r use in thic study a set of {our categories were developed. On the basis

Cn fallure swde and effeacts analysis a list of critical components was

Dammarizeni.



Some examples for theae categories:

o Catastrophic aircraft loss (t = 15 sec.):
such a condition will usually arise when one or more of the
following conditions apply:

- Loss of pitch control
- Loss of control in at least two axes

- InJury of single pilot (assuming that, for a two seat version,
the navigator is not able to control the aircraft)

- Total loss of engine power

- Residual load factor less than 2 g

¢ Aircraft attrition (t = 5 min)
- Loss of all flight control power
~ Loss of aileron and atabilator power

- Bleed air duct rupture in close prcximity to fire vulnerable
components

- Uncontreclled fuel leakage
- Uncontrolled fuel and oil fire
- Loss of minimum engine power requirement

- Flight load due to structural damage e.g. of less than 3.8 g
(depending on the flight profile)

- Evaluation of the flight qualities on the basis of Mil-F-8785
F Category 1, 2 and 3:

Cat. * - Flight capability during the entire mission phase

Cat. 2 - Flight capability remains, butAhigher g's on the pilot
and/or a certain decrease in the mission capability

Cat. 3 - Aircraft still controllable, but increasing high g's on the
pilot or the mission can no longer be accomplished, or both

o Mission inability
- Loss of engine power
- Degradation of aircraft cpntrol
- Performance limits
- Flight load factor fcr damaged structures less than the value is needed
for the mission
o Unable to land normally
- landing gear failure

- PBrake failure.

Fig. 1 shows the basic model concept of the study. The oversll vulnerability
acdel 15 divided into two large models, the ammunition model and the target
anrdel. A bhrief description of these models ls published in the AGARD ADVISORY
Regnre Na. 47 Volume 3 on Afrcraft Vulnerability Analysis. The nature of the

e hAniony gunerated for the semmunition and terget model 1s 3o generslized,
that xn ersisation f varicus sseunition types such as AP, API. MET with impact
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and proximity fuzes and frugmentating warheads is possible.

Vulnerabilty Model

meumﬁon Model larget Model
3 [
Gun Mojet Target Data 3ank
Projectile AModet Function Model
$uze Mocel) ; Structural Strength Macel
Fragment Effects Model o Aerodynamic-flightmecl.anics
Madell
Blast AModel
ingine Model
Incendiary [ftects Aodel
4 .

Ammunition ang Vulnerability
Evaluation

Fig. 1: The basic model concept of the study

The threat situation is defined in terms of the basic damage mechanism. Each c¢f
the mechanisms is represented by a mathematical submodel which calculates the
damage, depending on the type of weapon and the encounter situation.

The ammunition mcdel incorporates five major submodels, namely the

~ Gun Model R . .
~ Projectile Mcdel with Fuze Model
- Fragment Effects Mcdel

- Blast Modei

- Incendlary Effects Model.

While the ammunition model simulates the physical process taking place from the
moment when projectilies arrive in the target area, the target model provides infor-
mation as to the operational effects of ammunition damage on particular aircraft in
a dynamic manner.

o) this end, the target model consists of a detajled target data bank and four major
subnodels relating to



- Interrelation <f Aircraft System Function

- Structural Strength Determination

- Aerodynamic and Flightmechanic Estimations and
- Engine Power Determination.

Fig. [ shows the outer surface of the aircraft, which is approximated by relatively
simple mathematical functions for example, ellipsoids, cones and clliptic truncated

canes.

Nearly 3000 components of the equipment systems such as the fuel system, pneu-
draulics, control, electrical, engine and also structure, are incorporated into
the mathematical descriptions of the fuselage, wings and the empennage. The shapes
of thesze components are idealized by geometrical bodies.

The function model represents the functional interconnection c¢f the aircraft's
components in crder to determine the results of causalties and failures among the

elements ot a system. All systems have been analysed with respect to their functional

process. By means of circuit algebra all the components of a system have been
connected and described in a logical circuit diagram.

P =

Pl
1=

g K

Fig. 2: Geometrical description of an aircraft as used in the computer program

Fig. 3 shows for example the network of a typical hydraulic system.
The interrelation of the logical networks of all the subsystems (fuel, electrical,
control, etc.) describes the integrated functional process of the aircraft.

In case of a hit, failing partscan be identified as belonging to a system or a
subsystem. The resulting information as to the state of one system may be an
initial value for the determination of the state of another one. Fig. 4 and 5
illustrate a typical model output.
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SPPECTS OF 4. HIT OM A/C STATUS

-

HYDR. PP ! FAILURE AFTER 10 MIN. AT THE LATEST
HYDR. PUWP 2 FAILURE AFTER 10 MIN. AT THE LATEST
GEMNERATOR 1 FAILURE AFTER 10 NIN. AT THE LATESY
GEMERATOR 2 FAILURE AFTER 10 MIN. AT THE LATEST

TACHOGEMERATOR FAILURE AFTER 10 NIN
AEBSTARTING IMPOSSINLE AFTER 10 MIN

SFFECTS OF 1. HIT OM CONTROL SYSTEM

LEFT AILERON OFERABLE RETARDATION POSSIBLE
RIGHT AILERON OPERABLE RETARDATION POSSIBLE
STABILATOR IS OPERABLE RETARDATION POSSIBLE
RUDDER HYDRAULICALLY OPERABLE POR 2-4 TIMES
LEFT SPOILER FAILURE

RIGHT SPOILER FAILURE

FLAPS FAILURE

LEFT AIRBPREAK FAILURE

RIGHT ATRBREAK FAILURE

OF 1. HIT ON

BOOSTERTANK SYSTEM FAILURE

MAINTANK FAILURE. SELECTING VALVE FOR WING TANK OPERABLE
FUEL SYSTEM FAILURE, EMERGENCY LANDING IN GLIDE

TOTAL BREAKDOWN OF FUEL SYSTEM

REEECTS OF 1. HIT ON HYDRAULICS
POWERSYST. EMERGENCY SUPPLY, GEN.PUMP INDICATOR 1500 PSI
UTILITYSYST.FAILURE, LANDING GEAR BY EMERGENCY PUMP OPERABLE
ELEVATOR EMERGENCY OPERATING
RUDDER CAN BEOPERATED 2-4 TIMES BY HYDRO RESERVOIR
AILERON ACTUATOR EMERGENCY OPERATING
SPOILER ACTUATOR FAILURE.

AIR BREAKS NOT OPERABLE

FLAPS NOT OPERABLE

LANDING GEAR EMERGENCY OPERATING

BREAKS EMERGENCY OPERABLE

COMPRESSOR FAILURE

ASRIAL REFUELING SYSTEM NOT OPERABLE
BOOSTER RELEASE MECHANISM NOT OPERABLE
UTILITY SYSTEM PRESSURE INDICATOR FAILURE

Fig. 4: Output of the functional model
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Fig. o

HIT-CODE TR 1 1 3

DISTANCES FROM AAA HI{ = 1405 M HY = 40U M HZ s 374 h
SLANT-RANGE 1508 M

IMPACT-VELOCITY 721 M/S

IMPACT-ANGLE 37 deg.

IMFACT-LOCATION FUSELAGE

IMPACT~-COORL INATES X=640CHM Y= -OCM Z = 12GH
SI1ZE OF HOLE 115 QCM

APPLICATION OF DAMAGE CRITERIA OX THE AIRPLANE AFTER THE 1.HIT

THE AIRPLANE IS NOT ABLE TO FULFILL THE MISSION

CAUSED HY FOLLOWING EFFECTS:

BREAK D'OWN OF CABIN AIRCONDITION
EQUIPMENT~COOLING LIMITED BY AIRSPEED AND DYNAMIC
PRESSURE

Within the Aircraft Vulnerability Analysis the influence of impact damage on
aircraft wing and empennage structures has been of special interest in relation
to the operational capability of the aircraft.

The methodology and applicable computerized techniques, which together can be
used to predict the reduced load carrying capa~ity of inflight damaged structure
in relation to several types of threat and aircraft design, is discussed in detail
in Mr. J.Massmann's paper "(ltructural Analysis of Impact Damage on Wings" (Ref.4).
This paper gives a brief description of a recently-developed Structural Strength
Mrdel and examines in greater detail the functions and characteristics of a

Damage Model. A discussion of a Shock Wave Model and how it analytically deter-
mines the dynamic response of a pressurized flat plate is also presented. Test
and Finite Element results are compared with model-predicted results in order to
determine modet credibility. The pressures resulting from the detonaticn of
ammunition are discussed and the contributions of each of tie pressure components
to the entire response are illustrated. Some advantages of a new Fragment Mocel
are mentioned and the results from such a model are compared with appropriate

test data.

With regard to the necessary core storage and computer time for a special

structural analysis of impact damage on wings,a simplification of the Structural
M~del was performecd.

In accordance with the experimental and model datas, the wing was subdivided into
areas of similar vulnerability.On the basis of these calculations, we made the
aczcumption that every point within the area has the same reduced maximum load
fa-%nr after a hit has accurred.
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Fig. 6 shows, depending on the location of the impact and the type of high
explosive ammunition, the calculated residual load factors for a typical wing
configuration. Within the computer mode! these residual load factors eare

stored in a special matrix for calculation of the residual strength after a hit.

Within the scope of the simulation model, the following Figures depict the
results of 71 single wing hits. For the sample calculation, the effects of a
special ammunition caliber on a two spar cantilever wing of the RF-84 have

been investigated.

Fig. 6: The calculated residual losd factors for a typical wing type



Fig.7 gives,for example, a survey of the hit distribution on the target. The
data analysis enables one to make precise statements about the status of the
aircraft accerding to the damage categories. The information on hits causing
attrition by system or structural failure is demonstrated by different symbols

on the Figurse.

Fig. 7: Hit distribution on the target

Fig. 8 shows the detailed damage analysis subdivided into damage relating to
mission inability and attrition. For cach category the portion of damage is
cataloged in relation to system failure, structure failure and both system and
structure failure. The results of this calculation, the effect of ammunition at
the tarpet, as well as the resulting consequences for the target, cannot be
transferredin general to other aircraft types.

GNINABILIT P77

3/

Fig. 8: Percentage of A/C wingfailures due to equipment
and structural damage



With the forementioned submodels, aircraft damage was analyzed only from

the viewpuint of equipment and structure with a rough correction for the
influence of aerodynamics. With a special submodel developed by MBB in Husmburg
the analysis of stability, maneuverability and performance capatility for a
damaged aircraft can be made (Ref. 5).

Fig. 9 shows the block diagram of the aerodynamic-flightmechanics model. As
input for the two main blocks, a number of input data must be specified.

INPLT: }—————{opERATiON & MiSSION PROFILEF——(ENGINE MODEL |
MISSION, SYST TT
DAMAGE )
NPT, AEROOYNAWICS OF | [FLIGTA MECRANICS
AEROOYNAMICS DAMAGED AIRCRAFT OF DAMAGED AIRC.
[oF opERATIOL I I
AIRCRAFT PANEL PROCEOURE {FUGHTCOMROL
STRUCTURE OTENTIAL THEORY STABILITY
DAMAGE T | [wieaine
BOUNDARY LAYER
BOUNDARY LAYIR FLYING QUALITIES
WINGS & TAIL UNIT FLIGHT PERFORM.
RANGE
SOARY TAVIR
CALCULATIONS FOR DISPOSABLE LOADS
FUSILAGE TVATUATION OF
FLISHT PERFOFM.
DETERMINATICY OF .
DEKIVAIINES OF § CCxTROL
DARNGED MIRCRAFY DLERALINATION OF
STATUS OF FLIGHT
ABILITY

Fig. 9: Block diagram of the aerod&wamic-flightmechanics model

This data includes the full airframe geometry and the complete aerodynamic
characteristic of the undamaged aircraft as well as the range of flight conditions
of the mission, the damage geometry (position and size of damage) and type of
system damage (damage of engines, automatic control systems or actuators).

when we started the work on the aerodynamic portion of the program, there were
no methods known tu us for calculating the aerodynamic data of, for example, a
wing with a hole. However, some wind tunnel test results on additional drag of
open bomb bays and some results of wind tunnel tests on a damaged vertical tail
were available. Two ways of solving the problem were considered:

- A number of windtunnel tests involving the changing of parameters over a
wide range of wing and damage geometry

- A theoretical method to calculate influence of damage on the aerodynamics
of wing and compare the results with wind tunnel test data.

The available and successful methods for calculating the serodynamics of undamaged
wings such as lifting line theory or lifting surface theory are unsuitable for
calculating wing damage. So only the panel method was useful for our purpose of
investigating the effects of local disturbances on the wing surface.

The panel method (a singularity method) calculates the potential flow around the
body under consideration. This means that no friction or boundary layer separation
and compressibility effects are taken into account. This must be done by special
corrections from DAS, JAC@B and JUNGCLAUS in the procedure. Using the panel method,
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the surface of the airframe is covered with panels, each fitted with a source-
sinkpoint and a pivot point. On wing and tail surfaces, series of horse shoe

vertices are also provided.

To save computation time the aerodynamic data for wing, fuselage and tail sur-

faces were calculated separately.

The distribution of panels was performed in the following way: Wing or horizontal

tail was covered with 140 panels (10 strips for 14 panels) and fitted with corres-
ponding horse shoe vortices. This is the minimum number to obtain accurate results
and the maximum number to obtain short computation times or low costs (see Fig.10).

S

- »-_____,_______“__é__,_ o

Pane!ling nf vertical tail surface

Panelling of wing and horizontal tail surface

Fig. 10: Panelling of wing and tail surfaces for calculations with
the aerodynamic model



Now, how can damage or a hole in a wing be simulated?

Damage to the wing by ammunition can be of many forms and there is no chance
of realizing all these forms in the simulation. Wind tunnel test results
showed that the main influence is exercised by the hole position and hole size
and that there is only a small effect of the hole form. So the parameter "hole
form" will be neglected.

To obtain a good simulation many different ways of panel distribution around

the hole were tried. But the simplest form of simulalation produced the best
results. To describe a hole by the panel method, we only have to omit the parels
which correspond to the hole, which is assumed to be circular. Different positions
or areas of the real hole or damage and the substituted panel hole are coriected
by special factors. In the case of damage to the wing leading edge - and only in
that case - the pannelled airfoil must be closed in the front part by additicnal
panels.

Past experience has shown that correct absolute values of aerodynamic data can-

nct be expected frem singularity methods for damaged or for undamaged aircraft.

So a trick was used to get wusable aerodynamic data for the damaged aircraft: By
the aid of the panel method we calculated the data for the undamaged aircraft as
weli as for the damnged aircraft, The difference between these values - that is

the influence of the damage - is added to the known data for the undamaged aircraft
frcm flight or wind tunnel tests.

As well as these calculations, a series of wind tunnel tests was performed on a
semispan~-rectangular wirg model with holes %o check the calculation results.

Test results and calculation results are compared in the diagrams 11 - 15 (the
shadowed area on the wing sketch shows the damaged arez).

In the mathematical model the aerodynamic data are converted into derivatives

which are used in the flight mechanics model part. Now, with this data, the flight
characteristics will be calculated in the flight mechanics block for aircraft with
or without automatic control systems. For this purpose, methods are chosen which are
frequently used during the development of an aireraft.

For example, the dynamic longitudinal and lateral stability are determined from so
called eigenvalues, special forms of the damping and frequency of the uncontroiled
aircraft motion. This form of result is favorable for the assessment of the aircraft
since tne requirements for flight characteristics (for example, in the MIL SPEC

8785 B) are represented by limitations in damping and frequency for all modes of
aircraft motion. Later in the program the ability of the aircraft to be trimmed

is checked. Rudder, elevator and aileron deflection available after trim are the
basic data for the determination of the maneuverability.

In the flight performance program block the loss of range due to additional drag
and the ability for curved flights are checked.

The results of the flight mechanic. program blocks for the damaged aircraft in the
operaticn points will be compared witidn the program with minime and maxima of the
allowable range for these values. Mosi of these requirements are taken from MIL
SPEC 8785 B, ie., the minima and maxima for stability of aircraft motion. Some
nominal values must be fed into the program by the user/operator (for example,
operational range and information about curved flight).
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After the assessment of the characteristics and performance, the results are
stored on computer tapes and are printed out on line printer.

The next Figure showssome results form calculations:

Fig. 16 shows the roll moment coefficient due to wing assymmetry for different
wing damages of an RF-4. The hole is, as in the following diagrams, a hole through
the entire wing (i.e., a through hole) with equal damage area on upper and lower
wing surface. (Specified hole areas are those of only one hole, for example, that
of the upper wing surface). The aircraft can, independent of attack, produce a
roll moment coefficient by aileron deflection of maximum C, = 0,020. The roll
moment due to damage is linear and dependent on the angle of attack and, in the
landing phase, is about three times the value shown in the graph. So it is clear
that, at low speecs, a special A/C with a damage of more than 3 £t2 in the leading
edge area of the osuter wing cannot be trimmed by aileron and it will be lost.

Fig. 17 snows the value A((u02/11‘), a measure of dynamic longitudinal stability.
Good flyable fighter-aircraft need a a (ws2/n, ) = 0,28 or more. At less than

A (u)oz/n‘) = 0.16 the aircraft can no longer be flown safely. This means that
by a change of 4 (waz/ndL } = -0.12 the aircraft can become unflyable. This value
can be reached by leading edge damage (through hole) of about 5 £t2 as shown in
the diagranm.

The usage of this program is limited in certain respects. Such limitations

are caused by the mathematical methods which are used or by the scheme of the
program. It can only be used to analyze subsonic flignt (Ma = 0.9). Because of
the linearity of the panel method the aspect ratio of the wing must not be too
low (A 2> 1.8). The speed must be (V > 1.2 Vs). The program is so formed that the
aircraft muct be a monoplane (no biplane!), one horizontal tail and one vertical
fin. Wings or tail surfaces may have only one inconstancy of contour on each side
and the contour must be unchanged during one computer run. These limitations can
be removed by moderate changes in the program.

The engine model, developed by the DFVLR in Braunschweig, consists of threze sub-
models which describe mathematically

- the position, shape and material of the components of the engine and its
subsystems. (Fig. 18 illustrates, for example, the geometrical description
of the compressor section)

-~ the capability of the engine-subsystems when components of these systems
are damaged

- the performance of the engine, when the actuval gaspath-components are damaged

in order to
- determine the pecint cf impact and the damaged components and

- to obtain on the basis of a failure mode analysis information about the
disturbed function of the

o fuel system
o lubrication system
o hydraulic system

- calculate the performance data of the undamaged and damaged engine fcr any
chosen flight altitude and Mach number and the demanded thrust.
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The computation of the influence of damage on the engine systems takes into
consideration the

o variable guldevan-system
o variable nozzle-system
o fuel control

0 lubrication system

- computing the influence of damaged gas-path-corpjonents for, e.g.,
P g

o air inlet ramps

0 compressor

o combustion chamber
¢ turbine

o after burner

o exhaust nozzle.

Fig. 19 gives a survey of the relationship between the different submodels for
a vulnerability assessment.

o QUTPLT ALIULNITION MODEL

Impact location MISSION DATA
Damwed components
Threat cata
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Mission profil
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Necessary load factor
‘ach number
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Fig. 19: Realationship

between the different submodels of the study
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The output of the ammunition model provides input data for the

- structural strength

- the function and

- the aerodynamics analysis.

With regard to the computer time the analysis will be done in three steps taking

into consideration the specific damage criteria. If the conditions are satisfied,
the computer run stops automatically.

This, in general, is a brief overview of the total structure of the IABG model
which is currently operational on our CDC computer system. It can be said in
conclusion thatthis model is serving our purposes well and is providing an
accurate means of evaluating the effects of damage on the operational capability
of aircraft.
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DAMAGE TOLERANCE OF SEMIMONOCOQUE ATRCRAFT

Donald F. Haskell, Ph.D.
Mechanical Engineer
U.S. Army Ballistic Research Laboratories
Aberdeen Proving Ground, Maryland 21005
United States of America

SUMMARY

A combination of simple theory and test has been used to investigate the damage tolerance of semi-
monocoque aircraft structure. The simple theoretical method which has been developed may be used to pre-
dict deformation, strain, and fracture of aircraft skin subjected to blast attack. Test results and
predictions of the theory compare favorably. The method is used to analytically delineate the factors
that significantly affect skin damage tolerance. For the conditions studied these factors, in decreasing
order of influence, are: standoff distance, panel width, skin thickness, aspect ratio, skir ultimate
strength, rivet spacing, and rivet hole diameter to skin thickness ratio.

In addition, test results of two types of semimonocoque helicopter tail booms damaged by bare
explosive charges and small-caliber, high-explosive projectiles while under simulated maximum f£light
load show that both skin and the skin stiffening system are important in the damage tolerance of these
structures. Damage tolerance of these structures is proportional to the section modulus of the undamaged
section and inversely proportional to the amount of skin removed from the structure by the damaging agent.
Furthermore, it is also demonstrated that large increases in damage tolerance can be achieved by increasing
longitudinal stiffness.

INTRODUCTION

The genesis of this study lies in the necd for a method for determining the tolerance of aircraft 3
structure to the damaging effects of high explosive munitions. This need encompasses the requirements
thi. the method be reasonably accurate and account for all the pertirent factors that influence aircraft
damage tolerance. In addition, the method should be simple in form and execution so that practical answers
can be easily obtained with minimum time and effort. These requircments represent a somewhat formidable
task for a structural system, the aircraft, which depends in large measure for its successful operation ;
upon the fine details of its design. !

The present study addresses the subject: damage tolerance of semimonocoque aircraft to skin loss from
blast attack. The object of the study is to develop an analytical base that can be used to delineate those
factors that affect skin blast damage, their relative influence on skin damage tolerance, and the effects
of skin damage in turn on the structural damage tolerance of the overall aircraft. Such knowledge of damage
tolerance may then be employad in the design pracess, both in the design of damage-tolerant aircraft as well
as in the design of antiaircraft munitions. It can also be used to assess the vulnerability of existing
or proposed aircraft as well as in the vulnerability reduction of existing aircraft.

The report describes those factors that affect the blast damage tolerance of semimonocoque aircraft
skin, discusses the relative sensitivity of skin blast damage tolerance to these factors, an relates these
factors to the overall blast damage tolerance of helicopter tail booms and aircraft structure in general,
The method that was developned and employed to analyze aircraft skin panels for blast damage and delineate
the role of the various factors that influence skin blast damage tolerance is described and comparison
between predictions of the method and skin panel blast test results is discussed. In addition, the test
results of two types of helicopter tai. booms damaged while under simulated flight load by bare explosive
and/or small caliber, high-explosive projectile fire are discussed in terms of the tolerance of these .
structures to the incurred damage.

SKIN DAMAGE THEORY AND TEST

A combination of simple theory and test is used to investigate and evaluate the terminal effects of
high-explosive antiaircraft munitions fuzed to detonate inside helicopter tail booms and aircraft fuselage
structure. The analytical formulation treats the structure between frames as panels supported by frames
and longerons. To account for inherent variations in fuze delay and projectile aimpoint, the model is
capable of treating detonation at any point within the structure. The damage caused by detonation at such
a spatially variable point is treated by an assumed first mode deformation pattern. The blast-deformation
damage process is characterized by the law of conservation of energy and tail boom/aircraft fuselage
fracture criterion. Erpressions for the work done on the structure by the blast and structure strain
energy are derived. The work done on the panel by the blast is found by considering the energy fluence
of the blast wave incident upon the panel. Because of the gross deformation incurred by blast, the panel
is assumed to behave as a rigid-linear strain hardening material. This allows the strain energy to be
reduced to u simnle expression which, when combincd with the energy from the blast in the conservation
of energy relation, yields explicit equations for deformation, strain, and stress. This inplane stress
is combined with the average transverse shear stress at the panel edge to obtain the principal stress.
Fracture is characterized by the maximum normal stress criterion. In this manner, all the pertinent
material, geometrical, and explosive factors that characterize skin fracture from blast are accounted for.

The law of conservation of energy states that the work E done by the external forces in altering the
configuration of thc natural (or unstrained) state to the state at time t is equal to the sum of the
kinetic energy K and the strain energy . The strain energy U may be conceived as the energy stored in
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the body when it is brought from the configuration of the natural state to thr state at the time t. This
law may be expressed by the equation

E=K+U, 1)

The body system here is taken as an individual skin panel in the aircraft. The functions E, X, and U

are defined as follows:
Es'/:/-[u7+v'Y-¢wf]-dA 2

K = % m (sz - viz) (3)

u=fﬁ.dv | (4)
v

where u,v,w = panel displacement in the short panel dimension direction, long panel dimension
direction, and transverse directions, respectively;

X,¥.Z = external stresses in the u, v, and w directions, respectively;

A = surface area of the body over which the external forces are applied;
m = mass of the body;
VesVy = final and initial velocities of the body;

U = strain energy volume density;
S U = strain cnergy; and
V = volume of the body.
- i The time interval over which this relation is applied is from an instant immediately preceding

arrival of the blast wave to the time when the panel has come to rest. Since the initial and final
relative velocitics of the panel are zero, K = 0 whereby the conservation of energy law reduces to

E=U. (s)

For convenience it is assumed that X = ¥ = 0. Further, if the external work is measured in terms
of blast energy fluence, or rate of energy flow through a surface of unit area EF, external work on the

panel may be cxpressed as
E=ffEF-dA )

where the integration is taken over the panel surface and energy fluence is defined as

at
gg = / pudt, (¢2)

(4

£it

where EF = blast energy fluence,

incident overpressure,

-
]
L]

c
"

particle velocity, and
t = time from occurrence of the peak overpressure.

The typical blast wave pressure-time history may be expressed by the empirical equation

t\? &t
p=P (1 - KE') e (8)
where P = peak overpressure,

e = base of the natural system of logarithms, and

At = time duration of the positive overpressure phase.
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Substitution of the pressure-time relation, Eq. (8), into the energy fluence definition, Eq. (7), and
subsequent integration over the time duration of the overpressure At results in the relation

EF = 0.1137 Puat. (9)

Values of P, u, and At for a given explosive charge weight and standoff distance to the structure for

S0/S0 Pentolite may be obtained from Reference 1. Performing the integration of EF given by Eq. (9)

over the surface of a rectangular panel as indicated by Eq. (6) yields the following expression for the
work done by the blast wave on the panel if it is assumed that the loading is uniform over the panel

surface,

E = 0.1137 Pudtab, (10)

where a is the short edge and b is the long edge of the panel. The term in the conservation of energy
statement that remains to be evaluated is the panel strain energy U.

To develop an expression for the panel strain energy, the skin may be treated as a uniformly
loaded, thin rectangular plate that undergoes large transverse deflection of the form

V = > y 3nx 3y | 2 X 2 1Y
5 o [.8 cos — cos —- + .2 cos 3 €05 7§ .6 cos 3 ©0%° % |- (11)

where C is deformation amplitude. This deformation pattern corresponds to a rectangular plate with
combined simply supported and clamped edges. The plate is assumed to deform in this manner with in-
creasing amplitude until the principal stress becomes equal to the ultimate tensile strength of the
material. At this point the plate is assumed to fracture, or tear.

A general expression for the strain energy of deformation of a flat plate U is

U= ff/( * o ‘cx,vexy) dx dy d7, (12)

where 9y .o ,axv are the normal and shear stresses in the x and ¥ plane of the plate and e 'ey'exv are the

straxns in the plane of the plate with dx dy dz an incremental volume in the plate. Since the blast
attack produces gross deformation throughout the plate and the material is assumed to he rigid-linear
strain hardening, the stress components are

o, = F +Ee

x y P X
o, = F +Ee

y Yy PVY (1)
o = S +Ge

Xy y P xy

where Fv = tensile yield strength,
Sy = shear yield strength,
EP'GP = normal and shear moduli in the plastic region, respectively,

and the strain energy equation, Eq. (12}, becomes

u =fff (Fyex $Fe s syexy) . dx dy dz. (14)

Expressions for the strains accompanying finite deformations are

1 faw)? 32w
€x 7 (3;) T

1 faw) 2 32w
ey -E(F;) - Zm (IS)
L 3w v 32w

®xy T3y " ‘% 5y

where z is the distance from the midsurface of the plate.
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Substitution of the deflected shape and its derivatives into Eqs. (15), substitution of the resul-
tant expressions into the strain energy, Eq. (14), and subsequent integration yields Fhe following
expression tor membrane (Um) and bending (Uh) strain energies, with the plastic moduli taken to be zero
for simplicity:

1) .2
U, = 5.1888 Fyh(B + E)C
(10)

U, = 3.9669 Fyhz(s . 1)c

b B

in which Sv has been taken equal to Fy//f. h is the skin thickness, and 8 = b/a = aspect ratio. Now, by

equating the sum of these strain energies to the external work expression, Eq. (10), and solving for
deformation amplitude, we have

C =

(10

Pustab
I- 7 2 | 7
,7645 h + 4.5845 h< + .08765 —_—ﬁth(B ~ 178 (17)

The highest inplane strain occurs at the midpoint of the long panel edge (i.e., length a) and is given by

e, = (g)2 (.02C2 + ,6hC). (18)

With the strain known, the inplane stresses can be obtained from the stress-strain relation, Eq. (13).

The transverse shear stress is obtained by considering the average normally reflected pressure from
the blast wave that acts on the skin panel. For the form of the wave given by Eq. (8), the average
norm:lly reflected pressure is equal to 0.2073 Pn where Pn is the peak normally reflected pressure.

As before, the blast wave is assumed to be uniform over the panel, so the transverse load becomes
0.2073 Pnab. The net cross sectional area of the skin along the rivet line is equal to

2h{a « b)(1 ~ kh/D) where k is the rivet hole diameter to skin thickness ratio and D is the center-to-
center spacing of the rivets. Therefore the transverse shear stress at the edge of the skin panel, given
by the transverse load divided by the net cross sectional area of the skin at its edges, becomes

0.1037 Pnab

T ° hfa + BY(1 - Kh/D) (19)

Kith both the inplane normal stress and transverse shear stress known, the principal stress, o,,
may be obtained and compared to the ultimate tensile strength of the skin, F ., which is used here
to characterize fracture. So, when the ratio of ultimate strength to principal stress defined here as
the safety factor,

TU
SF = U—. ’ (20)

becomes equal to or less than one, the skin is assumed to fail.

Equations 17 through 20 are used here to demonstrate the effects of the various independent parameters
on safety factor, Th~ information generated by use of these relations is listed in Table I and is shown
in Figures 1 through 7. Since the safety factor indicates the level of maximum stress in the skin and
is also a measure of structural integrity, it represents structural tolerance to damage. Consequently,
it is selected here as one of the indicators of damage tolerance.

A total of 25 bare explosive charge test firings were performed against individual panels of two
different types of helicopter tail hooms to substantiate the theory just presented. These tests comprised
two different skin sheet materials, one a magnesium alloy and the other an aluminum alloy. The panels
tested varied in width from 3.5 inches (8.89 cm) to 6.6 inches (16.764 cm), in length from 13 inches
(33.02 cm) to 21 inches (53.34 cm), and in thickness from 0.021 inch (0.5334 mm) to 0.040 inch (1.016 mm).
Aspect ratio varied over the range from 2.9 to S.3. The explosive used in the tests was bare, spherical
50/50 Pentolite. Charge size ranged from 0.00375 pound (1.7 grams) to 0.0703 pound (31.9 grams).
Standoff distance measured along the normal to the panel skin from the midpoint of the panel to the
center of the explosive charge ranged from 4 inches (10.16 cm) to 15 inches (38.1 cm). This combination
of charge sizes and standoff distances used in the tests provided a range in peak incident overpressure,
time duration, and particle velocity from 39.2 psi (0.27 MPa) to 792 psi (5.46 MPa), 28 to 259 micro-
seconds, and 14,685 inches/second (373 meters/second) to 85,085 inches/second (2,161 meters/second),
respectively. These ranges mean that peak incident overpressure, time duration, and particle velocity
were varied in the tests by a factor of 20, 9 and 6, respectively.

In these tests strain gage measurements were made at the midpoint of the panels and at the midpoint
of the long edges. Unfortunately, sume of the desired data was lost because of technical difficulties
of one kind or another. For example, in some cases leads were broken during test; in others, gages
partially or totally debonded. However, nineteen successful panel midpoint strain records were obtained
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along with twelve successful records at the long cdge midpoint location. Correlation between predicted
strains and these test results was found to bhe favorable, The theoretical strain predictions and test
results compared within an average error of 6 percent at the panel midpoint and within an average error
of 11 percent at the midpoint of the long edge. Correlation hetween the fracture predictions and test
results was also found to be favorable. According to the theory, three skin panels were predicted to
fracture. These three did fracture along #ith two additional panels. The maximum deviation between
the predicted and test safety factor was 13 percent for those two panels that were not predicted to fail
but did.

C LA i At e s A—

TAIL BOM DAMAGE TOLERANCE TESTS

Two different types of semimonocoque helicopter tail booms were tested. Both were roughly the same
size. One, labeled type A for the purposes of this report, consisted of eight bays along its length plus
its empennage. This tail hoom was essentially an all-aluminum alloy hoom. The other tail boom, laheled
: type B, consisted of ten bays plus empennage, with an aluminum alloy stiffening system. Its top and
! bottom skins were of aluminum allov with a narnesium alloy for its side skins.

! : For some of the tests these tail booms were modified with additional longerons and stringers to

! . determine their influence on damage tolerance. These longerons and stringers were obtained from other,
i untested type B tail booms. [Identical longerons and stringers were used in the modifications of both

! tail boom types. One type A tail hoom was modified. Two longerons and two stringers were added to the
predominately tension side of the boom. Two of the type B tail booms were modified. In this case two
longerons and two stringers each were added to hoth sides of the type B tail hooms. In all, a total of
seven booms were tested: three unmodified and one modified type 4 bhooms, and one unmodified and two
modified type B hooms. (See Tahle II.)

In order to test these tail booms .while loaded, they were holted at their manufacturing joint to a
rigid fixture and deadweight-Joaded at their elevator and tail rotor attachment points. The boom axis
in this arrangement was horizontal. 1In all tests hut one, the tail booms were loaded to simulate their
maximum flight load conditions. These conditions were different for the two types of tail booms. In
one test the tvpe B tail boom was loaded to only 63 percent of its maximum flight load.

b3 Two types of damaging apents were emploved, a 0.0395-pound (18-gram) bare spherical 50/50 Pentolite

» explosive charge and a small-caliber, high-explosive projectile. The bare charges were statically deto-

nated at various standoff distances from the helicopter structurc to achieve the desired levels of

. damage. These charges were all detonated within the tail hoom interior at points located midway between

) adjacent frames of the hays tested. The projectile was fired so as to strike the hoom normal to its

longitudinal axis at the longitudinal midpoint of the sclected target bay. The striking speeds were
approximately equal to 60, 67, and 100 percent of the projectile muzzle velocity. All projectiles
detorated within the interior of the tail hooms. The aimpoints were varied from test to test.

et et TR
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feasurements of overall tail boom deflection and skin loss were made. Two survevor's transits

N located roughlv along the tail boom longitudinal axis and about 40 feet (12.2 meters) hehind the tail
boom were used to measure deflection at the tail end of the hooms. These measurements were made hoth
after the load was applied to the boom and then after tiic boom was damaged hy the explosive or projectile.
In this manner, the incrcase in deflection caused by the damage was ohbtained. Gross skin loss was also
measured. Included in this measurement was the total area of the skin that was hlown awav or otherwise
removed from the structure by the damaging agent. The area removed hy fragments that perforated the

skin was not included in the skin loss measurements.

T AT E T T e

Tne test results are given in Table II. In this tahle the test number, modification (yes or no),
appliecd load, bays damaged, skin loss to total skin affected ratio, and scaled deflection increment are
listed, The test number indicates the type of hoonm (A or B}, the numher of the boom tested (given by
the first digit after the letters A or B), and the number of the test performed on the hoom. For
example, Al-2 refers to type A tail boom, the number 1 tail boom, and the second test firing into hoom
number Al. A total of five test firings were performed on boom number Al. Four of these were in bay 4-5
: (tests Al-1 through Al-4), and one test firing was made in hay 7-8 (test Al-5). Bare exnlosive charges
X were used in these tests. The high-explosive projectile was used as the damaging agent in all the other
E g tests listed in Tahle Il. Tn this tahle the applied load is listed as maximum flight load for all the

tests except test Bl. The apnlied load employed in test Bl was 63 percent of the maximum flight load.
The extont of skin damage to the structures is listed in Table Il as the ratio of skin that was lost
because of the damaging agent to the total skin area in all bavs affected by the domaging agent. Damage
to the skin in terms of skin actually removed from the structure gencrallv occurred over more than the
target bay. The two adjacent bays generally suffered some skin loss as well as the target hay.
Consequently, the total skin arca affected was either the skin area in one, two, or threc havs, depending
upon whether skin loss was confined to only one bay or extended to a second or third hay, respectively.

The measures of damage tolerance used in these tests are: (1) whether the tail boom failed or

s sustained the applied load under fire, and (2) scaled deflection increment. Scaled deflection increment

| : is defined here as the ratio of deflection caused by the incurred damage to the overall length of the tail

o t boom. As described previously, this additional deflection is obtained by measuring the deflection after a
test and subtracting from it the deflection of the tail boom under the applied load measured hefore the firing
test. Scaled deflection increment is proportional to the maximum strain in the structure and as such is
considered in this study a good measurc of damage tolerance. The lower the scaled deflection incre-
ment for a given amount of skin loss, the higher is the damage tolerance of the structure.

The data listed in Table Il is discussed in the next scction. The deflection data for the tvpe A
tail booms is shown in Figures 8 and 9.
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NISCUSSINN

In this discussion, damage tolerance is characterized either hy safety factor or hy scaled deflec-
tion increment. Safety factor is emploved in the discussion concerning skin panel damage. Scaled
deflection increment is used to gauge the tolerance of the complete helicopter or aircraft fuselage to
structural damage.

Skin Damage Tolerance

Of the seven independent variables studied in the skin panel analysis, as they increase in value,
four serve to increase damage tolerance and three tend to decrease it. As to he expected and as shown
by Fignre 1, safety factor increases with standoff distance from the explosive detonation point.
Stardof€ is varied here over the range from 2 inches (0.0508 m) to 40 inches (1.016 m). This corre-
sponds to a range in scaled distance in charge radii from 4 to 81.1. Over this range the safety
factor increases from 0.2 to 7.2, a 36-fold increase. The figure also shows that, for the conditions
studied, the shin will fracture if the explosive detonation point is within 9 inches (0.2286 m) of
the skin. Blast damage tolerance of skin then can be increased by keeping structure as far away as
possible from possihle points of detonation. This, of course, suggests that structures should be as
large as possihie to maximize blast damage tolerance.

Figure 2 shows the effeci of panel width on safety factor. The panel area is kept conttant at
180 syuare inches (0.116 m?) as the panel width is varied from about I inches (0.0508 m) to 11 inches
(0.3356 m). Over this range thc aspect ratio varies from 45 to a little over one. As shown, safety
factor, or blast damage tolerance, decreases as panel width increases. Blast damage tolerance is
highest for long, narrow skin panels and least for square ones. Figure 2 demonstrates the trend of
safety factor with variation in panel width and aspect ratio for a constant arca panel. However,
for the particular conditions studied it also shows that the skin is only expected to he blast
tolerant in widths less than 4 inches (0.1016 m), or with an aspect ratio greater than 11.25. Such a
situation is tenerally not practical nor feasible in aircraft or helicopter fuselage construction.
Aspect ratios typically range from one to around six or so. Therefore, some other combination of the
independent variahles would have to be found to provide damage tolerance. In any case, the curve
of Figurc 2 serves to illustrate the role of panel width and aspect ratio in blast damage tolerance:
blast damage tolerance increases with an increase in aspect ratio, or a decrease in panel width, if
panel area remains constant.

As to be expected, Figure 3 shows safety factor to increase with skin thiciness. It also shows
that the rate of this increase declines with thickness increase. An increase in thickness from 0.0Z inch
(0,508 mm) to 0.01 inch (1.016 mm) vields about a 58 percent increase in safety factor, wherea. a change
in thickness from 0.04 inch (1.016 mm) to 0.08 inch (2,032 mm) vields only a 3R percent safet. factor
increase. These large increases in damage tolerance certainly show that skin thickness is a sienificant
factor in damage tolerance. MHowever, it should be noted that even though damage tolerance can be
increased by increasing skin thickness, a region of diminishing returns is reached where the benefit to
be pained diminishes in the thicker skin region.

Figure 4 illustrates the effect of aspect ratio on satety factor if the panel width is kept constant
over the aspect ratio range from one tn twelve. As shown in this case, safety factor decreases with
increasing aspect ratio. This occurs because, with constant width, panel area grows as the aspect
ratio is increased and this causes the total load on the panel to increase, which more than offsets the
otherwise bencficial increase in aspect ratio. (The benefit to be gained by emploving aspect ratios
greater than one were demonstrated in Figure 2 for the constant area casc and were described in the
discussion of the figurc.) The largest decrease in safety factor occurs over the range in aspect ratio
from one to about five or six for constant panel width. Beyond this range the safety factor becomes
relatively constant.

Figure 5 shows safety factor variation with skin ultimate <trength. This curve was constructed
from data points corresponding to the properties of AZ31B magnesium alloy, 2024-T3 aluminum alloy, and
7075-T6 aluminum alloy sheet. As illustrated and as expected, safety factor increases with ultimate
strength. However, this increcasc levels off in the high range over strengths from 60,000 psi (414 MPa)
to 70,000 psi (482 MPa). For example, a strength increase from 40,000 psi (276 MPa) to 50,000 psi
(345 MPa) yields a 27 percent increase in safety factor while a strength increase from 55,000 psi
(379 MPa) to 70,000 psi (483 MPa) corresponds to only a 4 percent safety factor increase.

The influence of rivet spacing on safety factor for the conditions studied is illustrated by
Figure 6. Rivet spacing from 0.5 inch (12.7 mm) to 2 inches (50.8 mm) is covered by this figure. As
shown, the distance hetween rivets has much less influence on safety factor than the variables discuss-
ed previously. Doubling the rivet spacing from 0.5 inch (12.7 mm) to 1 inch (25.4 mm) results in only
an 8 percent increase in safety factor. Furthermore, over the range of rivet spacing considered the
risc in safety facter is rather shallow.

The influence of rivet hole diameter to skin thickness ratio on safety factor as shown by Figure 7
{s also small. In this casc safety factor is decrcased by an increase in the size of the rivet hole
relative to skin thickness. Safety factor decreases about one percent as the rivet hole diamcter to
skin thickness ratio Is doubled from nne to two.

The sensitivity of the safety factor (or damage tolerance) to the various independent variables
discussed can be judged by comparing the slopes of the curves over the various ranges of interest of
the independent variables. Actually, a somewhat more ohjective measure of semsitivity is given by
variation in safety factor with respect to the ratio of independent variable to the range in the
independent variable. This measure is evaluated at a certain value of the independent variable. These
sensitivities are listed in Tahle 1. The independent variable, its range, the specific value at which
sep-itivity is evaluated, and the various safety factor sensitivities are listed in the tahle. The
independent variables are listed in order according to their relative influence on safety factor. As
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shown, standoff distance from the skin to the explosive detonation point has the highest influence on
safety factor. At 5.70 the safety factor sensitivity to standoff is 8] times higher than its sensitiv-
ity to rivet hole diameter to skin thickness ratio, which at -0.07 is the least influential variable
studied. Also listed in Table 1 are the safety factor sensitivities relative to standoff as well as
sensitivities relative to pancl width at constant panel area (which has the second highest influence on
safety factor). Panel width at constant panel area and skin thickness exert roughly the same influence
on safety factor although in opposite directions, Safety factor decreases by 0.80 with an increase in
panel width at constant panel area, while an equal percentage increase in skin thickness raises the
safety factor by 0.71. Besides standoff, these two variables, panel width at constant panel area and skin
thickness, exert the next highest influence on damage tolerance. As shown, aspect ratio at constant
pane] width and ultimate strength have about one-quarter and one-sixth, respectively, the effect on
damage tolerunce as panel width at constant panel width and skin thickness. At onc-tenth of both the
sensitivity of punel width at constant panel area and skin thickness, rivet spacing and rivet hole
diameter to skin thickness ratio have the least effect on damage tolerance. As stated previously, the
values listed in Table ! correspond to the calculated sensitivities for the conditions studied,
evaluated over the listed range of values of the independent variables. For other conditions and
values of the independent variables outside the stated ranges, sensitivity of the safety factor to the
various variables can and probably will differ from those values listed in Tahle 1.

The tahle clearly shows those parameters that have the highest impact on damage tolerance. In
those cases in which it is possible to provide large standoff hctween point of explosive detonation and
the aircraft structure, the structure will be inherently damage tolerant. This, of course, is true with-
in reason at least for projectiles with explosive charge weights up to certain maximum values that depend
upon the combinution of the other pertinent parameters discussed herein. For those regions in the air-
craft which must be small for other reasons, damage tolerance can be obtained by utilizing thick skins.
This, along with use of a large structure to obtain damags tolerance, of course incurs a weight penalty.
However, to keep increas=s at a minimum for a given sized structure with lightweight skin, a judicious.
selection of panel width and aspect ratio can be used to increase damage tolerance. To do this, panel
width must be minimized and the aspect ratio should be maximized. As discussed previously, aspect ratios
around five to six provide a good compromise., Since decreasing panel width is achieved by increasing
the number of longerons or stringers, this means an added benefit is obtained -- the load per longitudi-
nal menber is decreased with a consequent decrease in the probability of loss in bending capability if a
certuin number of longitudinals are lost from blast damage or fragment perforation.

As indicated in Table I, skin ultimate strength plays a relatively small role in damage tolerance.
This is partly because of the level and range of strengths studied: from 39,000 psi (269 MPa) to
70,000 psi (483 MPa), These strengths are already high since they are inherently necessary to sustain
flight loads. Higher strength materials are, of course, available although they were not considered for
a vatiety of reasons, some of which are: (1) some are not as lightweight as aluminum and magnesium
alloys, and (2] the use of some is not cconomically feasible at this time. If the skin strength range
were cxtended to include strengths from say 26,000 psi (138 MPa) to 60,000 psi (414 MPa), the senstiv-
ity value would change from the present 0.124 to around 0.7. This would make the skin strength influence
comparable to skin thickness. However, this is unrealistic since typical skin materials used in aircraft
construction have =trengths much higher than 20,000 psi (138 Mpa).

Even though the effect of skin ultimate strength on damage tolerance is quite small compared to the
effect of standoff, it still can be used to increase damage tolerance, particularly if a specific region in
the aircraft is marginal. As shown in Table I, ultimate strength has 15 percent the effect of panel
width at constant panel #rea. So at least some benefit can be pained hy changing a skin that may be
marginal to a new skin material with higher ultimate strength. In this modification fracture strain must
not be overlooked. The fracture strain of the higher strength material should be about the same as ~= higher
than (if possible) that of the skin material that is te he replaced. If the fracture strain of the new
higher strength material is lower than that of the replaced skin material, the potential benefit of the
higher ultimate strength may not be realiz.d.

As in the case of skin ultimate strength just discussed, the potential henefit to damage tolerance
obtained from variation in rivet spacing or rivet hole diameter to skin thickness ratio is not very
promising at ahout 10 percent of the cffect of panel width at a constant pancl area. However, as with
skin ultimate strength, a change in rivet spacing or rivet hole diamcter to skin thickness ratio, or
préferably a change in both, could be employed to correct a marginal skin situation. As indicated in
Table I, t¢ increase damage tolerance, rivet spacing should be increased and the rivet hole diameter
¢o skin thickness ratio should be decreased.

Tail Boom Damage Tolerance

The test data listed in Table Il for two scparate bays of the type A tail booms are shown plotted
in Figures 8 and 9. The abscissa in these figures is skin loss from blast divided by the total area of
skin in all bays damaged by the explosion. The ordinate in these figures represents the added deflection
at the endpoint of the tail boom caused by the blast-induced skin loss. As described previously, the tail
booms were damaged by either a statically detonated bare charge explosive or a small-caliber, high-
explosive projectile fired into the tail hoom while the boom was statically loaded to simulate the maximum
flight load condition. Figure 8 concerns damage inflicted on bays 4 and 5 located near the middle of the
tail boom. Figure 9 concerns damage inflicted on bays 7 and 8. These bays are located near the tail end
of the boom. [f the tail boom is treated as having a circular cross section, the ratio of moments of
inertia about a diameter for hays 4-5 and 7-8 is about 1.8.

As described previously, each tail boom was loaded by the simulated flight load. Under this load the
hoom deflected a certain amount. Then the boom was damaged by either the high-explosive projectile or a
bare charge. Becausc of the damage incurred, which consisted of hlown-away skin, cut longitudinals, bent
frames, ctc., the tail boom suffered additional deflection. This additional deflection divided by the
overall hoom length is defined here as "scaled deflection increment” and is the ordinate in Figures 8§ and
9. Boom strain is directly proportional to this scaled deflection increment.
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Both Figures 8 and 9 show that damage-induced deflection increases with an increase in skin loss and
that for the conditions investigated, deflection caused hy skin damage is approximately linearly related
to the amount of skin lost. The intent here of presenting the data shown in these figures is purely to
indicate trends and is not meant to be definitive. The vertical line labeled '"failure® in both figures
corresponds to the relative amount of skin removed by the hare charge or projectile in those tests in
which the boom failed under the applied flight load. The skin loss associated with these failures does
not necessarily represent the minimum amount of skin that has to he removed to cause the hoom to fail.
This value should be fairly well represented by the failure line of Tigure 8 since the nearest data .
point, at skin loss/total skin area equal to about 0.3, is fairly close to the failure line where.skxn
loss/total skin area equals 0.35. However, the modified structure failure line of Figure 9 at skin loss/
total skin area = 0.34 i{s far removed from the next nearest data point at skin loss/total skin area
equal to about 0.1.

The slope of the data line in Figure 8 corresponding to damage in hays 4 and 5 is 0.022 while the
slope of the modified boom data line in Figure 9 corresponding to damage in hays 7 and 8 is 0.032,
indicating that the damaged structure of bavs 4 and 5 is 1.45 times stiffer than that of bays 7 and 8.
This is understandable, particularly since the moment of inertia in the undamaged state of bays 4 and §
is approximately 1.8 times the moment of inertia of bays 7 and 8 in their undamaged condition; that is,
the bulk of the structure in bays 4 and 5 is located farther from the hoom cross section neutral axis
that that of bays 7 and 8. This basic foundation of hcam theory, that srructural stiffness increases
as section size increases, parallels the previously discussed obvious reiationship between standoff and
damage tolerance that damage tolerance increases as the distance hetween detonation point of the
explosive and the skin of the aircraft increases. This fact that damage tolerance increases with an in-
crease in section size and structural stiffness was predictable hefore testing.

Figure @ illustrates the result of longitudinally stiffening the tail hoom. 1In this case two
longerons and two lightweight stiffeners were added to the predominately tension side of the tai1l hoom.
These longerons and stiffeners were identical toc those used in the original, unmodified tail boom.

The resultant <lope of the modified structure deflection - skin loss line is 0.018. This represents a
41 pereent increase in stiffness over the original, unmodified tail hoom structure. Also, as indicated
on the figure, at a skin loss to total skin area ratio equal to 0.34, the unmodificed tail hoom failed.
(This vnlue may actually be high since tests were not performed at skin loss/total skin area values
hetween about 0.1 and this 0.34 figure.) However, the modified tail boom was able to carry the maximum
flight load while sustaining skin loss/total skin area equal to 0.35 -- essentially the same valua at
which the unmodified tail boom failed. So, the additionally stiffened tail boom, whith 35 percent of
the skin in two adjacent bays lost due to blast damage, was able to sustain its load while an unmodified
tail boon with the same damage failed. Furthermore, the stiffeners added 44 percent to the rigidity

of the tail boom.

As descrihed in the test description section, the effect of added stiffening on damage tolerance was
also evaluated on the type B tail booms. Longerons and stringers identical to those used to modify the
tvpe A tail booms were emploved on the type B hooms. Two longerons and two stringers each were added
to beth sides of the type B booms whereas they were added to only one side of the type A booms., Three
of the type B tail booms were tested. One was used as a control and was tested in its original unmodified
condition. The other two hooms were tested as modified. As indicated by Table II, a single shot into
the unnodified tail boom caused it to fail, and this occurred with only 63 percent of maximum flight load
applied to the tai) boom. However, the modified tail hooms, hit at the same point by the same type of
projectile under the same firing conditions, were ahle to sustain the full, maximum flight load.
Furthermore, as shown in Table Il, a total of three projectiles each were fired into hoth of the modified
tail booms -- both of which sustained the full, maximum flight load. Therefore, it may be seen that the
added stiffening allowed the type B tai) booms to carrv their maximum flight load while sustaining
multiple hits in adjacent bays, whereas the unmodified tail hoom failed at only 63 percent of its maximum
flight load from the action of a single projectile.

CONCLUSTONS

Both the skin and the skin stiffening system of a scmimonocoque aircraft are important in the damage
tolerance of the structure. For a given size structure, a judicious selection of skin panel width and
aspect ratio can he used to increasc damge tolerance. To do this, panel width must he minmized and
aspect ratio should be maximized. For the conditions studied, aspect ratios around five or six provide
a good compromise. Damage tolerance of the helicopter tail bhooms investigated in this study have been
found to be proportional to the section modulus of the undamaged section and inversely proportional to
the amount of skin removed from the structure hy the damaging agent.

*
For the conditions studied, damage tolerance of the aircraft skin is influenced by the following
parameters which are listed in decreasing order of their effect on damage tolerance. The rclative
values of the skin damage tolerance sensitivity to these parameters are also listed:

* Standoff distance 1.00

* Panel width at constant area -0.140
* Skin thickness n0.125
* Aspect ratio at constant panel width -0.035
* Skin ultimate strength 0.021
* Rivet spacing 0.014

* Rivet hole diameter/skin thickness -0.012
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1t has alsu heen found that an increase in longitudinal stiffening, achieved in this particular
study by addition of longeroens and stringers, can provide an increase in structural damage tolerance
Furthermore, it has been demonstrated that the simple addition of a few

of at lenst 44 percent.

lightweight longitudinal stiffening members can mean the difference between catastrophic failure of
an aircraft from the damage caused by a single high-explosive projectile and an aircraft that can
continue to carry its maximum flight load with multiple hits in the same critical area by the sare

projectile.
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TABLE 1. SKIN PANEL DAMAGE TOLERANCE SENSITIVITY
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R b . - e S
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y CONSTANT AREA (s 08-30.5 cm) (15.24 cm) : ;
;h "SKIN THICKNESS | 0.02-0.08 in. h = 0.04 in. 0.71 . 0.125 ; -0.888
L (0.508-2.032 mm) (1.016 mm) ; :
' g ASPECT RATID AT 2-12 Teas -0.20 -0,035 ! 0.250 :
1 ' CONSTANT PANEL | : : ’
| | wIom ' j i ‘
PR o ———_— i m - e nn e s e - - - [P | . : —T————-———-——J
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e s - et o 4n 4 eehs 2 —————— et oot < e < o e 4 —mn e SO e s
1D i RIVET SPACING [ 0.5-2 in. "D =1 in. 0.08 ¢ 0.014 -0.100
! ¢ (12.7-50.8 mm) (25.4 mm) i
:—ﬁ + R ki . e e R - —
"k ' RIVET HOLE DIA. ; 1.4-4.8 ik = 1.8 -0.07 I .0.012 0.088
{  SKIN THICKNESS i ;
TABLE II. TATL BOOM TEST DATA
| TEST | MODIFICATION . BAYS | appLIED } SKIN LOSS T SCALED
| No. | . DAMAGED LOAD ! TOTAL SKIN | DEFLECTION
g’ ‘ ‘ ; AREA INCREMENT,
] : f 1073
f PSS == = B OIS I e sz e
| Al-1 ‘ NO I 4 L MAXIMUM 0.093 2.2
lar-2 NO Lo “ 0.193 a2
| Al-3 NO . ” 0.305 6.3
} Al-4 , NO ; " " i 0.351 FAILED
L 1 Ao S S SO
Ad | NO 7-8 i MAXIMUM 0.05 i 1.8
Al-5§ { NO ” ! ” 0.11 3.2
A2 i NO " f " 0.34 FATLED
A3 YES " ‘ " 0.35 6.5
—-o- ——- - PO S ' P
Bl : NOD 3-4 L .63 MAX. . FAILED
. [ S - [ - —— ey
B2-1 | YES 2-3 E MaxTM . SUSTAINED
i LOAD
Bs-l YES ” " * ”
82-2 , YES 3-4 MAX TMUM . SUSTAINED
- LOAD
B3-2 f YES " " * "
B3-3 YES 4-5 MAXTMUM . SUSTAINED
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DEFINITION OF ENGINE DEBRIS AND SOME PROPOSALS FOR
REDUCING POTENTIAL DAMAGE TO AIRCRAFT BTRUCTURE
by
D. McCarthy
Chief Engineer - Staff Engineering
Rolls-Royce (1971) Limited
Derby Engine Division
Moor Lane
P.0. Box 31
Derby DE2 8BJ
U.K.

SUMMARY

For the aircraft designer to be able to take proper precautions against
the potentially damaging effects of non-contained engine faflures, he needs
to know the likely size, weight, energy and direction of attack of debris
that might be released by the engines. From an analysis of a large sample
of past non-contained engine failures in commercial service the above
parameters have been established for any given engine.

Protection of sensitive parts of an aircraft beyond that implicit Iin
the aircraft/engine layout could be provided by recently developed deflector
systems capable of deflecting high energy fragments ir a harmless direction.

Contlnuing work on the basic causes of non-contained engine faiiure has
led to changes in eugine desfgn to make these failures less likely. Beyond
this, {mproved containment characterfstics of casings are under development,
notably in the control of the way in which debris is released.

INTRODUCTION

The purpose of this paper is to provide a basis for minimising the hazard of non-contained engine
fatlure. The objcctives are:-

1. To define the debri{s that might be released by a given engine in the event of non-contained failure,
in terms of the weight, direction of release, energy and size of fragments.

2. To examine ways of reducing the potential effect of such debris upon the aircraft.
3. To explore the practicability of making non-contained engine failure less likely.

Non-contained engine failures do not occur very often, the average rate in commercial service has
been less than one per million engine hours world-wide in recent years. Further, the probability of this
cnce-per-million-hour event causing an aircraft accident, defined as penctration of fuselage or damage to
wings or vital services, has proved to be about 1 chance in 8.5. In other words, aircraft accidents due
to non-contained engine failure have occurred, on average, less than once per 8.5 million engine hours.
The statistics shown in Fig.l put it another way and show that 97.2% of all aircraft accidents and 99.9%
of all fatalities have been the result of events other than non-contained engine failure.

PERCENTAGE CAUSE OF INCIDENT PERCENTAGE

OF ACCIDENTS OF FATALITIES
- BIRD STRIKE ON AIRCRAFT s
e AJRCRAFT STALL ﬁégaao
w PROT HOMICIOE BOMS OR ENEMY ACT Fe.0
.t"’/// i

ns3 \\\‘-EeEEEE:::Etngterﬂzai
— \E W | wor

\—mnmsm,rms—/ nn
\mnm%mmmm/ AL

* \-le OR INSTRUMENT ERROR —/ -

ne

b Riened

Fig.l. Analysis of Alrcraft Accidents & Fatalitiecs - 1954 to 1974

Nevertheless, to reduce the accident rate we must work to eliminate all known causes of accidents,
and non-containment 18 one of them. Recent research werk has indicated some possible ways of improving
the situation without the need for large increases in weight and ultimately a balance must be struck
between weight Lncrease and the effect upon an already low probability of hazard.
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To provide a definition of the kind of debris likely to Le generated by non-contained fatlure {n 8
glven engine, we have examined the results of nonecontainment in our commercial engines over the years and
recorded the welghts of fragments, their direction of release, their energy and their size, wherever the
fntormation is known. The statfstics cover a wide range of engine sizes and types, including prop-jet,
pure-jet, byepass and fan engines, in single-shaft, two-shait and threcveshaft configuratfons. The
exper{ence covers over 124 milliou hours of c¢ngine operation in service.

WEIGHT OF FRAGMENT

Fig.2 shows the weight of the largest fragment released in each incident as a percentage of the bladed
disc weight. The fragments vary from part of a blade to a complete disc. The incidents categorised as
aircraft accidents are indicated, showing that complete discs are less likely to cause a problem than disc
fragments, but fragments of any size are capable of causing unacceptable damage if they hit certain parts
of the atrcraft, Cumpresser and turbine non-containment are {ndicated on the plot and it shows that only
turbine discs have been released complete, probably because a turbine disc has easier access to freedom
than a compressor disc.
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Fig.2. Non-Contained Failures 1954 To 1974 Inclusive

Fig.3 gives the percentage of incidents in which the weight of the largest fragment released was a
given percentage of the bladed disc weight or less. It is a way of showing the reduction in the number
of non-contained failures that would be achieved by providing an ability to contain an increasing weight
of [ragment. For example, the ability to contain a fragment weighing 5% of the bladed disc weight would
have prevented 56% of all non-containments. 1f the former figure were 10% we would have prevented 727
of the non-containments. Thereafter the gains are less spectacular.
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Fig.3. Number of Incidents V Fragment Weight

When a fragment strikes the fnside of an engine casing and it is not contaired, it is sometimes
deflected on its way through the casing. Fig.4 {llustrates the effect of such deflection upon the
subsequent path of a fragment. Since the point of penetration of the casing ls at a random circumfer~
ential position, the probability of an aircraft item in line with a disc being struck by a fragment is
unaffected by ¢eflection of the fragment by the casing.  But the axial deflection of the fragment is
important {n that it affects the axial length of the possible impact area on the aircraft.
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A study of the axial deflection of debris in actual incidents produced the result shown in Fig.5
where axial deflection is plotted against weight of fragment.
were appreciably deflected, the maxfmum deflection being 433° whereas the heavy fragments were not
deflected more than i5°. Thus, the situation may be as shown on Fig.6 where a pack of discs creates

Fig.4. Debris Spread
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It shows that only the lighter fragments

over-lapping fields of possible debris distribution so that any protection or special measures taken by
the aircraft designer will require sensibly uniform application over a length slightly greater than the

length of the rotor pack, tailing off to zero beyond each end of the rotor as shown in the Figure.
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ENERCY OF FRAGMENT

A fragment has two kinds of energy when {t leaves an engine, sec Fig.7. It has kinetic energy along
its flight path which is tangential to tiic radius described by its c of g when it was part of the disc,
and it has rotational energy about its own ¢ of g. Experience shows that for practical purposes it is
the former, i.e. its translational energy, that causes the real damage on impact and this is becsuse the
translational energy is in the direction of the i{mpact and,for realistic fragments, it is invariably much
greater than the rotational energy.

Fig.7 also shows a plot of disc sector size against {its translational energy. The fragment with
maximum translational cnergy is a disc segment subtending an angle of 133.6 . An unbroken disc has no
translational energy unless it picks some up as a result of friction developed in rubbing against static.
parts which may throw {t sideways out of an engine with a relatively low velocity.
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Fig.7. Definition of Fragment with Maximum Energy

The energy with which a fragment leaves an engine is less than its initial energy because it expends
some energy in penctrating the engine casing. In calculating the energy of an emerging fragment a
proportion of the amount of energy the engine casing is capable of containing should be subtracted from
the initfal energy of the fragment.

To determine the blade containment ability of a casing we plot blade energy against a function of
blade dimensions and casing properties for all known cases of blade release including experimental tests
and service experience. The result {s shown in Fig.8 where contained and non-contained failures are
identified.
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Fig.8. Blade Containment Criterion

The dividing line between contaimment and non-containment becomes apparent and although, in the
nature of things, there are occasional results out of line with the overall trend, the method provides a
guide to the thickness of casing, in a given materfal, required to contain a blade of given energy. It
also provides a measure of the energy a given casing is capable of destroying in the blade release case.-

Unfortunately the behaviour of a casing is not quite as straightforward as to destroy an equal amount
of energy regardless of the initial energy of the fragment. In containment tests a fragment with an
energy level just beyord the containment capabilities of a casing lost 90% of its energy in passing through
the casing. But when a portion of a rotor, comprising four blades and a piece of disc, was released from
a rotor rotating inside a casing designed to contain a single released blade, the fragment passed through
the casing with a near-zero loss of energy. That some energy was lost was shown by damage and distortion to
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the casing ard to the blades in the {ragment but the loss was toc small to be measured in terms of
fragment velocity before and after penetration. Evidently, the casing did not develop its full contain-
ment potential when subjected to loadings far beyond its capabilities.

Further containment tests are in progress to build up more data on this problem and to establish a
formula for the amount of energy destroyed in a range of fragments when they pass through a casing of
known blade containment ability. Meanwhile, until we have more data it seems reasonsble to assume that
the loss of energy varies from 100% for a single blade, to zero for the 4-blade fragment tested, or sny
larger fragment. The 4-blade fragment weighed 6.5% of the weight of the bladed disc.

There is an additional loss of energy in fragments that are deflected on passing through the casing.
The amount of this loss depends upon the degree of deflection, and from theoretical considerations and
practical observations the relationship between deflection and res{dual energy is as shown in Fig.9.

100% ENERGY =
ENERGY AFTER PENETRATION
OF CASING
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ANGLE OF DEFLECTION
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Fig.9. Energy after Deflection v Angle of Deflection

This relationship can be used in calculating the possible energy of deflected fragments in the
forward and rearward fields covered by the possible axial spread of debris.

SIZE OF FRAGMENT

The maximum dimensions of a fragment thrown by an engine is important in terms of the probability of
striking a given vulnerable item of the aircraft. Fig.l0 shows that for a given aircraft layout the
larger the fragment the more likely {t is to strike a given object. The chances of the small fragment
striking the object are € in 360°, but for the large fragment they are €7 in 360% and clearly the
larger the fragment the greater the probability of a strike.

AIRCRAFT ITEM

Fig.10. Fragment Si{ze Effect Upon Probability of Strike
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Fig.1l shows actual non-contained failures {n terms of ths arc of disc relessed against percentage
of incidents. These results can be used for calculating the probability of Impact of (ragments of
various sizes upon aircraft vulnerable ftems for various aircraft/engine arrsngements. The results for
turbines and compressors are shown separately to {llustrate that compressors have tended to release larger

arcs of disc rim than turbines. This {s due to factors such as disc proportions.
1
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Fig.ll. Size of Fragment
AIRCRAFT TREATMENT

Having defined the possible debris from engine failure the problem of dealing with it falls to the
designers of afircraft and engines. The aircraft designers can minimise its probable effects by careful
planning of engine rotor positions relative to vulnerable aircraft items. He can make use of duplicated
and triplicated runs of vital aircraft services to reduce the probability of a hazard to the aircraft in
the event of damage in any particular region. He can avoid, for example, siting the distribution unit of
a multiple system in line with an engine rotor. Where there is no other possible course he can rely upon
the statistical improbability of the coincidence of adverse events. The safety record of existing
aircraft, designed long before the information .iow available to us had been generated, nrovi‘cs a high
level of confidence in the safety of new aircraft designed with this wider knowledge of -lLe hazards to be
avoided. Finally, it is possible to provide protection for vital regions of an aircraft if the pressures
of meeting other essential requirements of an aircraft design do not permit the required safety standards
to be achieved by manipulating the aircraft/engine layout.

Tests have been carried out in the U.,K. both on armour plating and upon devices capable of protecting
vital regions by deflecting approaching debris in a harmless direction. Lightweight angled deflector
plates mounted on collapsible mountings have been shown to be capable of deflecting fragments of any given
energy in a consistent manner without subjecting the mounting structure to the intolerable shock loads
associated with the devices cavable of absorbing the whole energy of high energy fragment.

Fig.l2 shows the concept of the deflector system.

Fig.12. Debris Deflector
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ENGINE TREATHENT

1t has been suggested from time to time that the hazard of non-containment could be completely
eliminated {f the engine could be designed to conteln all rotor tailures Including segnental disc
taflure through the bore. Studics ot thls solution, based upon limired rig test rvesults, indicate that
in the case ot a large transport engine, the weight increase for complete contaimment would be of the
order of 50% of the Basic Engine Weight. Further, {{ the most effective use wer: to be wmade of the extra
weight, the casings would have to be a single thickness and the thermal lag of casings of such thickness
would i{mpuse severe restrictions on e¢ngine handling (throttle movement) and we would have an engine ot
weight and handlability suitable for a power station but not for an aircratc.

ius.eau the upproach has been to examine the reasons tor all past non-contained taflures on develope

ment and in service and to work towards eliminating the causes by careful design and development. The
causvs can be put {nto the tollowing categories =

1. Disc taflure due to primury or secondary tatigue 1.¢. due to fatiyue (mposed by normul engine

operation or due to tatigue under abnormal condiftions arfsing trom engine maltunction.

LY

Disc tailure due to overheatinyg as a secondary eftect ot a maltunction such as loss o°

cooling
alr or an {nternal engine tlre,

Disc taflure as a result of loss of relative axial location between rotating aud adjacent static
parts leading to a rub on a sensitive part of & disc.

A tallure precipitating the shelling-out ot & complete row ot blades from the disc.

5. Shaft tailure leading to turbine overspeed to burst or blade release.

Maltiple blade failure due to ingestion of exceptionally large bird or other foreign object.

7. Detaclment ot complete disc.

8. Disc tailure due to material defects.

We do pot propose to deal with all thiese f{tems in detail in this paper but the general approach to 1
each {tem can be stated.

. 1
Primary tatigue tailure from the bore ot a disc has been avoided in the past by establishing safe
low cycle fatigue (LCF) lives on the basis of

extensive cycllc rig testing of engine discs, tncluding [
sample discs taken !rom service engincs stter given exposure to service operation, cycled on to faflure. }
A typical result is shown in Fig.13 where the disc failed from an origin in the hub. This form of failure
I5 avoided in service by limlting the number ot stress cycles accumulated by any disc in sevrvice to 1

substantially less than the number established by the rig tests to be within the capsbilities of the disc

under service condi{tions. These measures have rendered LCF failure a very rare occurrence but disce have 1
tound uther ways ot tafling in tatigue.

FIA s1.2 1.3

LOW CYCLE FATIOUE
ORIGIN IN HUB

L L)

FLg.13. Cyclic Spinning Fatigue Test to Fallure

Fxamples of disc fatigue faflure in service are shown in Fig.l4. Ttem | shows & rare case of failure
through the bore from & crack {n the rim of & turbine disc. Item 2 shows a turbine disc rim crack
tnitisted by blade excited high cycle tsatf{gue (HCF) and progressing in & circumferential direction to
release a plece of disc. 1Items 3 and 4 similarly shuw compressor disc fajlures which have released
pleces of disc rim whire the crack has not run into the bore of the disc. The important point about

these faflur-s is that in some designs of disc, a crack propagating from tha rim follows & line that
releascs only a small ptece of disc rim whereas {n other designs the crack wili take o different course
v Clearly, by studying the mode of faiiure and relating it to the direction
of crack propagation in the disc we can establish the teatures ‘f design and enviromment that determine

the size of fragment released and we can move towards designing discs disposed tv release omall rather
than large [ragments.

and release s large fragnent.
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COMPPESSOR ST
LCF FARURE IN
DIAPHRAGM

d |

Fi,.14, Typlcal Service Disc Fallures

bisc {aflures due to overheating through lack of cooling alr have becu due to strulghtiorward
mechanical tailures of aulr Jucts or alr scals and experfence has shown L~ such tailures can be avolded
or the ettect of their tatlure can be reduced. 014l fires have caumed dinc failures too, but we have
leavned how to fnhibit the engine agalnst {nternal tive by avoiding the possibiliiy of conditions in the
engine that will permit the {gnition or comtinued burning ot oill vapour.

In the case of disc overheating due to rubs, 1t the loss 21 auxial location of & rotatfng asseuwiiy,
due to bearing or shatt fatlure, permits rubs to vccur between rotating wnd static members, ithe rub can
be arrsnged to oceur In & relatively haswmless posftion on i disc, It i» kuown that & rub on a

sennitive part like the disc dlaphragn can cause overheating leading o dise tatlure due to loss ot
creep properties, See Flg.l5.

3
g _IiE .
X RUS HENE ,1
ACCEPTABLE
RUS HERE
. T UNACCEPYABLE
. ) e s

PR

Fig.15, cContrul of Rubs

It has been known tor complete rows
of bladews Lo shell out ol a disc,
complete with roots, to precipitate
a nonecontained faflure. To avold
this, blades and cheir Lixings can
be designed to allow the blade to
break oft {n the aerofoil or in the
shank without failing the tixing
itselt, see Fig.le. With such 8
‘ derign, ftouling ot the blades which

%

L4

might otherwise cause wrenching ot
3 the blades out of the disc, will
instead either bend the blades over

AEROFOIL & SHANK
GIVE WAY RIFORE
FIRTREE TEETH

AEROFOIL FAILURE
RELEASING MINIMUM
WEIGHT OF ELADE

L)

Flg.16. Prevention of Shelling~Out o! Blades

or break them in the aerotofl,
releasing tragnents more likely to
be cont.alned by the casings.
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7.9

In the case of shaft fcilure a study of all causes of failure carried out some years sgn fdentified
a varicety of different fatlure mechanisms. The causes were largely eliminated {n later engines but the
assumption should be made that despite all precautioni, rare cases of shaft faflure may conceivably occur,
components are continually finding new ways of fafling, and appropriate precautions should be taken, such
as providing sufficient braking in the inevitable rubs betwcen rotating and static components Lo prevent
unacceptable owerspeeding of the turbine {n the event of a shaft taflure with loss of turbine axial
location. .

With regard to the problem of bird or other fngestion, an engine would have to be impossibly rugged
to tolerate every possible bird strike. Englnes are designed to ensure that failure from this cause i~
acceptably rare.. The ability of englnes to Ingest birds without serious effect has been greatly improved
over the years by the more extensive use of stronger blade materials, stronger shafts and shaft joints, by
increases in clearances between rotor and stator blades to avoid fouling, and by the introductfon of
stronger stator fixings. But there are bound to be occasions when exceptionally heavy ingestion will
cause multiple blade failure and possible non-containment.

Disc detachment has been overcome principally by the steps taken to climinate shaft faflure. But in
a case of a disc breaking up f{t may cause suff{cient damage to the shaft and surrounditg structure to lead

+ to the release of an adjacent disc and here we must rely upon reducing the likelihood of failure of the

first disc. Some discs on early cngines were lost due to failure of thelr retaining bolts or flanges and
these inctdents are included {n the nonecontainment statistfcs but more stringent criteria on bolt and
flange design have been applied.for a number of years with satisfactory results.

Our safeguard against disc failure due to defects fn the material {s a high standard of quality
control of manufacturing and inspection. Having established manufacturing procedures giving reliable
and consistent mater{al properties throughout the disc, and having established the cyclic life of the
disc by rig and engine cyclic splnning tests at extreme conditions, no change {n manufacturing procedure
should be permitted without a repeat of a comprehensive test programme. Further, techniques for the
external and internal fnspection of discs for material flaws must always be the best available and we are
continually endeavouring to improve the inspection standard.

IMPROVED CONTAINMENT

Having taken all reasonable steps to prevent disc failure and having designed the discs so that in
the event of failure the size of fragment likely to be released {s as small as possible the question
arises as to how much farther the engine man should go. He could improve on the containment capability
of engine casings by making them heavier but this would require an international ruling because no engine
manufacturer {s going to put himself {n an uncompetftive position on weight relative to other engine
manufacturers.

At first sight any improvement in containment capability would require a gencral thickening of the
casing in the plane of the disc and any worthwh{le improvement would i{nvolve a considerable weight penalty.
But the layout of many atrcraft {s such that the escape of a high energy fragment from the engine could
only affect the aircraft if it emerged from a particular small arc of engine casing, sce Fig.l7. Thus,
an improvement {n the containment ability of this arc of casing alone would provide the same benefit to
the aircraft as improving to the same degree the containment over the complete circumference of the casing.

SR

CONTAINMENT CONTAINMENT
ABRITY CRITICAL ABLITY CRITICAL
i OVER THIS ARC POSSIBLE OVER THIS ARC
N ENGINE CASING
CONFIGURATION
L]

Fig.17. Control of Directfon of Release

Containment rig tests have been carricd out on locally thickencd casings and it has been shown that
because only a local region of a casing takes part In destroying the encrgy of a fragment by stretching
and distorting, a local thick area of casing behaves as though it :mre part of a complete ring of the
same thickness, Bv applying this princlple, a given standard of jrotectfon could be provided for a
glven aircraft for a minimum cngine weight penalty.
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FUTURE

Research work is required o the subjects listed below and to some degree, it is in progress.

(a) Control of direction of fatigue crack propagation in discs.

(b) Loss o! energy o! a trspgment due to passing through a casing.

(c) Ettect of blade/disc configuration upon loss of energy in passing through a casing.

(d) Contafnment criteria for a gréup ot blades and a piece of disc, as opposed to a single blade.
(¢) Containment ability of casings of various materfals and configurations.

(f) Directional release ot debris.
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PHOMABILITE Db PEMPCHATION D'UNE STRUCTURE D'AVION
PAR DS LEDHIYG L MOTEURS

Michel HURET
AERCSFAPIALL = DIRECTICN DES ETUDRS AVIONS
B.P, 5143
31054 - TCULLUSE

Les besoins de 1'anslyse de sécurlté imposde par 1'éJection de débris de moteurs conduisent A 1'dlabora-
tion de schémas de perforativn des styuctures d'avion. lour 8ire pratiquement utilisablec daus ce but ¢ 's
s2hémas dolvent 8tre simples tout en restant réalistes. Pour ce faire, {1 apparait préférable d'utiliser
différents schéuas adaptés & chague situstion suivant la nature des obstacles et des projectiles en pré-
sence. Un ensemble d'essals relativement simples permet en particulier de Justificr et Jd'adapter 3 la si- ]
tuation étudiée un tel soléma pour la perfuration des structures et des blindages métalllques, Ce schéma
peut aloras 8tre utilisé A la détermination de la probabilité de perfuration des structures par des débris
définis par un modile d'éjection dlaburéd par le moturiste. la développement de cvette méthode fowrnit des
bases rationnelles & un Jugement ovbjeclif de la situation., I) permet de dégager de nouvelles perspectives
pour la rechearche et l'analyse de colutiuns plus performantes.

1. POSITION IV PROBLEME
1.1 L'obJectif séourité i

La adcurité du transpurt aérien reste un objectif fondamental des constructeurs, avionneurs at
motoristes, et des exploitants suus la condulte des Autorités Ufficielles. Les efforts inlassables déployés
par tous en ve domaine nu Bunt pas vaina sl on en Juge par 1l'amélloration constants du nivesu global de sé-
ourité, A 1'heure actueliec le transpert adrien tient wie place honorable dans ce domains, intermédiatire
entre 1'autumobile et la train, Ce répultat, pour encourageant qu'il soit, ne cunduit cependant pas & j
relicher lea efforts en ce dumaine. L'expérience acquise pormet & chague nouvelle génération d'avious de
trensport d'améliorer cette situation., C'est ainsi qu'en dépit de sa perciée dans le domaine du tranaport
supersonique, vous puuver 8ire assurdnque tout a été mis en ceuvre pour ques CUNCURDE ne faillisse pas i
aettu régle. Nuous alluons vous présenter wi apercu des développements etfectuds dans un domalne trés par-
ticulier de ca vaste probléme. Ue faisant, {]l ocunvient de ne pas perdre de vue deux des aspects gqui nous
paratssent easentiels en ve domaine : Je me permets de le rappeler lci car plongés dans une wnalyse par-
cellaire nous risquons de perdrs de vus cee 6lémants tondmnentaux.

a) La sécurité n'est pas un problome déterministe.

Un probléme de séourité ne puut se possr de par sa nature méme qu'en termen de probablilite.
Il est clalr que si len chuses dtalent parfaitement détermindes i1 y a bien lungtemps qu'il n'existerait
plus de oatastrophe. Mais notre ignorance ou 1'impréviaibilité de certaina phénoménas nous pucent ce pro-
bléne, En matitére de sécurité, la certitude absclue n'exisile pas. Un ne peut parler de risque nul ni &
rfortiorl 1'exiger méme pour le tranaport aérien. Cependant nous nous permettrons par abus de langage de
dire qu'un ricque vat nul ou plutdl négligeable en nuus référant au moine implicitement B un niveau génée-
ral de plusicurs ordres de grandeur supérieur,

b) La sécurité ne se partage pas.

L' impact poychu-sucivlogique considérable de la catastrophe aérierne 2st 11é nous sembl -t-i1l
A 1'tmportance du nombre des victimes et a 1'abaence quaol géndrale de rescapé. Les ralsons de la catas-
trophe loragu'uti peul les d7terminer n'intéressent que peu le public. C'est seulemeni aftalire de spécla-
liste., 11 ent tout & fait vain de chercher A réduire un risque particulier k& ndant 51 simultanément un
ef fort humoghne n'est pas effectuéd our 1'encemble des autres risques. Cecl n'aura pac modifi€ la slituation
du passager et ne psut servir qu'd donner 1'i]iusion d'une Lonne consclence a certains spéclialintes.

11 convient tout particuliérement de ne pas perdre de vue ges considérations générales pulsque
nous n'allons plus nous Intéresser qu'a un aspact trés particulier de la sécuritd, celui des conséquences
d'éjecticn de débrt's de moteurs. C'est pourqusi ceai nous condult forcément & aborder os probléme du point
de vue des probabllités et non d'un point de vue purement déterministe et A nous {ntéresser essentiellement
a 1l'ordre de grandeur relatif de ces probabilités,

1.2 L'éolatement des disques

11 arrive malheureuasement que pour diverses raisons les rotors des réactsurs éclatent en projetant
dans ) 'espace snvironnant des débris variés.

En raimon des conaéquences catastruphiques pouvant en résulter pour 1'avion 11 est maintenant géné-
ralement admis par les motoristes d'assurer la rétention de oes débris dans le carter du moteur en cas de
rupture d'auben, Mais {1 peut mse produlre des Ilncidents plun graves 1 des ruptures de Ciergues.

Dans ce cas len mitoristes ne s'engagent pas A 1'heure actuel!e A aszurer la rétention de ces dé-
bris. Il appartient alurs mux avionneurs d'apprécisr le risque en résultant et de reachercher les mcyens
adéquats pour minimircr & un nivesu convensble la probabilité de conséquences catastrophiques pouvant en
décuuler. Naturellement les motoristes font tout leur possible pour chercher & réduire le nombre d'incidents
de cette gorte. Ces efforit ne sont pas vains d'ailleurs, si on en Juge d'sprés la décroissance lente mais
réguliire depuls une dizaine d'annédes de la fréquence de ne phénomine.

C'est en se basant sur cette vaste expérience et compte tenu des préouutions adoptées lors du déve-
1oppament. de ce nouveau moteur que RULLS ROYCE a avancé la valeur de 0,55 incidents de ce type par million
d'heurss de vol avion. Cetie valeur s'entend pour ls quadrirdacteur CONCOHDE effectuant une étape type
d'une durde moyenn~ de trol: heurus.

Cependant ce risyue a8t encuie suffiszamment grand pour avoir falt 1'objet d'une étude particultire-
ment, importante de lm part des avionneurs, Four s'en convalnore {1 suffit de comparer cette valeur A celle
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du rlaqde global, Fig. 1. Il gonvient donc de Justifier pour cette soule caure un risque de conséquence
catastrophique notablement inférieur,

Naturellement pour en Jjuger l'avionneur doit disposer d'informations sur lee carsctéristiques des
éJections 1 « trajectoire des débris,
- nature des débris,
-« énergie des débris,

Ces !atormations associées A des répartiticns de probabilité constituent le modile d'éclatement,
1.3 Le modéle d'éclatement

L'analyse minutieuse de tous les incidents de cc type survenus & ce Jour alliée &4 une connaissance
approfondie du moteur ne nous semble pas encore suffisante aujourd'hui pour élaborer sur det ases stric-
tement rationnelles un modtle complet d'éclatement. 11 convient de ne pas perdre de vue ce caractére haute-
ment hypothétique du modele. En particulier, on ne peut en déduire plus que des ordres de grandeurs de cer-
zains risques et on ne peut espérer at.eindre aucune conclusion certaine, Cecl est cependant suffisant comp-
te tenu des remarques générales précédentes si on se place naturellement en dehors de tous cadres détermi-
nistes,

A titre d'exemple, dans le modeéle utilisé la définition des trajectoires est du méme type pour
tous les débris. Elle est basée sur une trajectoire de base constituée par la tangente duns le plan de
rotation du disque au cercle décrit par le centre de gravité du débris avant rupture. La probabilité
d'e‘,ec fon est la mBme dans touter ces directions. Cette trajectoire de base peut 8ire déviéde A la tra-
versée du carter moteur d'un certain angle @ par rapport au plan de rotation du disque. La valeur maximale
de cette déviatlon est fonction de la nature des débris. Elle est de + X° pcur les débris mineurs, de * 5°
pour les débris majeurs et de + 3° pour les tiers de disgues de turbine. A cette déviation est associde
une répartition de densité de probabilité triangulaire symétrique sur l'intervalle des déviations maximales
ccnsidérées.Cezte distribution est représentée sur la Fig. 2 pour les débris mineurs.

Par nature les débris inclus dans ce modele sont de trois types H
- aube
-~ fragment de disque
- tiers de disque de turbine

11 convient de préciser ici pourquol dans ce modéle on trouve des débris du type aube bien qu'il
s'agisse d'un modéle d'éclatement de disque et que les ruptures d'aubes sont supposées contenues par ail-
leurs. A la suite de 1'éclatement d'un disque les débris primaires ne sont pas contenus et perforent le
carter. Par 1'orifice ainsi créé peuvent alors d'échapper des aubes qul peuvent se détacher de la partie
intacte du disque. Il s'agit donc en fait de projectiles secondaires.

La forme de chacun de ces déb;'is est définie par ailleurs.

La combinalson de ces différents débris permet de définir huit cas d'éclatement . Ces huit cas
sont répertoriés dans le tableau ci-dessous avec leurs fréquences relatives.

“Fre-
Cas quences Nombre de débris et nature
Tiers de disque 5% 2 tiers de disque - énergie maximale
Turbine 2 | Fragment de disque 20 & 1 fragment de disque - énergie maximale
% 3| Aubes haute énergle 8 ¢ 1 aube - énergle répartie entre S5 et 100 &
1 aube - énergie répartie entre O et 55 %
Aube basse énergie 4 % 1 aube - énergie A 55 %
Débris multiples 2% Equiprobable entre N/3 et N/12 aubes* toutes A
100 % d'énergie.
6 | Fragment de disque 5% 1 fragment de disque - énergie maximale
1 sube - énergie répartie de 55 A 100 %
Compresseur 2 aubes - énergie répartie de 0 4 55 &
257 7 | Aubes haute énergie 5% 1 aube - énergle répartie de 55 A 100 %
1 aube - énergle répartie de O 4 55 %
8 | Aube basse énergie 15 % 1 aube - énergle a 55 %

# N : nombre d'aubes de 1'étage considéré.

Les risques assoc!és sont supposés $tre équi-répartis respectivement entre les deux étages de
turbine et les 14 étages de compresseur.

Les niveaux d'énergie maximale cu & 100 £ des divers types de ddbris sont définis par ailleurs
avec ce scbémn pour tous les étages du compresseur et de la turbine.

Pour les débris du type tiers de disque de turbine ou fragment de disque cette énergie ne dépend
pas de 1'angle de déflection. Par contre, pour les débris du type aube cette énergie est fonction de
i'angle de déflection suivant la loil indiquée sur la Pig. 3.

Lorsque le niveau d'énergie est indiqué comme répartl entre deux limites il est considéré que
tous les niveaux d'énergie entre ces limites sont équiprobables.

Ceci étant, on ne peut s'empBcher de remarquer la complexité de ce schéma. Naturellement, 11 est
unanimement reconnu que les débris susceptibles d'8tre éjJectés sont trés variés. D'ol une certaine ten-
dance naturelle pour augmenter le réalisme A multiplier les types de débris. En fait on eat certainement
encore trés loin du compte car i1 n'y a probablement pas deux éJections comportant les mBmes débris.
Cependant, 11 faut blen noter que chaque type de débris pris en considération doit 8tre accompagné d'un
ensemble d'hypothises déTinissant i1 trajectoires, défleation, énergie, probablilité d'occurence associées
A ces ocaractéristiques.



83

A 1'heure actuslle la valeur de la quasi totalité de oes hypothises repose essentiellement sur
un Jugement. Il est olair dans ces conditions que 1'amoncellement d'hypothises de cette soris risque
d'élotgner rapidement ie mod¥le proposé du réalisme souhaité. Autrement dit {1 conviendrait dds 1°'élabo-
ration du modtle proposé aux avionneurs de ne pas perdre de vue le caractire hautement aléatoire de
1l'ensemble des phénomines considérés.

1.4 L'analyse de sécurité

Pace A cette situation et & 1l'aide de ce moddle d'éclatement, 1'avionneur va rechercher tous les
moyens A sa disposition pour essayer de réduire A un minimum acceptable les risques de conséquences catas-
trophiques pouvant résulter de ce phénoméne. Il est commode de distinguer parmi ces moyens les moyens
actifa et les moyens passifs.

La définition des trajectoires fournie par le modéle d'éclatement permet de déterminer un volume
entourant les réacteurs qui risque d'8tre balayé par des débris. L'intersection de ce volume et de 1'avion
définit alors un volume critique A 1'intérieur de l'appareil, Pig. &4,

Naturellement le premier soin A prendre est d'éliminer de ce volume tous les éléments dont la
destruction par les débris risquerait d'avoir des conséquences catastrophiques. Malheursusement cetts solu-
tion simple ne peut 8tre zppliquée A tous les cas. En effet le volume critique coupe 1'appareil en deux.
L'intercommnication vitale entre ces deux parties nécessite donc de faire traverser le volume critique
par un certain nombre de circuits.

Pour rédduire le risque en résultant on applique alors le principe de la duplication des circuits
vitaux. Sur CONCORDE tous ces circulits sont triplés. Il y a lieu de noter que cettes duplication résulte
également d'autres considérations. 11 convient néanmoins d'attribuer A ce phénoméne pour la part qui lui
revient les pénalités associées A la réalisation de ce principe.

la duplication a pour corrolaire obligatoire la ségrégation de fagon a éviter la rupture des di-
vers circuits par un seul projectile. Chaque circult constitue un objectif d'une taille relativement fai-
ble. Du ceul point de vue Eéomét.rxque la probabilité d'atteindre un tel cbject!f est faible, généralement
largement inférieure A& 107 pour fixer les i{dées. La probabilité d'atteind-e deux ou_&mis cigcuits sépa-
rés par des prolectlles indépendants est donc encere plus largenent inférieures & 10 ° ou 10°°, Ceci est
tout & falt négligeable devant les risques associés aur catastrophes naturelles que constitue par exemple
1'éJection de deux tiers de disque de turbine avec 1l'énergie maximale. R

Sous réserve de contriler simplement 1'application des principes de dup)ication et de ségrégation
des circuits {1 apparatt qu'il pourrait 8tre fait 1'économie dans le modéic rioposé de tous les cas d'é-
Jections multiples, Il rnous semble que ceci serait de nature A clarifier notablement la situation au béné-
fice certainement d'une meilleure compréhension des points fondamentaux de 1'analyse de sécurité.

Enfin 11 reste A déterminer le choix des cheminements les plus appropriés compte tenu en particu-
ter des possibilités de protectlon contre les débris offerts par les structures naturelles de l'avion,

Cette possibilité est illustrée par un incident survenu A une CARAVELLE de la Compagnie A.U.A. peu
apres un décollage de BUCAREST. Un débris éjecté du moteur a traversé la parol de nacelle et a perforéd la
parci de fuselage. L'énergle absorbée par ces perforations a été suffisante pour protéger la nappe hydrau-
lique située sous la peau du fuselage et l'appareil a pu se reposer en évitant une catastrophe.

I1 est certain donc que le choix des cheminements est particulilrement imporiant pour minimiser.
les risques, Pour motiver ce choix sur une base rationnelle 11 convient de disposer d'une méthode d'éva-
luation de la probabilité de perforation des structures de 1'appareil par ces débris.

Enfin si 1'analyse de sécurité ne conduit pas dans ces conditions & un niveau de risque jugé acoep-
table, 1'avionneur peut avoir recours & des moyens actifs constitués par des blindages supplémentaires
destines A arrfter plus ou moins partiellement ou A dévier les projectiles se dirigeant vers des points
sensibles, La méthode d'dévaluation de ces blindages ne sera pas essentiellement différente de la méthode
précédente et de toute fagon 11 y aurs lieu de tirer partie de la protecticn naturelle des struotures. En
effet ce type de solution est dans 1'état actuel de la technologie extrémement pénalisant en particulier
sur le plan des masses.

Ces quelques considérations préliminaires permettent de se convainore de la nécessité du dévelop--
pement d'un tel moyen d'évaluation pour aborder aussi raisonnablement que postible ce type de problime.

2+ SCHEMATISATION THECRIQUE
2.1 Oblectif du schéma

11 convient de noter tout particuliérement et de ne pas perdre de vue que la achématisation théo-
rique recherchée n'a pas besoin d'8tre trés précise pour les trois raisons fondamentales sulvantes t

a) L'application dans le cadre de 1'analys~ de sécurité ci-dessus évoquée de ce schéma ne demsnds
que 1'évaluation de 1'ordre de grandeur du niveau d'un certain nombre de risques. Il est bien certaln que
tous les riques doivent 8tre relativement bien évalués. Compte tenu de la multiplicité des débris inclua
dans le modile, 56 débris différents rien que pour le compresseur, aubes et fragments de disque de chacum
des 14 étages avec différentes énergies, de la multiplicité des cibles critiques A envisager, de la multi-
plicité des cbstacles, paroi de nacelle, intrados de voilure, nervures, extrados de vollure, parci de fu-
selage etc ..., 11 convient naturellement de sacrifier quelque peu la précision du schéma A sa simplicitéd
de mise en oceuvre pour pouvoir aboutir raisonnablement A une évaluation exhaustive.

b) Les caractéristiques des débris fournies par le modile ne peuvent $tre considérdes comme abso-
lument certaines. Il est done tout A falt inutile que le schéma ait une précision supérieure A celle qui
peut 8tre accordée aux données du moddle et qui, dans 1'état actuel de nos connaissances, reste extréme-
ment modeste.

c) Enfin par nature les phénoménes de perforation sont extrémement complexes. Il nous parait tout
A fait vain sur le plan technique de chercher A analyser en détail tous ces phénoménes dans toutes leurs
généralités, Par exemple on sait que les phénomdnes diffirent suivant la nature des corps en présencet
prcjectiles et ctructures ou blindage. Nous préfirerons done développer plusieurs schémas simples adaptés
& chacune de ces situations plutBt que de rechercher un schéma plus complexe pouvant les englober toutes.



far contre,les schémaas retenus devront prendre an compte les caractéristiques essentielles qui
proviennent du problime poséd par l'éclatement ncn contenu des moteurs. Deux de ces caractéristiques nous
paraissent particulidrement importantes.

la prem{dre est 1'inoidence des trajectoires jar rapport aux structures ou au blindags. En effet
les structures de l'appareil sont souvent constitudes d'éléments successifs orthogonaux. Un cas type est
le suivant : paroi de nacelle verticale, intrados de vollure horizontal, nervure verticale, extradcs de
vollure horizontal, paroi de fuselsge verticale. Par suite de 1'chliquité et de la diversité des trajec-
toires on est amené A considérer pratiquement toute la camme des 1:.cidences possibles de zéro A 90°,

La seconde est la présentation de ce projectile A 1'impact sur sa trajectoire. I1 est indénia-
ble que le pcuvoir perforant d'un projectile comme une aube de réacteur n'est pas le méme suivant que ce
débris se présente A plat ou la pointe en avant, De ce fait le probléme est essentiellement différent de
celul posé aux armuriers par les artilleurs qui s'appliquent A exoédier det projJectiles pointus axés et
stabilisés sur leurs tralectoires. Il est implicitement admis dan: le modile, que chaque débris peut se
présenter sur sa irajectolire de toutes les fagons possibles avec la méme probabilité. Il est donc essen-
tiel du point de vue des probabilités de tenir compte de cette sfituation.

2,2 Schéma pour un blindage plastique
2.2.1 Considération énergétique globale

Les deux corps en présence, c'est-i-dire :
- le projectile constitué {ci par une aube ou un fragment de disque
~ le blindage constitué ici par une plaque avec éventuellement son support,
peuvent &tre caraciérisés par leurs énergles cinétiques EC et leurs énergles internss E!. Globalement le
rrincipe de la ccnservation de l'énergie permet d'éerire la relation suilvante entre les variations de ces

grandeurs enire deux Ins:anis success!fs e: plus particulitrement entire le début et la fin du choe :
¢ i
AE} +BES+BE) 4 aEf 40
avec 1'indice B pour les caraciéristiques du blindage et A pour celles de 1'aube.

Globalement {1 y aura naturellement transfert de l'énergic cinéiique de 1'aube incidente
Eﬁ vers les autres formes d'énergle. Cette relaticn est naturellement trop générale pour 8tre d'une gran-
de ut{lité, mais {1 semdle posclble dans le cas présent de l'expliciter un peu plus tout en la simplifiant.
Compte tenu de la nature des matériaux en‘présence, 11 est raisonnable d'admettre que le projectile se
comporie comme un cerps riglde indéformable.

La relation précédente se réduit alors A @ l!:“!:O IE:-Q

Zn ce qui concerne le blindage on peut chercher a éliminer le terme énergie cinétique.
L'analyse ultérieure permetira de préciser ce point de vue.

2,2.2 Considératiocn énergétique partielle

Méme simplifiée dans le cadre du présent problime, la relation énergétique globale précédente
est trop générale pour &tre utillsable, Pour progresser dans notre analyse, il est nécessaire de préciser
les actions de cocntact entre le projectile et le blindage au cours du choc.

La premidre hypothise est de considérer le blindage comme homogéne bien qu'il soit constitué
d'une matrice de résine renforcée par des nappes de fils synthétiques. Pour ce faire i1 sera vérifié que
la plus grande des listances caractéristiques entre les {ils est bilen inférieure a la plus petite des di-
mensions caractéristiques de 1l'aube d'une part et que d'autre part la Structurs du réseau de ces fils est
{sotrope A cette échelle. Dans ces conditions 1'aube pour pénétrer dans le blindage doit rompre ces fils et
on peut admettre que l'énergle nécessaire € est, du fait de la densité du réseau des flls proporticnnelle
au volume du cratére ainsi constitué §1¥. Soit =$E-p5v en négligeant par ailleurs 1l'effort de pénétra-
tion dans la matrice de résine.

En désignant par A le vecteur unitaire normal i la surface de contact S entre 1'aube et le
blindage, par VAR la vitesse de la paroi de 1'aube par rapport A celle du blindage, le volume constitué
pendant 1'intervalle de temps A: est égale a @ ‘v.j‘;,v“ds At

d'cl
—
€ = p [iV, g dS AL

?

-
St f est la force de contact, Son travall est aussi égal & : dEs {T'VAB‘S At

Il en résulte que : T . '-;

Autremens dit, l'effort de contact est assimilé A une pressicn constante s'exergant sur la surface de con-
tag”. et caractéristique de l'énergie volumique de décohésion du blindage. Les auteurs du document AD 601-200
("Study of mechanisms of armor penetration resistance” du Ballistic Research Laboratory d'Aberdeen -
"Mathematical model for energy loss mechanisms in composite media"™ des Dot S. TSAI et D, ADAMS) arrivent A
la mBme conciusion aprés un examen visucl de la surface des cratéres créés dans des blindages de ce type.

11 y a lleu de noter que ces phénuménes sont bien différents en statique ou A vitesse lente. Ia pression
caractéristique r est la contrainte de rupture dynamique différente de la contrainte de rupture statique .y
en traction des {lls par flexion de la plaque.

Suivant la nature des constituants du blindage, le rapport P/€ évolue entre 1 et 2 d'aprés
les essals rapportés dans ce document.

En admettant cette conception, la variation de 1'énergie interne de décoh€sion du blindage
prend done la forme l!.“mhp !F'L'VM“ At

D'autre part, la variation de l'énergie interne de déformation du blindage et de son énergle
cinétique est égale au travall des_foroes extérieures p.n sur la surface de contact S du blindage avee

1'aube qui se déplace A la vitesse Vp A(‘ (“fuﬂl“‘l)OAE;-I.lan."SM
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Cr, la vitesse de l'aube est égale A :

- V“0 v.

] -
dlon  AEgeBEy e p‘,n:.VA A4S At

A

Par élimination de p, ces deux relations conduisent A ln relation énergétique globale du § 2.2.1. Cependant,
cette analyse a permis de préciser la structure des échanges énergétiques entre 1'aube et le blindage.

2.2.3 Schématisation des caractéristiques dynamiques du blindage

Afin de poursuivre cette analyss il nous faut maintenant exprimer de fagen plus précise les
caractéristiques dynamiques du blindage qui permettent de déterminer les expressions de son énergie cinétique
et de son énergie de déformation.

Nous supposerons que le tlindage est constitué par une plague carrée de cotés a simplement
appuyée sur son contour sur un cadre Iinfiniment rigide. Nous supposerons de plus, pour ne pas multiplier
les calculs, que 1l'aube vient percuter le blindage en son centre.

Nous allons chercher A représenter le blindage par ure masse ponctuelle équivalente rappelée
élastiquement et placée au point d’'impact. En ne considérant que la premiére forme propre de cette plaque,
1a masse équivalente est égale a @ )J - ..

‘ -
D'autre part pour l'aube, on a de la méme fagon ¢ AE s -p /n.\l és At

en désignant par M la masse totale du blindage. 3
De 1a méme facon le coefficient de rappel élastique peut 8tre évalué 3 : f = -:J'-z

E désignant le module d'Young et h 1l'épaisseur de la plaque: X est une constante numérique ©fs0C,13.

Ces relations pour calcule:'} et § ne sont données qu'a titre indicatif{ pour déterminer
ci-aprés quelques ordres de grandeur. Il serait intéressant de les déterminer expérimentalement compte
tenu des ccnditions d'appuis réels de la plaque, des caractéristiques plastiques du matériau et éventuel-
lement en fonction des caractéristiques de 1'entaille provoquée par le projectile.

2.2.4 Formulation simplifiée pour un projectile cylindrigue

Considérons un projectile cylindrique attaquant normalement le blindage. Soit A la section
de ccniact qul est constante duns ce cas. L'ensemble des hypotheses faites précédemment permet de décrire
le mouvement de pénétration par les deux équations suivantes :

- mouvement de l'aube : MZ =—PpA
- mouvement du-blindage : },f+ 1‘ e pA
en désignant par z le déplacement de l'aube de masse m et par celul du blindage.

Soit h leur déplacement relatif, c'est-i-dire la profondeur du cratdre créé par 1'aube
dans le blindage : ha2. ?

ona : h'"' =-pA(—0—)+ X

. A l'instant initial h = O et h' ~ V vitesse del'aube.L'aube cesse de s'enfoncer dans le blin-

dage lorsque h=C.On a done : | anz h
7T = pA( 1M )he LI JFTY
/ 3[ P

S1 on néglige 1l'énergie de déformation élastique du blindage représentée par le terme intégral on obtient
la relation approchée i i_m

4
pM 10;‘,
Avant de g‘némliser cette formule pour les applications en vue, nous allons la comparer
avec la formule de TSAI et ADAMS dans laquelle K est un coefficient de forme qui vaut d'ailleurs 1 dans
le cas d'un proJjectile cylindrique A fond plat :h . -'."..'log(lo KeV: )
KeA 2

Les conceptions avancées sont trés voisines des n3tres sauf en ce qui concerne le calcul de
1'énergie cinétique prise par le blindage. En effet, ces suteurs écrivent que le travail de la force de
contact est égal & 1'énergie cinétique prise par 1'élément de volume du blindage surmontant 1'aire d'simpact.
En fait nous pensons que ceci est incorrect pour les raisons suivantes
- le travail de la force est égal A 1la vu-iation d'énergle cinétique et non A 1'énergie cinétique.

- 1s vitesse de 1'é1ément de blindage n'est pas celle de 1'aube sinon il n'y aurait pas pénétration.
- 1'é1ément de masse intéressé n'est pas uniquement 1'é1ément au-dessus, mais tout le blindage est entraliné
plus ou moins.

- I1 est alors clair qu'en approximant le terme log (1+x) par x, ce qui revient A négliger
1'énergie cinétique du blindage on retrouve identiquement la méme formule.

L'évaluation numérique de quelques ordres de grandeur permet d'ailleurs de justifier cette
hypothise pour les applications envisagées.

2.2.5 Extension de la méthode

Dans le cas d'une aube d'une géométrie en définitive fort tourmentée, on peut étadlir un
eritdre tout sussi simple. En effet en revenant & 1'équation ds base on peut également intégrer lorasque
1'aire de contact A est variable aveo h.
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On a alors @ -/_. invz - ’ miy g
Adh —
* plted)
et le premier membre n'est autre que le volume du cratire créé par l'aube si bien qu'en négligeant éven-

tuellement 1'énergie de déformation élastique du blindage on obtient le oritére 3 v-. Z2mv2 qu
nous semble généraliser d'une fagon convenable la formule précédente. p(t+

Ceci permettrait en particulier de tralter ég alement le cas d'une trajectoire i incidence
nont normale.

Enfin dans le cas d'une aube, i1 est clair que les forces de contact vont créer également
un couple qul va engendrer une énergle cinétique de rotation de 1'aube. Ceci va avoir pour effet :

- d'améliorer 1'efficacité du blindage car cette énergle cinétique de rotation ne peut provenir que de
1'énergle cinétique initiale de l'aube ce qul réduit d'autant ce que le blindage doit absorber en éner-
gle de décohésicn, de déformation ou cinétique.

- d'augmenter le volume du oratére pour une méme épaisseur traversée car la rotation induite va avoir pour
effet de coucher 1'aube sur le blindage, ce qui va augmenter l'aire de contact A.

Le traitement complet du probldme vu sous cet angle nous semble sortir compldtement du cadre
1imité que nous nous sommes {ixé. Néanmoins, Je pense qu'il éiait bon de préciser les limitations de cer-
taines approximations.

2.3 Schéma pour un blindage métallique ou une structure
2.3.1 Considération générale

Dans le cas d'un blindage ou d'une structure métallique, le mécanisme des phénoménes de
perforation est apparemment tout a fait différent de celuil avancé ci-dessus pour la perforation d'un blin-
dage plastique.

Naturellement les considérations énergétiques globales restent les nfmes. Nous admetirons
également que le proJectile se comporte comme un corps rigide indéformable bien que ceci soit certainement
beaucoup moins vraisemblable que précédemment. Par contre 1l'expérience montre que dans les cas étudiés, les
déformations du blindage sont relativement faibles, ce qui permet de négliger plus facilement les termes
d'énergie de déformation élastique et d'énergle cinétique de ce type de blindage.

2.3.2 Considération énergétique partielle

Il est maintenant nécessaire de revoir les actions de contact entre le projectile et le
blindage au cours du choe. Un examen visuel rapide d'un certain numbre de résultats d'essais effectués dans
ces conditions nous a conduit i admettre que le mécanisme fondamental de perforation est une rupture par
cisaillement dynamique. Ce mécanisme est naturellement tout & fait différent de celul examiné précédemment
pour la perforation d'un blindage plastique. Comme 11 a été souligné ab initic ceci provient de la nature
différente des corps en présence.

Suivant ce point de vue l'effort de pénétration est proportionnel a l'aire cisaillée. Dans
le cas d'une plaque, cette aire est proportiocnnelle au produit du périmétre L de la projection suivant la
vites§e V du projectile en admettant que ce dermier ne tourne pas durant 1'impact, par 1l'épaisseur cisali-
lée —— , e étant l'épaisseur de la plaque et 1 1'incidence de la vitesse du projectile, angle de cette
vitd®3e avec la normale 2 la parof.

Il convient de bien noter pour iviter toute confusion, que cecl ne veut pas dire que la dé-
chirure de ia plaque s'effectue strictement suivant le périmétre. L n'est en fal{ qu'un paramétre d'échelle.
Cec! veut dire en fait que l'énergie de perforation sera finalement proportionnelle a la taille du projec-
tile et que nous avons trouvé commode pour caractériser la taille de nos débris de prendre ce paramétre.

Il en résillte que la variation d'énergle cinétique de 1'aube dcit pouvoir se mettre sous
1a forme 1 A% 4 - | @

{ }1
ce qul 4éfinit un cgefficient. de proportionnalité B . Ce coefficient a les dimensions d'une contrainte.
Nous 1l'mppellerons la contrainte apparente de rupture en cisaillement dynamique de la plaque. Elie n'est
naturellement pas directement lide aux caractéristiques habituelles du matériau et doit 8tre déterminéde
dans chaque cas par des essals aussl représentatifs que possible de 1'ensemble du phénomere.

Ce schéma nous semble bien répcndre aux objectifs généraux exposés ci-avant. En particulier
11 prend bien en compte l'effet de taille du projectile et 1'effet d'incidence. Il y a lieu de noter que
pour un projectile sphérique, le périmdtre projJeté L est inversement proportionnel i cos i, ce qui n'est
pas vrail lcl pour une aube de forme complexe, le contour apparent se modifiant suivant la direction de V
dans 1'aube, On retrouve alors dans ce cas l'effet d'incidence en cosinus cube de la loi de Smith, ce qui
nous paraft @tre un recoupement intéressant pour Justifier cet aspect de la fcrmulation présentée.

2.3.3 Extension aux structures

Les structures avion sont constituées bien souvent de plaques munies de raldisseurs, soit
obtenues par un usinage dans la masse, s0it rapportées comme des corniéres. L'énergle de perforation de
ces éléments ne peut 8tre négligée devant celle de la parol proprement dite au moins pour les plus impor-
tants d'entre eux.

Pour ces é1éments 1'effet de taille n'est manifestement plus relié directement A la taille
des projectiles si ce n'est par le nombre d'entre eux qul doivent alors laisser le passage aux prolectiles.

Nous sommes donc amenés & relier cet effet de taille & celle du raldisseur. Nous admettrons
que la rupture se fait suivant la section la plus faible, c'est-a-dire la section droite SJ du raidisseur.
Nous conservercns néanmoins 1'effet d'incidence en prenant pour section nisaiilée g . _Sj  dans le cas
ou le tir est dans la direction du raidisseur. cos

De la méme fagon le déplacement de 1l'effort de perforation est ramené A la hauteur cisail-

choisie en fonction de celle du tir, on a alors @ ¥ guivant 1'orientation.
| 8= oz

lde hJ. Dans le cat i'un raidisseur de section ctan:ﬁ:dre. la dimension caractéristique est
cesi  sini



Rt A d ot st ]

A e en fmepeat iy

8-7

Ces consldérations nous conduisent & généra%iyz: notre formulation sous la forme suivante:
Aty o1ty -25SF
en ¢tendant la sommation ] & tous les éléments de rentori de cette nature interposées sur la trajectoire
d proJectile. .
Pour un méme matériau le coefficient B; n'est pas forcément égal & B car il inclut une
schématisation des phénoménes de rupture qui ne peuvenl &tre identiques. Il serait cependant extrémement
difficile de pouvelr déterminer ces valeurs exrérimentalement et nous admettrons de orendre en premiére

approximation une valeur unique. Nous obtenons alors la formulation définitive suivante :

BES =-% 2 +=. 50,

A~ cgszi ivi j
11 y a lieu de noter que cette conception de décomposition et d. sommation des élémentg

n'est certainement pas trés Justifiable & priori, le mécanisme de rupture d'un ensemble d'éléments pouvant
8tre fort éloigné de la superposition de ceux des différents composants. C'est ainsi que pour un raidisseur
intégré nous avons admis qu'il y avait deux Sections ) cisaillées alors que pour un élément disjoint nous
n'en considérons qu'une. En effet dans ce cas nous estimons que le travail de déformation de cet élément
pour livrer passage au projectile apreés rupture suivant une section n'est pas trés important vis & vis de
1'énergie de rupture d'une seconde section.

3, AJUSTEMENT EXPERIMENTAL DU SCHEMA

3.1 ObJectifs

L'enalyse des considérations théoriques ne peut que nous convainere de la nécessité d'une Justifi-
cation expérimentale de ces schémas. En cutre, chacun de ces schémas comporte une caractéristigue dont la
détermination expérimentale est nécessaire. Tout ceci doit naturellement &tre réalisé dans les conditions
les plus réalistes possibles car la simplicité voulue de ces schémas Interdit naturellement toute transpo-
sition.
C'est ainsi que ces essals ont éié réalisés avec des tirs d'aubes de réacteur. I1 a été possible
d'explorer entiérement la plage des énergies couvertes par les ¢4bris du modéle a la seule exception des
tiers de disque de turbine qul se trouvent avoir un niveau d'énergie de deux ordres de grandeur supérieur.

Les tirs ont été effectués sur :
- des plaques de matériaux divers pour la recherche des blindages,
- un caisson de voilure de CONCORDE trés représentatif des structures avion considérées,
- un élément de blindage monté sur ce caisson pour 1'étude des problémes de fixation.

Les essals sur des plaques de blindage en matériau plastique nous cnt rapidement conduit A aban-
donner cette solution compte tenu :
- des performances de co type de matériaux dans ces conditions,
- des problémes de fixation de ce type de blindage sur la structure avion,
- des contraintes d'encombrement.

C'est pourquoi nous allons maintenant nous limiter uniquement & la considération de blindage et de
structures métalliques. Natirellement ces conclusions sur le mérite des blindages plastiques sont toutes’
relatives et provisoires st nous souhaiterions bilen s0r que le développement de matériaux nouveaux nous
permettent d'améliorer la présente situation.

3.2 Mcyens d'essais

Ces essals ont été réalisés par le Centre d'Essal Aéronau.ique d- TOULOUSE. Le moyen de propulsion
est un canon i air comprimé comprenant un réservoir de 1m3,ume vanne & ouverture rapide,une culasse et un tube
de 12m de long et 15Cmm de diamétre. Pour le tir les aubes sont enrobéesc sur une partie de leur longueur
dans w: cylindre de polystyréne expansé de ce diamétre. A la coriie du canon des couteaux sont chargés de
déchiqueter cet emballage.

Avanl le tir chaque =ube est pesée et son positionnement repéré. Le diamétre du canon ne permet que
les tirs axiaux pour les plusc grandes aubes. C’est pourquci la quasi totalité des essals a été réalisée
dans cette configuration - la pius défavorable - Cependant pour les plus petites 11 a été possible de réa-
liser des tirs sur le tranchant ou & plat.

La vitesse du projectile & la sortie du canon est mesurée par un systéme classique. En outre, il a
été installé une caméra FASTAX & grande vitesse de prise de vue (8 000 images/seconde) pour pouvoir obser-
vers 1'impact du projectile, sa pénétration et éventuellement sa sortie. Une base de temps s'inscrivant sur
le film permet également de déterminer la vitesse du projectile & l'entrée et A la sortie. Le fonctionne-
ment de cette caméra est synchronisé par la séquence de tir. Malheureusement, les conditions d'essais n'ont
que rarement permis de tirer partie de cette instrumentation dont la mise en oceuvre s'est révélée plus dé-
licate que prévue.

Par contre, la mise en oeuvre du canon s'est révélée excellente, les vitesses désirées ayant tou-
Jours été obtenues. La cible est placée verticalement devant le canon. Son orientation permet d'obtenir
tous les angles d'incidences. Enfin une enceinte de protection permet d'éviter 1'endommagement des ins-
tallations environnantes et de récupérer les débris aprés chaque tir.

3.3 Analyce des résultats
Nous avons analyzé globalement 1'ensemble des résultats d'essais obtenus pour des tirs sur des
plaques en AU2ONTE et sur le caizson de vollure., Pour ce faire nous avons reporté dans un diagramme le
résultat observé de la perforation en fonction de 1'énergie cinétique initiale du prolectile et des para-
métres de similitude. Le diagramme ainsi obtenu est représenté sur la figure 5.

On peut distinguer trés nettement trois zones:
1) Une zone A grande énergie ou l'aube perfore et traverse la paroi,
2) Une zone i basse énergie ol 1'aube est contenue et la paroi n'est pas perforée,
3) Une zone intermédiaire dans laquelle on trouve simultanément des tirs de 1'un ou de 1l'autre des deux
types précédents ainsi que des tirs pour lesquelles l'aube a été contenue mais la paroi perforée plus

ou molns gravement.
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L'ensemble de ces zZunet se¢ trouve facilement limité par des droites dont la pente fournis la va=-
leur de 3 constants § du schéma., L'éventail constitué par la zone intermédiaire représente la plags 4'in-
cert itude sur la vallditd du schéma et la valour de B . 11 y a 1ieu de noter que 1l'axistence d'une telle
plage d'incertitude nous semble bien naturelle du falt @

1) De la dispersion naturelle des plénomines de pertoration amplifiée ici par 1'hétérogénéité de 1'obsta-
cle et la diversité des projectiles et des conditlons de t'w,

2) De 1a simplicité du schéma examiné qui ne peut naturellement prétendre tenir compte exactement de 1'en-
semble des phénoménes mis en Jeu,

(n observe ainsi entre les valeurs extrmes de ¥ recvuvrant cette plage d'incertitude une varia-
tivn de l'updre de 1 4 2, Pour apprécier cette lncertitude 11 convient de nouter @

1) Que la variation due & l'ertet d'incldence dans la plage vxploréc est de 1l'ordre de 1 a O.
2) Quu la varfation due & 1'efret de taille des projectlles est de 1'ordre de 1 A& 10,

11 en résulte qu'au molns en ce qui concerne ces deux ef'fets fondamentaux le sohéma proposé tra-
dult de ragun significative au moins 1'urdre de grandeur de ces phénomenes,

Tl oa dté procddé i une analyse simllalre pour, sépardment, les tirs sur le calsson de vollure et
ceuws sur len piagues simples., «n observe le méme ricultat et les valeuprs moyennes du voefficient B qui
peuvent ¢'re dédultes sont ldentiques & 1 hb pris. Cecl nous permet de justifier en premliére approximation
la schdmatlsalion que nuus avons adoptée pour les struclures cumplexes. De l'analyse détaillée de chacun

de ces '{irs cn peut extrafre par example les remargues cuivan‘eg particuliérement significatives :

a) Fotet d'incidence = Comparalrm des tirs n® G et 50,
le projectile est le mérc, aube de 7e étage lancée axialement talon en avant sur une plaque de Smm
d'AUZGN. L'énergle de ces prujectliles est pratiquement ldentique G70 et 663 kgm. Par ¢ontre, 1'incidence

des tirs est dlftérente respectivement 25 et 55%. Le premier perfore la (8le et 1l'aube passe au travers
al.rs qus le gecond tir est arrété.

t) Eftet de présentation - Cumparaison des tirs % et 61, 1
I1 s'agit toujours du méme projectile et de la m@me cible. L'dnergie est voisine : 634 kgm. L'inuidence i
est la réme 55°. Par contre 1'aube est maintenant lanuée lame en svant son axe faisant un angle de 20° |
avec la direction du tlr. L'aute est arrélée ne laissant qu'une légire empreinte dans la tdle.

¢} .ret dynamique - Cas du tir 48,

.1 .'aglt encore Ju mEme projectile et de la méme ciblc. L'Suergii @bt coujours du mime ordre 615 kgm. ]

L'incldence est de 25*, L'auhe est préscntfe coras o ouy te ¢ir 91 A 1'impact 1'aube ayant touchsé 1la
plaque par le buut de la lame, elle a'eut viloulée sur slle-méme pour venir s'arréter & plat sans la

perforer. Cecs rnous semble illustrer 1'un des nombreux phénumines annexus qui expliquent la dispersion
naturelle des résultats vbservée.

L'ensembie de ces essals eftectués avec 1l méme projectile ayant une énergie pratiquement conatante 3
et sur la méme cible démontre parfaitement par la diversité des résultais la complexité dss phénoménes. Le
cchéma trés simple considéré permet manifestement de faire rentrer 1'ensemble de ces phénoménes dans un

vadre suffisamment rastreint pour €tre valablement utilisé & la déiermination des oblectifs que nous nous
commes proposés.

L'élaboration d'un schéma plus compiexe pouvant réduire de fagon significative lu marge d'incer-
titude résiduelle nous parait &tre une vcie qui ne peut déboucher raisonnablemwsnt sur une méthode efficace.
Ceci n'exclue pas naturellement de poursuivre les écudes tondamentales dans cette vole pour la compréhen~
aion des phénoménes et la recherche de meillsurs matériaux de blindage par axemple. Nous disons simplement 1
que ce¢l sort du cadre de nos préoccupations techniques actuelles.

Pour déterminer le niveau de probabilité de perforation il convient de retenir la valeur moyenne
de B . Cecl condult i estimer 1a valeur muyeane de cette probabilité, C'est la valeur la plus probable,
- encore du point de vue statistique la meilleure estimation qui puisce 8tre falte.

A ce stade 11 convient encore de reJjeter la point de vue déterministe qul conslsterait A prendre
wne valeur de B plus falble assceiée b un degré de confiance supér eure & 50 %. Ceci conduirait A évaluer
un niveau de probabilité de perforation supdrieur qui ne serait pas la meillsure estimation meis une borme
supérieure assucide a un degré de conflance sans signification du fait notamwent de 1'absence d'ailleurs
bien compréhensible d'information analogue cohérente pour le modéle de base.

3.4 Observations complémentaires

Les espaip etlectués sur le caisson de voilure ont permis de faire un certain nombre d'obzarvations
complémentaires.

a) En dépit des dégats pari.is importants impos¢s au caisson, sa résistance strusturale intrinséque ne pa-
rait pas aftentée compte tenu notamnent du caractére fail-safe de la conception structurale. Ceci permet
alors d'envisager et de réaliser la Fixation de blindage de protect.on sur les points forts de ls struc-
turs. Des ecsals ultérieurs ont permis de mettre au point et de Justitier ces fixations.

o n e s . s A Wl ot sl Sl

b

~

t.'exanen des perforations successives montre une déflexion négligenble des trajectoir 3. Cedl permet en
~articulier de justifier la notion de volume critique introduite a priori au $ 1.4 et de simplifier nota-
blew.ent )'analyse ultérieure.

c) A 1'impsot on cbserve généralement qu'une rotation asser rapide est communiquée au rrojectile. Pour la
phase précédant la perforation ceci rend compls ocomwe nous 1'avons vu d'une part de la dispersion asso-
clée & ce phénoméne. Pour la phase aprés perforation, on peut noter que 1'énergile cinétiaue de rotation
ainsi commniquée A 1'aube eet suffisamment faill® pour 8tre négligée devant celle de translation mais
que cec’ assure néanmoins une présentaiion aléatoire indépendante du projectile sur 1'obstwcle sulvant.

=
.

UTI LISATIUN DU SCHEMA
4,1 Détermination de 1l'énergie de pertoration

Le schéme permet d'évaluer 1'énergie nécessaire A la perforation pour un débris donné en fonotion
périmétre de ls section projetée. Cette valeur dépend de la présentation du projectile sur sa trajeo-

du
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tolre. in acocrd avee les hypothidbser du modi-le et les constations expérimentales précédentes ncus avons
admis que cette présentation est aléatoire. L'dnergle de perturatlion se présente alors sous la fourme d'une
variable aléutolre dont nous allons déterminer la distribution de probabilité,

Les projectiles ounsldénés ayant des formes relativement complexes, une représentation simple est
cbtenue pavr un déccupage en faces trianguluires. La précisiont recherchée n'édtant pas trés dlevée, un nombre
relativement restreinl de facettes suffit. lLes Figures O, 7 et 8 illustrent une telle représentation pour
1'aube du ler étage du comprusseui basse presrsiun vue par la pvlid, sur le tranchant et A plat.

Une rotation des cuordonnées permel alors de donner 8 ce projectile une présentation queloonque.
L'ensemble des ar8tes peut alurs @tre projeté saivant la vitesse V sur la parol. Un algorithme d'élimina-
tion permet ensulte de Jdfterminer le contour extérieur et d'en déduire L.

(n peut alors déterminer 1'énergie de perforation et dtablir la statistigue corretpondante. On
obilent ainsi :

- la prebabilité p pour que 1'énergle nicessaire 4 la perforation de la parol soit au moins égale A une
certaine valeur E.

- la densité de problbillté%% qui donne la probabilité dp pour due 1l'énergle nécesoalre a la perforation
du blindage solt cumprise “entre E et E + di,

Les Fipgures Y et 16 1liuctrent A titre d'exemple ce genre de résultat pour la perforation de la
parui d'intrades put une aube de ler étage du compresseur basse pression {usue du moteur 1 en direction de
la nervure 12, Cec! permet de muntrer que les projectiles de ce type ayant une énergle inférieure a envi-
m 1200 kgm pour ce Lir ont une probabilité négligeable de traverser cette parvi, Il y a lieu de noter
t'étalemens considérable des énergles danc un rapport de 1 & 20 ce qul traduit outre l'effet de présenta-
tion de cette aube 1'hétércgéndité {mportante de la structure de cette parvi. Il en résulte également que
la déviatton maximale des débris de ce type aprés periuration de cette parci eat réduite & 18°5 pour les
débris & 100 % d'éaergle et a 13%5 pour ceax & 55 % au lieu de 30°, Cecl réduit d'autant le volume critique
au-delh de cette parc] et permet déjh d'éliminer la o.nsidération de certains risques.

4.2 Détermination de la probatilité de perforation

Scit '1(“ la distributinn de probabipité en renctlon de 1'dénergle des projeotiles du faisceau in-
clden' cuncidéré. La densité de probabilicé lz(” de 1'énergie L. des projectiles du faisceau émergent est
f-urnle par le preduit de convorution

e
‘ED s S
wlE) _/_:p‘(:.u,tsm

Naturellement les h..rmes d'tntdgratlen sent rédultes & celles de 1'intersection des supports bor-
nés des distributizns l‘t‘t »

Les énerglen L négatives correspondent & des projectiles arrd@tés par 1'obstacle el on a dw ce falt
danaz le faisceau émergent : E |
RUERAFAUTT

Pour E tendant vers l'infini, la prublbilit‘ p,(E} tend vers un¢ valeur constante p, inférieure

ou égale & 1 qui est la probabilité moyenne de passage ” des projectilus de 1'ensemble du faisceau considéré
A4 travers cet obstacle.

N as pouvens distinguer troia cas sulvant la nature de la distripbution 'l H
1) Tous les projeciilex incidents ont la méme énergle Eg- La dens!té de probabilicé pi se rédult i une
distribution age Dirac conceniréz en E. » On a alors :
. L 4 ] * . .

: g ] E -

e = _[: S(ESEE ) G(E)OE « p'(E-E )
11 y a lieu de noter que ceite nouvelle réparti.ion esct largement étalde de £, - EvAX & Ey - Epqn en
designant par bmax et Egin les “nergies maximales et minimaies de perfuration,

I1 en résulte que c¢ gonre d'hyputheése introduite dans le modile re parait pas c-hérent avec les résul-
tats de cette ailalyse. Lkn tait, 11 s'agit d'une hypothése trop déterministe pour recouvrir la multiplie
cité de la rédalité,

2) Les projectiles unt une énergie supposée dquirépartie entre deux limites Ej et Ep.
On a alors p* __‘__, et par la sulie pL{E} __L_[ t-E)-~ ‘-Eﬂ
pll Ez-El 2 sz-n pl g F(H J

Cette distribution est étalde de Ey - EmAx & Ep - Epin

3) La distribution P, est guelconque. C'est ce qui Be présente apreés perfuration d'un prender cbstagle,
Le produit de convelution est alors évalué numériquement de proche en proche.

A titre d'exemple, nous présentons les résultats sulvants pour la détermination du rirque ds perfo-
ration de la nervure 12 par une aube de ler étage issue du moteur 1 apris traversée de 1'intrados de voilure.

- Cap d'une aube a 10C ¥ d'énergle - Figure 11. La probabilité de perforation est de 36 %.

- Cas d'une aube & énergie de 55 A 100 % - Figure 12. La probabilité de perforation est de 23 %. Il s'.sit
d'un tir sans déflection. D'apris le modtle 1'énergle des débrj:. d: ce type déeroit avec la déflection
comme nous l'avons indiqué - Figure 3,

OUn effectus donc ce calcul pour différente déflection. Pour © = 5% 1a probabilité de perforation
n'ect plus que de 9 % - Figure 13,

Compte tenu de la probabilité de déflectlon anscclde pg on peul alurs déterminer la probabiliildé
ne.yenne de perforation pour 1'ensemble de ce type de débris.

- 4§
- de
¢ .[: KV
Figure 14 - Cette probhabilité est de 6 %,
Un traite de méme le cas de 1'aube & 55 % d'énergle et cel' ' de O & 55 %.
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Un obtient ainsi pour chaque type de débria 1
- Fragment de disque ou aube & 100 % B

= Aube de 55 & 100 £ 6%
-~ Aube & 55 % 0,7 %
- Aube de O & 55 % 0,18

On peut alors déterminer par simple commatica le risque de perforation associé & chaque type de
- Type de panne © = 1 Iragment de disque ‘
1 aube de 55 & 10 % ,
Q aubas de U & 55 % 4y %
- lype de panne 7 - 1 uube Je %5 & 1LC %
1 aube de U & 5 ¥ 6%
- Type de panne & = 1 aube A 55 % QLT %

la sommation pondérée de ces valeurs yar la fréquence relative ds ces types de panne détermine le
risque global 52,2 + (,,3 + 0,1 « 2,b &,

pannd §

L'exaumen de cette décomposition permet de se rendre compte que la quasi totalité des risques pro-
vient de 1'djection de fragment de disque., Le¢ modile proposé n'est dunc pas humogene et pourrait 8ire oonsi-
dérablepent simplifié ce qul loin de nuire a l'analyse de séouritd pormettrait de la clarifier notablement.

Pour continuer il faut tenlr compte de la probabilité géométrique d'éjJection daus la direction de
la clble, Un a ainsl par exemple P¢ -~ > ¥, Le risque associé eat dono de 0,08 %.

kn eft'ectuant une détermination analugue pour 1'ensemble des 4 moteurs et des 14 étages du compres-
seur il peut @tre établl quec le risque de pertoratiun des narvures 12 ou 1 est de 1'ordre de 10-19 par
heures de vol.

Un tel résultat permet alorm d'étayer un Jjugement obJectif sur l'intér€t d'un blindage de protec-
tion dang cette zone pcur réduire de tagon signif'icative ce niveau de risque., HNaturellement une tells ana-
lyse est & effectuer simultandément pour l'ensemble des rimques de tagun & faire ressortir les éléments
essentiels pour pouvulir porter un jugement global,

Y. PERUVECTIVES

Neus ven'ms de voir comment le schéma proposé permet & partir du modiéle d'dclatemen. fourn{ par le
motorlste de déterminer l¢ niveau des risgues assucids,

Ce sohéma est voluntairement auss! simple qie pursible., Compte tenu des objectifs vimsés 11 ne nous sem-
ble pas scuhaitable de chercher A 1l'améliorer ce qui ne pourrait conduire qu'h des complications inutilea
et rapidement inextricabies. Par contre nous pensons que le type de moddie utilisé, blen que parfaitement
aonvanable car 1l gontlent toutes les informaticns nécecsaires, ce qui n'est certalnement pas déJA un mince
travall, gagnerait némnnoins h évoluer dans le sens d'une plus grande simplicité. L'snalyse de séourité
assoclée ¥ gagnerait en clarid sans perte de signification.

Incidenment i1 convient de suggérer l'utilisation du soréma proposé pour déterminer A partir de l'examen
des dégats prov.qués lors de tels phénoménes 1l'ordre de grandeur de 1'énergie des débris. Il y a 1i certai-
nement une source &'informations des plus utlles pour étayer les hypothises retenues sur ce point lors de
1'dlnboration de modéle de ce type.

Enfin 11 convient de no‘er ¢ie 1'enssmols des protections de type aatif, c'est-i-dire de blindages,
représente pour CONCURDE une pénalité de mamse de 1'ordre de 600 Kg. En fait, compte tenu de toutes les
protsations passives également adcptées et hien qu'un bllan exact soit fort difficile a établir, o'est une
pénalité globale ds 1'ordre d'une tonne qu'iis faut considérer.

L'importance de cem chiffrss qul traduit uutre souci de la sécurité sur ce point nous impose ds recher-
cher dos améliorations & cette £itustion. Naturellement ceci condult & poursuivre les recherches de maté-
riaux et de cunception de blindage plus efficaces, Mais simultanément ceci econduit également & revenir A
1l'origine de ces phénomines et & se demander sl des protsctions adéquates su niveau des moteurs ne sersient
pss en définitive moins pénalisantes au niveau global de 1'appareil.

51 de telles prutections pouvalent 8tie traduites pur des modifications significatives du modéle d'éola~
tement, le schéma propusé devralt alors permettre d'établir sur des boses aussi rationnelles qus possible
un bilan global de la situation. Ce schéma devrait donc pouvoir se révéler Stre un instrument valable pour
faire progresser nos conceptions dans le sens ri'une plus grands efficacité et d'une meillewre séourité. Je
pense qu'ulpu i1l aurait pleirement sttelnt sus objlectifn.
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AUTHORS;~  Dr. T.W. Coombe Ph.D., B.Sc., C.Eng., 4.F.R.As.S,
Head of Structural Development and Test.

British Alroraft Corporation Limited
Conmercial Adrcraft Division,
Filton House,
Bristol B3Y%9 7AR,
UNITED KINGDOM.

D.F, Vowles, C.E,, M.RAeS,
Research Stress Enginoer.

British Adrcraft Corporation limited
Comerclal Adroraft ivislon,
Filton House,
Bristol BS7Y 7AR,
UNITED KINGDOM.

SUMMARY 1~

Strustural impact damage by non-contained engine burst debris has becoms of increasing importance
for the airoraft designer in view of the number of seriocus incidents to large transport aircraft recently
exparienced, This has occasioned the publication of the new Hritish draft requiremants on "Nonecontainment
of Turbins Engine Debris". To dats, the effect of and resiatance toc such damage has not et becoms a
part of the major design disciplines. The paper outlines the requirements and the specified acceptaubls
levels of risk as applisd to m large subsonie transport aireraft, The resultant damage forms are discussed
and some teat detalls glven to illustrate the problems. Examples of engine {ragment dwuage potentials are
given with an empirically based equation relating fragment energy to target resistunca wr light alloy,
titanium and steel targnts.

Finally, twe typeu f dealygn solution mre discussed az applied to a large subsonic jJei tranaport,

1. Hpitish Draft Airworthiness Requirements

The problem of nonecontainment of engine burst debris becums significant to the aireraft designer
with the introduction of the gas turblne sngine. Recent experience of an increasing number of
serious incidents has led to the formulution by the CAA of paper No.513 "NON CONTAINMENT OF TURBINE
ENGINE DEBRIS", This is now ln it's Draft Issue 2 form and sets out the proposed requirements aimed
ut alleviating the disastrouy effects of the resultant danage. The essan~e of the paper 1s contained
in the following sxtract 1=

1.5. HIoH ENEROY HOTORS ~ NOM CONTAINMENT OF DEBRIS

1.5.1, JACTURBINE PROPULSION ENGINES AND AUXILIARY POWER UNITS

Unleas contairment of debrias 1s asswed, design precautions shall be taken to minimise
the probability of catastrophe being caused by non contalned debris in the event of an engine
rotor failure,

The requirsments go on to emphasise the neod for "maximum provection" and define, in rather
broad terms, the sccoptable lavels of risk related to selected debris forms.

"Maximum protettion” entails (a) an mnalysis of the complete A/C design, including all essential
components and systema to establish the single and multiple failures resulting from non-containmernt
wrich may have cstastrophic consequences and (b) an interpreiation of the snaiysis resuits o
determine the chances of a catastrophe, The requirements list 3 levels of risk as follows -

Dabris ejlected Acceptable risk of Ann% Masas
@ resultant %

atas

(1) gm‘h Fragrent Not more than a +3° fd of
[TH 1 in X chance Bladed diav

(11) Hultislo Fragmwnts Not more than a 2 " esch
' ’ l- discs. 1 in 10 chance .

(111) Plecen of Rinm Not more than o s 5° 1/10th of °
E.E EIE- !2[ 1 in 100 chance bladed dime.

The angular ejection probablility is taken as m.nuou ov-r the 360° arc of rotation and the
debris trajectory is tangential to 1t's C.0. redius., Figure 1 shows s simplified interpretation for
one case - damages to tha Fuselage.

The rangs of conditions to be covered by tLhe analywis includes the following 1-
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(n) Demage to Primary Structure and airframe surfaces (e.g. loss of structursl strength including
resultant deformation affecting aircraft control or operational range),

(b) Damage to other Engines, Services and Equipment, 1.s. flight and engine control systems, engine
fuel supply isoclation valves and their control, .

(c) Penetration of fuel canks lsading to fire.
(d) Effect of release of large mass of fuel on aircralt handling charecteristics und range.
(o) Incapacitance of flight crew.

While this swamary has covered .equiremsnts which are currently only !n draft form it semus
likely that 1t does give & good indicution of the type of requirements with which the designer will
be faced. It i3 apparent that some formidable new problem. are Lelng presented to the designer.

Damage Forms

The types of damage resulting from engine debris impact on normal aircraft structures at or
noar the penetrstion velocity involve significant and frequently extensive deformation, tearing
and splitting of the structure. One major determinant of such effects is the debris impact velocity
which can be related to the rotational velocities of the englie compressor or turbine.

Now the blade tip welocity will rarely exceed L6V m/s and consequently, a malor fragment, such
a3 & whole LP compressor blade, would have & CG translational velooity of approximately 300 m/s. 4
briel aurvey of the gas turbines in use would show that the impact velocities of such major fragments
generally range between 150 ani 3OO my/s while smaller Iragnents such as turbine blades may reach
LOO m/s. This suggests an inv rae relationship between debris sige und impact velocity.

Figure 2 1llustratea this relationship.

Imfortunately, most of the test evidence to date is of & military origin, nsvertheleasz it is
significant thut this velocity band is shown to produce the muximum dumage levels. .

heference 1 indicates that the marimum lateral damage caused by 0.3 and 0,5" ball ammunition
cccurs batween 272 and 5L% m/s depending on the angle of impact. '

Referance 2 {ndicateas thut the residual strength of s light alloy panel resches a minijum at
spproxirately o0, m/s lmpuct veloeity .

Devris at velocitles below 150 m/s will alsc, of course, inflict significant damage. Hecently,
a test bed incident demonstrated the need to protect the sngine intakes of a large supersonic transport
alrcralt against impact Ly debris which could be sjected forwards from the engine face at velocities
of around 50 m/s. This dobsiu was in the form of Llades weighing up to 2% Kg and, although the
trajoctory was leas than O to the target plane, they penetrated up to 3 layers of 1.6mm fabricated

1light alloy atructure ererging with sufficient residual velocity to damage structure outside of the
intake altogether,

Flgpure 3 shows the typs of damaye experienced on A typicual apecimen from the resultant test
program, The aevere "petalling® und "splitting” are clearly geen.

As an oxample of the magnitude of the problem facing the designer, it is worth noting that the
total number of test firings required to enable tha above alrcraft to mmet the draft lssue ) of the
new requirements (rather less acovere than the present issue 2) wxcewded 150,

It iz concelvable that if an established wnalytical method had been svailable, a large
proportion 1f not all of this tent program could have been v¢liminated.

At preaent nou generally applicable theoretical approach has besn evolved and, in view of the
sriables cuncernmd, such a technique may well bhe impractiocsble. However, with increasing
numbers of tests and actual incidents some derivation of empirical relationships should b~ possible,
which equate damagn form and extent to projectilw size, orientation, velocity and target material,
form, atiffress ate,

many v

Figure 2 1ista the variables sbout which data are required. It is unlikely that data collation
alone would provide gulfieclent bases for such relatlonships. A program of specimen testing would
doubtlesa be necosuary to r'i1l in the numerous gaps that must exist and to define the boundaries
of the various equation:,

(ne such un equation hus already been derived from the test program mentlonsd sarlier. This
i3 described in the following nection.

Fragment Damage Pot ntials

An imprezuion of the destruotive capacity of thi debris forms referrod to in the Faper is given
by Fi L, Hern the Iragment energy on irpact 15 plotled against the welpght of target material
roqﬂras To contain the fragment. Tho curvesz for J target metuls mnd 2 angles of trajectory are
drawn from the emplrical relationship i1-

E - L, Y. ‘L?

Cos“ 8
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EA ~  Energy sbsorbed by lenetration of the target

L «  Perliphery of the projected surfuce uf the fragment at lmpact. (Assuned constant at 800 mm
tor trd Jdlscs wd 'V mm for rim pleces znd blade),

T =  Dynamdc uheur strenygth of target material

t = thicknesy of target (usswidng the tarpet 1s u flat plate),
9 -

Angle of Frugment Prulectory to the normal from the target plane,

. Some test points are included indiecatiny that the relationship 1s good up to an energy level
at' 10" KgM. Above thiy point the massive {ragrent energy involved in testing would entall a full
order of iucrease in test rig complexity and cost, Also the problem of slmply how and to what ta
uttach the armour wssumes c¢onsideruble sipgnificwice, the dunper belnyg that such {mpact energies muy

Holodge the wrour and twr it fnto swn ejected "rragnont® in 1t's own right. This could form &
rajor pert of such a test progrumme.

lo amphasise the damage jotential of the proposed tragments, typlcal weights of heavy wing
wd tuselage surtscers e indicated on the dlayram giving some idru of thelir resprctive energy
at-zort ing capat.ilitivs by reading wcross from the Light Alloy curves. The resulting energies are
only approxirate ws both the cwves and the test results are only concerned with flat plates. The
stiffeners of the wing md fuselage (included dn the welght shown) may offer appreciably increussd
ereryy absorptior -iuc to their depth. lowaver, this does not uwlter the genersl inference of Fipure L
which 13 that even two or three layers of suc . atructure is not capable of stopplng the amullest of

the three Jebrls forms, browdly speaking, the deaigner 1 fuced with u cholce or comblnation of two
types of solutiorn 3=

a) to avold mutastrophdc reaults by desigy re-orientation or

L) tu contwln or Jerlect tho debris from ¢ritlcal arvss by the use of armour.

ey colution ()

Ir the ndreral't 1o ati]l dn the £0dtdal dendm atupes the desiymier has the ability to arrange
the alreradt luyout to locate oriticul volisen in uafe sreas wnd to ensure that the structurea and

cyetuns sare espatle of nbortdig Adwrape resulting from u atrike from u b‘d dlsc fragnent to the
atac durd demanle ) by the Fequlperonto,

A pousitle result of his efforts ‘s shown on Hfgro: L . Here a hypothetical subsonic Jet
trannport 1 uhowr, with protabtly the wilent range o m;mc{ problems likely to be encountered. For
the anke of Previty we shull only consider threats trom the Wing mounted Englnes. Firat, the fuselayge
hng benn glvern wn gpper bageaee hold with erargeney predoire bulkheuwds fore and af't spanning the

wrend Weler thrent frorm the fan wed tartdne dlases, A walkway 18 required with presswure doors for
corrcaieation batwenr the two halves of the passenger cubine To be eftective the walkway has to be
cloased for the majority of pressuriscd flight thus euttlny off the reur passengers from the forward
entin wii cockplt. Thiv manumes that (u) the dwsge occurs whet, the fuseluge 3i pressurised and (b)
rapid decorprescion of the funselmpe cunntitutes s catnstrophe., Exporlonce to date does indicate that
rost ddne fallures oceur durlng tuke oFf in which cane the fuselage 13 unpressurised. To what extent
shin order of protardlity (when statistically evalunted) will effeot the requirements i: not clear,
However, the jesdymer hus nlso to ghow that the atructure can support oay, (0 to A% of proof loads
with a very larg: anction destroyed in order to achieve & zafe landing.

The Pusela,ws ense 40w shown by the Single fragnent disgram (1) of Fig.'. Here the shell has
to te stle Lo contwir dummye inflicted anywhere in the shaded arva. A typleal effuct of &« strike is
Irdlcatet o Flpure 4, The solution can antail reinforcemunt of the sholl for some dlstance fore and
af't of the area wcer threat. he designer's cxlating "Fudl-Gafe" deslgn practice goes a econsiderable

way vowarii detarrdning the requircd structure but the oxtent of dwmupe porsible far excoeds that
expeected Ly a fatdmie faragel structure,

The behaviour of lupps stracturss wider 1o wuddenly irflicted with musalve damage is not yet
rlearly understosd,  While mwlyses bused upon fadl mudv experiencs can define otatic residual
strengthn, theae 4o not lnelude the effects of the dynamdc load re-distributions that would oceur.
It 15 evident that o M1l sesle resenrch proprumme 15 neodod to (a) detormine the full extent. of

durage due to n large fragrment ineluwilng axploslve de-compregsion f relevant wnd to (b) detarmine
the rozt efficlent structural solutiosn.

The wing stract.ee 1 normally multi apar, multi torque box conastruction and 8¢ present leas of
u problum to the dealymere  He must demonntrate, however, that any change in the wing aervelastic
properties dn rnot plage too nevnre restrictions on the aircraft speod and handling churacteriatics.

The fuel tanks and alreratt wyatems represont virtually tin two extremen with regard to pousible
aolutiona,

O the onn hand it is evident that fuel tankn outside of tho acceptud areas of risk cannot
survive Impact by any udgmificant debris without zome protection, because of the risk of (ire or

explosion. Tharefors in the contaxt of this desip concept all bays under threat remain dry.

On the other hand, if one system (including all stand-by versions) were Lo be confined in the
mirdimum arus of scceptable risk, am indicated on Fig.1. IMagram (111), then the letter of the
rorquiremants may be conaldered an havirg been mot, that 15 assuming thet loas of the complete system

st aits st it
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{5 catastrophic. Thin, howsver, would contravens one of the basic tenets of system multiplication,
{.0. dispersal of thy standby iystems remote from the primary system. In this case, the technique
would be to locate tau chandcy aystem remoio from the primary system sush that s complete h*d disc
whirling damster could puss between the two areas.

It is quite possible that the majority of such solutions result in weight or performance
penalties. These must b fully evaluated in urder to determine the viability of the main alternative
which 1a the use of armour.

Design Solution (b

Containing the two debris forms of Fig.1 requires armowr weights of between 1LO and 220 Kymz.
If these can be located close to the cjection source their aress are kept to a minimun. Alternatively, .
they may be located further away but {nclined 8o as to act more a3 deflectors than simply resisting ,
penetration. Assuming the inclination 43 60 reduces the mmour weighta to between 70 and 110 Xg/me,
The re location may also provide a batter anchorage for the armour as indicated in Figure 6 which shows
the posaible armour locations to cover the Single Fragmnt (1) and the Rim plece and guﬁde (414).
The threatened arna related to the Multiple Fragmenta (11) is also protacted againat sirike by one
of the $rd discs while the probablility of all three #rd fragments strikdng this sres must be regarded
u3 virtually non existent.

The problem of holding the armour suggests tha use of rings around the nacelle or inoreased
internal stiffening in the airframe. Elther of thase will increase the weight sigificanily thus
requiring acourate analyses to evaluute each scheme thoroughly. Evldence exista to show that the
dynaric strongth of materials is often considerably better than thelr atacic strengtns but specific
dat: wvhich to Lase such analyses 1s sparse, A research progrume may be wall Jjustified to obtain
suc! tae

There is little doubt that if a fully contained schame cun be proved viably then the end product
could be a much nore satisfactory sircraft from the operator view point. In this context, the armour
performance becomes of paramount importance and it should be noted that very little research has yet
been done to obtain essential data. :

Moat work to date has been concerned with militwry aircraft subject to gunfire demage which
involves small mass, hiph velocity projectiles (e.g. Ref.3). While tie results may give some
irdication of the ef{ects of engine bursts, the necessacy extrapolation is 30 considerable as to
require expsrimental confirmsiion.

In sonclusion, it can be seen that thesa brief and certainly not exhaustive notes cutline s
major extension of the designer's problems in the fleld of impact resistanoe.
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STUDIES OF ENGINE ROTOR FRACMENT IMPACT
ON PROTECTIVE STRUCTURE
by
G. J. Mangano
Nuval Air Propulsion Test Center
Trenton, New Jursey
08628
USA

SUMMARY

Presented are: Data compilations on aircraft gas turbine engine rotor ailures that occurred in U.S.
commercial aviatfon in 1973; the resuits of exploratory and systematic experimentation conduc:ed to pro=-
vide design guidelinzs for turbine rotor burst fragment containment; an overview of the analytical effort
directed tuward rotor fragment containment by the Massachusetts Institute of Technology.

INTRODUCTIUN

A seemingly {rruducible number of uncontained gas turbine engine rotor bursts occur each year in U.S.
cummercial aviation. The potential for catastrophy that can be associated with these events has prompted
NASA to sponsur the Rotor Burst Protection Progrem. This program was developed and iv being conducted by
the Maval Air Propulsion Test Center in conjunction with the Massachusetts Institutw of Teclnology. The
baric goal of the program la to develop criteria and data for the design of cptimum lipht-weight devices
thit can be used on alrcraft to protect passengers and vital parts of the alrcraft structure from the
lethal and Jevastating fragments that are genersted wvheén a gos turbine engine rotor bursts.

The {ntent of this paper 1s to acquaint you with the RBPP by:

-~ Explaining what motivates us to pursue chis effort.

Describing the test tacilities that were developed and are belng used to inplement the program.
= Presenting some of the experimental results that huve been produced.

- Describing the MIT analyticsl efforc,

Motivation tor the RBPP

Impetus and wot ivation fur the RUPF stems from the statistics of the rotor fallure situation or
problem in U.S, commercial aviation. The data that will be prasented un this problem comes from analysis
of Flight Standaids Service Difficulty Keports (SDR) that are published daily by the Department of Tranw-
portation, Federal Aviation Adwminilstration (F.ALA,).

It has been stated that an irreducible number of uncontained rotor bursts occur each year. In fact,
the data shown f{n figure ] indicates that on the average 30 unconteined votor burdts oceur sach year. A
more detailed presentation of the statistics on rutor burst for the year 1973 are shown in figure 2. Here,
the data is presvnted in terms of what part of the sngine was affected, and how many rotor failures and
bursts cccurred. A rotor burst being defined as a faflure that produced {ragments. These data indicate
that 170 rotor fullures were experienced in 1973, Thase tallures accounted for approximately 9% ot the
2848 shutdowns that were experiwiced by the gos turbine powered U.S5. commercial aircraft fleet, The data
shown in filgure further characterlizes the rotur burst prublem by identifying: what Lypes of fragmentes
are belng genera ed; where (n the engine bursts occur; and what percentiges of the bursts are nacontalned.
This type of dati. rerves to est iwlish where in the engine the burst problems exist and what type of frag~
ment has the most potential four dolng damage and therefore must be protected agalnst. This in a wense
directs our eftorts so that the most critical aspects and lucations of the rotor burst prublem sre addressed
by the program. The conclusion that we've drawn from these ard other more detalled duta is that rotor
burst in commerclal aviation is a relatively sizeable problem with putentially serious consequences - at
stake in the welfare and safety of literally thousands of airline passengers,

The question that wa've addressed ourselves to is this: What can bhe done to minizize or climinuie
ihe hazards and risks that are attendant to rotur burst? As we see it there ai> two basic alternatives:
The level of safety that Js needed can be achleved either through improved relfabillity or protection.
We've chowen to pursue that goal which involves developing methods of providing lightusight protection.
This positlon huas been adopted, because the statistics of rotor burst show that some limit to reliabi)ity
has been reached and we can expect to experience some minimum number of rotor fuilures each year. And,
in order to ensure safety sume measure of protection muet be provided.

Teat Facilities for the RAPF

From the outset, it was rucognized that extensive experiwventation and testing would be needed to meet
the goalw uf the RBI'P. Meeting these goals would {nvolve:

- Characterizing the burst and fragment control processes.

~ Conducting parametric studies to establish functionul relationships between significant process
variables,

- Evaluating the effectivene¢ss of various rotor burst protection devicer and configurationu.

To accomplish these tasks a Rotor Spin Facility was designed and constructed at the NAPTC. This
facility is smhown in figure 4. It consaists of & control and data acquisition area which houses the con-
trole and [nstrumentation used for test; and a test area which contains the spin chambers and auxiliary
equipment such as the vacuum and lubrication pumps.
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- The rfacility hes two spin chusbers, THe wmaller chamber

csn accom-
modate rotors up to 4U inches in diameter and has a vorking height of 32 inches.

The large chamber, shown
in figure 3, Lls comprisad of a hesvy walled (1 inch thick) vacuum vessel that {s protected by a 5 inch

thick laminated stwel lnner Liner. The working space in this chamber is 10 feet in diaseter with a height
of b fuet. [t wun desigined to accommodate rotors from tha largest aircraft engines tlat are made. This
chamber haw ports on ite walls for instrumentation feed-thru and vptical access. Typically the rotor to

be burst is suspended vertically from un air turbine drive motor which muunts on the chamber 1id as is
shown. A tawily of air turbine motors are available to produce rvotour speeds up tu 150000 rpm. To minimize
the power required to accelerate the rotors to fatluve, tie chumbers ave evacuated to produce ¢ vacuum of i
approximately 15 am Hg. The wain duta scquisition wystems used for test, awlde from those used tu woaitor :
tacility operational variables such as rotor speed, chamber pressure and the like, are the impact wtrain

measuring and high-speed photv-instrusentation systems, The strain sessuring system, which coneists of

balanced bridge millivolt signal conditionlng equipment, two dual besm oscilluscopes, and 4 l4-channes

magnetic tape recorder is 'wed to measure and record the strains that are induced {n the cuntainment and

defluction devices an a rasult of rotor fragment fmpact. The high-speud photo uystem is comprised of a

contlnuous framing camera and phuto lightiag uslt. The camera is capable ot producing 225 pictures as a

iraming rate uf 35000 frames per second. The lighting unit has an output of 12 million beam candlepover.

These are just sovme of the sulient featurvs of the $pin Facility; more detailed information can be found

in Appendix 2-16.

'

The experimental development of rutor fragment protection design guidelines, which is vhat this pro-
wram is all about, has progressed through two distinct phawes. The flrwt phase involved the conduct of
exploratory tests that were performed to determine what mechanlums were involved in the yotor fragment
containment and deflectlon processes; and also (v establish what variables significantly influenced these

processes. The swcond and current phase invelves the conduct of parametric experimantation to generate
data fur the desiyn of fragment containment rings.

Exploratory bxperimentation: During this plusc ot the progres rotor und blade containment tests vere
conducted using rings mdde from & variety of materiasls. The purpuse of these tests was to gain some in-
sight into the processes and mechanisme that were tnvolved in the containment process. High-supeed photo-
instrunentation was used to record the eveints that tuok place during containment. The photugraphs produced
were wiwlyzed Lo catablish both fragment 4nd rving behavior duving tie containment process.

1. Rotor Containment: In thewr experiments, turbine roturs were moditied to bursi into three equal
ple sectur fragments at a predicted wpeed and {mpact a freely supported ring that encircled the cotor.

. Figure 6 thirough 9 show selurted framus trom high-spead photugraphic mequences tuaken of zeveral rings
which dre in the process of containing rutor fragmentu., The vings vere made from « variety of materials:
4130 Steel; 2024-T4 Alusinum; Baullistic Nylon; and filament Wound Fiberglsass. These photographic resuits
show that the gross ring and fragment deformations are approximately the same for all the ring materials

" tented. The rotor fragments expurivnced deformations involving only the blades which were curlad and bent

while the diask portion of the tragment remained intact and suffered no apparent deformstion. Frame-to-

frame andlysis of the {ragment displacesunts recorded by the high-wpeed photugraphs vevealed that the time
that It took bl.de detformations tuv occur was appruximately the same regardless of the ring material used,
and varied only with burst speed. Blade deformition timew bDecame shorter as burst speed was increased.

The rings werv displaced and deformed to generaie the typical three lobed pattern associated with
Jefragment bursts; this is well fllustrated {n the high-speed photugraphs.

In all canes large displacements and detormations of the ring did not occur until fragment blade

deturmatfon was almost completod. Thiw indicated that relatively smaill force 1are generated by the blade
deformation which occurs during the inftial stages of containment. Based or enme vesults wome {mportant
observativas were made:

-~ The rotur fragment blades in their deformution do not substantially sbsorb much of the fragment
energy that must be dissipated during coutalnment.

-~ The blades by virtue of their length atd maws distribution serve oun'v to prescribe the location l

\ uf the fragment center of wass and the radial Jdistance through which the non-deiormable hub wmass must {

\ travel duriug the initlal stages of containment. These factors influence the trelectory snd oricntation ’
of the iragment during the latter stages of contalusent when proncunced ring displacements and stresses

are induced.

- Bacgune the blades deform mo readily, radlal c¢loarance effects are wminimized. Diffcrences in
rotor-tu-casing radlial clearances between experiment and actual turbomachine construction sre small com-
i pared to the blade length, Thercfure, the ring and fragment behavior observed during experinants usiag
radlal clearancws aw large an 0.5 inches would be representdtive of the behavior that could be expected
in «n engine whure rotor-to-casing cvlearances are measured {n thousandths of an inch.

: 2. Rotor Glade Containment: In these experiments, blades from turbine rotors were modified to fail

and impact containment rings made from 6061 (T6) and 2024 (T4) sluminum, Two types of rotor blade con-
tainment expuriments of Interest were coaducted.

- Single blade bursts in which one blade mounted on a rotor disk was wmod{fied to fall and produce
A blade fragment.

- Single blade burats in which one blade in 4 fully bladed rotor was modified to fail.

These blade burst experiments were conducted to study the blade snd ring interactions and deform-
Atfiong during the containment process.
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The results of representative blade-fragment containment experimeuts, which are in the form of
high-speed photographs, are shown in Figures 10 and 11,

Figure 10 dapices the waquence of events that occur vhen an isvlated blade is contained by & fresly
supported ring whoue thickness is repreusentative of an engine casing. The ring deformstion is seen to ba
local dnd extensive. The blade was deformed (n « curliog manner characteristic of turbine blales. Figure
11 shows tha sequence of eveurs that occeur when a blade from a rotor fails, impacts a casing, and intsracts
with the blades remaining on the rotor. Initiully ring deformation resembles that produced by the isolated
blade burst. This is reavonable because the rings used and the burst speeds are the ssma for each experi-
oent. But as time progresses, increasing interaction of the blade fregrent with the other blades is obssrved
and 4 faillure of the ring uccurs. This comparison provides avidence that greater forces and enargy transters
are lnduced by blade ilnteractivn and clearly indicates that the momentus imparted to tha bhlade fragment by
uther blades in the votor adds measurably tu itu destructive poteuntial. This imparted cnergy or momentus
must be considered in any desiygn analysis for blade containment rings or engine camings.

Rotur Yrugment Dellectlon Devicew

Protecting an aircraft trom rotor tragsent attéck through the use of partial rings, which wuld serve
to redirect tragment to lesws wwinsitive and vuluerable sreas of the afrcraft, is an sttractive cuncept,
sluve 4t promises considerable welight savings vver compiete ring wystems which are designed to capture or
contain the tragments. Two significdnt experiments huve been conducted to examina the feaaibility of this
cuticept and to study the mechanices that are involved {a the deflection process. ¥For the first exparimant,
two halt-rings ut equal size and welght were (netulled around a turbine that was wodified to burst in half.
Une half-ring wan weldwd (o a rigld mount at coe end; the other end wax free uf any attachment (hinged
nection). lhe other halt-ring was welded to rigid mwunts at both ends (fixed). This arrangesent made 1t

pussible tu ubnerve dtid evaluate the behavior of two different deflection ring configurations durire ~nc
exprriment .

The objuctives ot this experiment were tuv uxamine che feasibility of using a hulf-ring to comtrol the
trajectury ol 4 rotor fragwent and to establish what wathod of half-ring attachment would be sost effective
fur fragmeat deflection purposes. Selecced high-spred photographs taken during the experiment are presented
in Figure 12, They show that tlw rotor fruagaentes fspacted the half-rings close tu their puints of attach-
ment; this lepact wondition was consfdered tu be the worst possible, and thevefuvre, provided s rigorous
tent Ut how well *he half-rings fundtloned ax fragment deflection devices.

The tixed halt-ring expurienied tallurus near the points of attachment svon after impact. The fragment
did nut, a8 might be expected, enter the “protected region” an a reault of these fallures. Instead the

tragment cont inued to lnteract with the froeed ring section snd moved aloug what could be considered a safe
trajectory.,

The "hinged” lilt-ring belaved an anticipated: A plastic hinge furmed close to the attachment point
at impact, The halt-ring pivoted about this point, while 1t guided the fragment over its inner surface
slong a sate, contrulled trajectory away from the protected region.

The mounts fur both halt=rings falled during the tragment interaction. The rasults of this experiment
demonetrate conclusively that halt-rings can by used to pruvide suitable fragsent trajeciory contrel or
deflevtion.  However, the "hinged" halt-ring appeared to tunction move effactively. In addition, iC repre-
soited a lower weight and less complex coni lyuration. The sucond experiment was similar to the first invol-
ving the same type ui modified rotor end two Wteel halt-rings. However, the half-rings vere of different
welght (one welghlng approximately twice the uther), and they vere {reely suspended rather than being fixed
4t o or buth of thelr end points. The oblective of this experiment was to determine it the inertia of
s half-ring slone would provide the constraint needsd to control the fragmsnt trajectory. The half-rinx
welghts were ditfercnt to provide ditfurent Inertial responses to impact. Selected higkh-speed photopraphs
ot thin experiment are presented {n Figure 13,  They show that tie fragments struck the half-rings at
points considered to be optimsl For the evaluation uf thelr trajectory control capablilities.

The lighter or thinner of the twa halt-rings (buth half-rings hed the same int~rnal Jiameter and axial
length) deformed considerably durfng the tmpact process and offered slwost negligible resistance to frag-
ment translational motlon. As o result the fragment noved with considerable enargy into the region thst
was to be protected by the half-ring.

The hvavier balf-ring was also deformed during lmpact but not to the same axtent as the thin half-ring.
Fragment translatlonal motion was someviat arrested @s o result of the interaction, but the course of the
tragment was not controlled. Like the other fragment, it tuo moved into the region to be protected.

CONCLUSTONS

C R T o R PRI - TR A, bR k- - e S

Regording the Rotor Burst Fragment Cont.inment Process:

- In 4 contalnment situation Involving frugments fcom 8 typlcal axial flow turbomachine rotor,
blade deturmation conntitutes almost all of the fragment deformation that occurs; tha hub or disk portion
of the fragment behuves as @ rigld non-defurmsble body that causes distortjon of the containment ring.

The forces needed to deform the blades are relatively small, as sre the snergies absorbed by their deform-
ation., Thermfure, the blades on a rotor fragsent do not significantly {afluence the distribution of the
fmpact loads that are Induced in a ring (pruvided the ring thickness spproaches that required to effact
containment and the fragmeat hub to bludes maws ratio is large), nor do the blades absorb significaat
amounts of energy through thelr detormatfon during the containment process. The blades serve omly to in-
fluence the fragmenc trajectory during the initial stages of fmpact. This also seans that in cases where
the rotor tilp-to-ring clearance in small (test or operativnal clearances) the blade radial lemgth becomes
fn etfect the radial clearance that influences the orfentation of the hub or disk portion of the freiment.

- The amount of blade deformation sustained by the rotor fragmento during containment appears to
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be independunt of the hardness of the contaiament ring material. At squivalent burst speeds soft and hard
materiale ulike cause the gume type daid degrev of blade detormation.

~ The genaral displacement and deformation characteristics of containment rings, optinslly designed
tor welght reductiun and subjucted tu votor fragment attack, do aot significantly vary for riags made f{rom
witeriais having & «ide ran,? of strengtha and ductilitfes. The ring distorts to conform to the shape of
the undeformed disk portion of the rotor fragmsnt. The nuaber of ring distortion sites {s wqual to twice
the number of fragments attscking the coatainment ring. The magnitude of ring distortion, and the time {t

takes fur these distortions to develop depends un the ring wiss, material strength, thickness ur stiftness,
and the speed vf the fragments wt fmpact.

- The variablcs that appwar tuv dffect the containiwnt process mwst significently are:

(l) The burst speed

(&) The number ul tragmeats

(3) Thw blade tip-to~-hub diumeter ratic of the rotor tragmeuts
(4) The ring length-tu-thickness ratie

(5) The ring Jiameter

() The ring material

Regarding the Rutor Burst Fragment Dwflection:

= Kotor fragments can be affectively deflected (their trajectories contrulied) through the use of
partial rings of resasonable weight,

Parametric Experirentation: The parasetric rotur fragment contalnment experimentation evolved from
the exploratory tewting, which pruvided an understanding of how rertain variables siynificantly influenced
the rotor tragmeat containment process, The gual of the parametric study is tv experimentally derive data
that will provide empirical guldelines for rotur fragment containment riug dessgn. The approach taken is
to entablish & functivnal relationship wtween & measure of ring cunteainment vepability snd the variables
that cha «wterlze the rotor sand ring, a:d significantly i(nfluence the containment process. These elation-
ships, vuie antablished, will be the emplirical guidelines needed for contalinment riog design.

The signitlcant variables for fragment contajinment, as determined through experimental observation ure:

Rotor: Diamster Spued
Lenxth Material
Tip=to~hub-ratio Number and type of
Welght/inestia frogmerts

Ring: Ulameter Axial length
Kadial thickness Mater fal

For putposes ot developing the design guidolines and the test schems needed to geneuraie these guidelines,
& dependent varisble was formulated which messures the cuntalnment capabilicty uf the ring. This variable
was alled the specific contained fragment wnerpy (SCFE) and is derived vy dividing the rotur wnergy at
burst by the wetight of the ring required to contein this fragment energy. Thias variable is a combination
of several uf the wignificant variables, nsmely: The rotor mass insrtia and spesd; and & gross descrip-
tion of the riag in termas of its weight. The remaining significant variables becomse indepsndent or experi:
wmantal variables; that s, factors chat are varied from test to test to determine what influence these
variations have on the containment capablility of a ring,

The four riug and rotor varlables, vhich are being varied tu détermine how they affect the contsinment
potential ur charscteristic of the ring (as measused by the SCVE), are:

- The ring lnner dlametur: Two diameters, vae approximstely twice as large as the other (31.64 and
15 inchus), sre baing uoed tur experimentation with rotors having corrsspondingly laryer and smaller tip
diameters (engine turdine roturs having tip disseters of 30.64 and 14 inches, respectively).

- The ring sxlal length: Three axial lengths are being used curresponding to 1/2, 1 and 2 times the

axial lengthu of the large and smal) diameter svivrs (1.25 and 1 inch, respectively).

= 1ua nunber of rotor fragments generated at faillure: The rotuors are modified to fall at their re-
spective design speeds and produce ple-sector shaped fragments having included angles of 60°, 90*, 120°
and 190°, These are designated at o, 4, } and 2-tragment rotor failures, regpectively.

- The ring rajfal thicknens or vuter diameter: The ring thickness is being varied until fr

containment is achivved for all combinatfons of ring (rotor) diameter, ring sxial length, and t..
uf rutor fragments.

-nt
aumber

Other factors which will, in some way, influence the magnitude snd orfentation of the forces that are

developad and tha def wmations and diaplacements that sre sustained by the ring and rotor during contain-
went interaction are:

~ The mechanical properties of the rotor and ring matrrials.
-~ The fragment valocitise,

- The votuor-tu-ring radial clearance.

- The rceor-to-hub disseter ratio.

o e o 1
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Huwever, with the exception of the ring wditerisl, the variubility ot these tactors {s cuonstisined with-
in narrov limits by the dictates of good ssrodynamic, thermudynamic snd structural votor design. For all
practical purposss then, these facturs are wusantially constant from une turbomachine to another; therefore,
ttwre I8 Do nead tu vary them {n the expuriments beling conducted.

Althuogh the mechanical properties ot tha materials used to make the contaionment riagn can vary widely
and are onsliered tu be impurtant fectors {n fragment contseinment design, the ring naterial being used
fur the waperismats concurrently beiag cudducted are purposely the same fium one experiment tv the other.
later, vhen the ¢{fects ot the vther varlables hwve been wstablished, the intluence thut the ring ssterial
mwondiiival properties has on the fragment contalneent process will be studied and incorpurated intov the
asin budy of laformation that represents the guidelines for cuntaioment ring design.

b

Symupale: The pardmetric study consista of 4 serivs vl rotor burst contalnment experiments in which
roturs of tww dillerent diamvtery are modified to burst at thelir respective desiygo speeds into various
numbers (4, 3, 4 and 0) vi ple-sector fragments, These tragmeats impact rings wade from 4130 cast stee]
thdt ave f72.!) sy orted snd concentrically uncircle the roturs at & radial clearags of 0.% finches.
The ring axial lengtis are varivd in three discrete steps of 1/2, | and 2 times the sxial lungth of the
roturs sud thelr radial thichkneswes are varied until fragment contsinuwnt isx achieved.

e

Conceptually the relatlonship and thervtore the dwaigi guldelines developed through experiment could
take the torm showa {0 tigure 14, Here tle SUFE fu plotted apuinst the number of pie sactor fruagments
Kenvratwd at burst and the ring/rotor diameter. The rutor to ring axial length raciv ‘s the paramster.

The use ol these tunctlional relativaship curves to design sn opt imwm weight stesl ring for & particular
votur application can be described a3 fullows:

o

- unly two things must be known about the rotor prior tu the deaiyn anslysis:

(1) The kinetis waergy (Kky) content ot burst. 4
(L) Trhe size fncluding tip diameter, anial lungth, and hwb-to-tip diameter ratio.

The functional relationships between SCFE, the number of tragments énd rotor diameter vith the rativ %
of the Ting axial leagth to the rutur axlal length as the parameter, provide an indfcation of what the

worst combination of burst vonditions would be tor the wize rotor being coustdered; 1.¢., the lowest SCFE.

nce the value of SCFE ie ohtalned trom the curves, it is divided into the tutal energy ot the rotor at

burst. The result of this divislun (s the optisum weight ot steel ring required tu contain the rotor
fragments.

(1) W = Ky , l
SUFY

Thiv weight is used tn equation (2) to calculate the radial thick.esn roquired to ef fect containment.

5 1
o 1= rizo,.‘_‘i.. -y : ;
LRG N

P

Whrre:

ring radisl thichaness. .

Ty ving inner radiuvs, which tur prartical purposes, squals the rotor radius: Rotor-vo-casing
uperativnal clearances and <onsiderations of winimu ring weight (the waight of a riug
fu dirvwctly proportional to the square of its inner vadius) dictace that the ring and
rutor rad{us be as wguivalent «m puossible,

LKGC = ring axial length.

KER = rotur ensigy at burst. g .
i

SCFE = Specitic Contained Fragment Eneryy factor: The value takes from the curve in Figure l1é
tor the mize rotor baing conafdered; the nusher ol rotur fragments that result in the
wost adverse containment coundition (the lowest SCFE value in the SCFE-NF plane); snd

the uptimus ring-to-rutor axial length ratfo (LIL/LRT) which is represented by the
higyhast countour in Figure l&,

¥

1]

This general develupment and explanation of the data {llustrates hev the exparimental resulta are to :

be used by damigners to establish the weight and s{ze of rings needed tu comtain rotor burst fragments. p
Analytical Effort

As part of NASA's long range plan to provide design guidelines for rotor fragmsnt contsinmant and 3

control, the Massachusetts Institute of Technology (MIT) has been develuping modals aod mathods thatr will :

ba used to predict the transieat response of rotor fragment containment and control devices. The NAPTC
is providing experimentsl wipport for this activity. The cbjective of the MIT effort is to provide desig-
nurs (n industry with the analytical tools that are nesded tc develop optimus coutainment/control devices.
The accomplishments of the MIT Aeroslistic and Structures NKessarch Laboratory to date include:

~ A computer program, JET 1 (NASA CR-107900) tou predict the large deflection, slastic-plastic trams-
fent respouss of a single layer ring subjecred to a prescribed distribution and tiwe history of imitial

velocity and/oy external forcing function that simulates roughly the forces applied to tha “containment
cving" from & single-blade tmpact.

- A similar program, JET 2 (KASA CR-7280l1), that treats milti-layer, sulti-materisl, but isothermal

rings. In this progras, s more generel description of prescribed externally applied machanical forces {s
pruvided fur the user.
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~ The JET 3 program, a mure versatile program than cthese previously meationed that psrmils predictions
of large-deflection elastic-plastic transimnt responses of single layer, variable thickness complete and
partisl rings that are frae or supported in various ways. This program cakes into account various pre~
scribed initial velocity distributions and/or transient externally appiied loads.

~ A colliston laparted velocity muthod (CIVM) that is combined with one of the versions of the JET 3
program to produce the computar code CIVM-JET 4A (NASA CR-134494). Thim program permits tha analyses of
contaioment rings or deflacior responss to impact attack from ! to ¢ fragments esch having its own wmass,
nass moment of inertia, size, rotational velocity and translational velocity. Work is presently undarway
to wodify this code with an im'voved Llmpact subroutine, accommodation of ring support brackats and branchas,
and a wore comprehwnsive strair-diaplacement description. This imprived version is called the CIVH-JET 4B
Cude, and will be publishad 1o the fall of 1975.

The JIT series computer prograas have besan and are being used by fndustry for material scresning and
in support of parametric studies concerning the fragment contsinment deflection problem. A detailed descrip-
tive of thesse codes iw glven Ln Appendix 1. A list of published technical reports and papers that have
resultsd from the analytical and experimantal work is given in Appendix 2.
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APPEMDLX 1

SUMMARY OF THE CAPASILITIES OF THE CUMPUTER CuBeS JET 1, JET 2, AND JET 3
FOR PMEDICTING TWU-DIMENSI(MAL TRANSIENT RESFONSES OF KING STRUCTURES

This appendin Ls intended tu provide fur tha reader 4 convenisar tabulst sucaiiry of the principal
leatures aid capabilities ot the tw-dissssionsal transient largeu~delisction slastic-plastic strictural
respouse ring codes JET ]} (Ket. 15), JET Q (Ret. 16), and JET JA~3U (Kef. Z4) devvloped undsr NASA NCR
22=00N=339, The present code CIVM-JET-4A has been develuped by conblaing ths CIVM pr  edure with & mod-
itied version vf the JET JC tw-dimensiongl stywctural vespunse cude.

The JET ! code ot Ral. |5 pertalns to single-laver cvaplete, unilors-thickness, inftially-civcular
tinge of either temperdture-independunt uf temperaiusv-depwndent msterirl properties. These ringe may
be wubjected to prescribed: (a) iuitiel velocitdes, {b) trensient mcclunical losding, anc/or {(¢) steady
nonunitors temfwratures. The tinfte-ditterence awilud wmploved (n this code had been shown previvusly

(Maf. 12) tuv provide reliable prediciions tur the vese vt Lempersture-independent material propertive.

The JLT & code was written in ordes to vatwdd this tinite-dittvrence analysin capability v treat
sultiluyer rings -- cawes anticipated to be of juture concern. In the intervsts of efticlency and the
minimigarion of comjuter storage equiremente, tunperaturs-dependent material properties sud thermal loading
tuatures werv vmitted trom JET 5 4t these umitied teatures whould turn out toe be needed urgently (but this,
thus tdr, has not been the case), they could be added laster.

Siace the JET | and JET 2 codew pertained to initlaliy-circeldr, complete rings of unifurs thickness
whwreas thefu was interert also in varlable-thickiives, srhitrarily curved, partisl ds well sa complete
rings, the JET § series o codes wvas developed, To accommudate these latter fevdtures as well a8 & variety
ot typem ot (1} boundary conditivim, (J) cvlastic=toundation supports, and (3) point elastic supports, the
more vervatile tinfte-cloement anslysls procedure was developed and employed.  tor etficlency aud user
cotivenidiice, tuur versivne of U J&T 3 program wete Jeveloped; vdch version «ccommodaten both complete
tiugs and purtial rings. JET JA and JET 1B pertals vo unidtorm-tadchness, inltislly=circular viags, and
wmploy, respectively, the central-dittereiie and tlw Houbholt tinite-dlttervnce time operator; tor certain
vanen, the latter fintte=ditivreice time operatof mav permit sure cvunomic converged transient response
predictdons than the tormer, The cudes JET 30 and Jh1 3D wre cotrenpondlag cudew which accommudate veri-
able-thlokneun, srbltearily=-curved rings,

In all ot these codes (JET 1 through JET D), the stidwuli: (1) initial velocity or impulee cunditions
and/or (&) transient avchanical losding must be prescribed by the user or suslvst. The externsllv-applied
forces experiviced by 4 complety ur & partial ring from 1 ragment {mpact are out provided within theve codes.
The uner aunt supplv his own estloute ot the dintribution and time histuries “of thoue forces, However, 1n
the LIVM=JET-2A (ode, tragment/ring interactivi aiwl respunse effects are handled internally sutomatically.
tor the fdealized single-tragoent dnd o-trageent cases provided and discussed in Appendix A.

In cunvenient tabular turm, the principal fvatures and capabilities of the codes JFT 1, JET 2, and

JLT 3A-3D are given in the tollowing: 3
Feature L1 S GFT 2 JET A LT R 3T W JET 3D
(ket . 19) (Ret. 1h)  (Ret, &) (L' . J4) (Ret, 26) (Hef, 24)
Tyvpe vt Spatial
Analveis Formulation 1
Finite Ditterence | x x - - - -
Finite Llement - - % x x x

Type vt Finlte-Ditterence
Time Qperator

Central Ditterenie X x % - x -
Houbult (Backward
itterence) - - - x - } 3

Ring GLeometry

b

tomplete Hing x x x x

Partial King - - x x x x :
Tnitial Contiguration i
circular x » x % x x :
Arb. Curved - - - - x x !
Constant Thickness x n X x x 3 :
Variable Thickneas - - - - X x

Stngle layer ® x x x x x

Multilayer Hard-Bonded
(1 to } layers) - x

Boundacy (onditions

1dcally llu;md - - % x x a
Hinged Fixed - - ¥ x x x
Sywmetry - - ) x x x
Free - - x x x x
Uther Suppurt Londitloon )
Distrituted Elamtic !
Fuundat fon - - x x 2 !
Polnt Elamtic Springs - - x x '3 X

- [ T -
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Feature JET 1 JET 2 JET JA JET 3B JET 3C JET 3D
Macerial
Single Material x - x x x
Different for Each Layer -~ x - - - -
Homogeneous x x x x x x
Initially Isotropic x x x x x x
Tenmperature ndependent x x x x x x
Temperature Dependent x - - - - -
EL x x x x x x
EL~PP x x x x x x
EL-LSH x x x x 4 x
EL-SH x x x x x x
EL-SH-SK x x x x x x
Stimuli
Infttal Velocity
Arbitrary x x x x x x
Half-Sine over each .
of Selected Reglons x x x x x x
Mechanical Loading
Arbitrary Spatial
Distributton with
Arb. Time History - x x x x x
Half-Sine over each
of Selected Regions x x x x x x
Triangular Time
History x x x x x X
Arbitrary Time
History - x x x x
Thermal Loads (Temp.
Distribution)
Distribution Thru
Thickness x - - - - -
Time~Independent
Prescribed Circum~
ferential Distribution x - - - - -
Deformations: Kirchhoff “
Type Only
Small x x X x x x
Arbicrarily Large x x x x x x

OUTPUT INFORMATION

At Selected Tines

Energv/Work Type and Amount x x x x x x
Nodal Station Data
Locations ¥, 2 x 3 x x x x
Displacements - - x x x x
Moment Resultant x x x x x x
Circum. Force Resultant x x x x x x
, Circumferential Strajns
Inner Surface x x x x x x
yter Surface x x x x X x
Locvation where Prescribed
Value is bxceeded - x x x x x
At Cuertain Other Times
Time of First Yielding x x - - - -
Time when Strain First Exceeds
a Prescribed Vaiue - x x X x x
Pime, Leavation, and Value of
largest Strain Reached During Run - - x x x x
CAPACTTY INFORMATTON
aximum No. of Finlte-
Dttervnoe Stations* 100 100 - - - -
Maxinus Ne. o of Finfte
tlements® - - 50 50 50 50

» These limlts can be « friunvented by altering the dimenslons of appropriaie program variibles (sec each

Sorafu e Teteredoe) .,
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Cette étude analyse 1r ~u!dre cont les aubes rompues viennent frapper le carter moteur puis décrit
une ins2allation cd'esseis trés aimple ,srmettent o'envovar des projectiles & vitesse veriatle sur des
cidles reprégentant le certer.

Les osnain affectués ~ontrent le comportement aux impects 3 froid et 3 cheud d'un sssezr grand nombre
1e watérisux, qu'il <'agisse de matiitres corroyées ou coulées ausnsi Dien pour ces allieces n'aluminiur et
d= titane que pour des acisrs et des elliages de nickel ou de cobalt. lla mattent éqmlemmsnt en Avidence
i*influence oe la ricicité, de 1'épeisseur et cde la wasse oe la cible, lln «ont comparés 3 gqueigues esssals
A plus arende dimenaion efin cde ‘tuzer de 1'influence de 1'4chelle st de rieux anslvaer les déformations de
la cible en vue de rechercher une corrélation entre le comportement aux iwpects et les réaultats des s=sais
~écaniques classiques.

Cat enaendia d'wscels per-st enfin ce décmsqer un certain ro-bre de ricles qui psuvent servir de guide
au respanrasdle c-ar:é e cessiner un carter devant contenir les aubdbes,

s, MM ALY
e —

An ane’yeis —es been carriez out of t-e wey in wrich a ruptured dlade irpacts en engine case. Than
a sirole test tencn, wnich sllows to project pullets at @ varieble speed on a <vwail tarcet representative
of 8 cese, is cascribec,

Testes on veriocus vaterials soc~ es sluminum, titenium, iron, nickel end cobalt bese alloys in wrousrt
5r cest for~ ~ave bHeen conducted at room 8s well as at elevetsc temperatures. ("i« test is aleo able to
s~ow the influence of t-e stiffneaa, thicknmss and mass ¢ the target.

* Tow experivents wit~ larger projectiles ana larcer plate- sre currentlyv beinc parformed. ihay will
sliow to atudv t-e scale effect anc to sralyes more sccurately the strain distribution in tne taroet, thus
oivinc wlemants for some correlation of t-e impect behaviour of ~aterials with tneir classical mechanicel
propertier,

finallv our twet ailowe to drew o few cuide~rulen for the design of s blace containinc case.

02000~

1l est demandé sux constructsurs de turboréecteurs de csrentir que les cartars soient cepsbles de
contenir les gudbes de compresseur ou de turbine qui pourreient pour uns ceuse qualconque sa yompre. 11l
='scit eusti bien de ruptures de la pele ou de l'atteche sous 1'effet d'excitetions vibratoires ou de rup-
tires per fatiaue d pariir de tlessures provoquies per 1'sbecrption de corps étrengers, que de ruptures
oroduites par l'ingestinan d°oisseux.

in générel, les certers des étaces de corpresseurs haute pression einsi que les certers des étages
~ovenie pression sont cavedbles de retenir les sudbes qui sont de plus petite dimenaion et seuls les carters
des pre~iers 4%ages ce covpresseurs dojvent Gtre renforcés, Le probliwme le plus gifficile se pose avec les
arances subes Je¢ soufflentes b talons intermédieires mein des renforcements de carters sont guend sne
nfcesseires pour contenir les subes des prewmiers éteges des réacteurs A simple flux. Du cBté turdbine ce
20Nt les eubes les plus longues et 2 talons su nowmet qui w0nt éoslerent lms plus difficiles & comtenir
~ais certaines audbex b arende corde et avec pied d Achasse de la turbine “eutc pression peuvent nécessiter
des renforcewsant . de carters,

U'une ~anitre jénérele le difficulté mejsure vient des yrendes aubes de soufflante dont les diseansions
s'epprochent de cellas des hélices et qui ~omportent des telons interméaiaires {voir plenche 1), Bien que
le constructsur prenne le mexinum de précesutions pour que des rwpiures ne puissent pes se produire dems le
pied, le= rédglements imposent de consicdrer ls ces de ls sépazetion complite ce l'aube sunie de son gtteche.

L'examen cindmetographique des ruptures de pele sous l'effet d'une charge emplosive dens l'attsche
au 17'un tir d'oisesu wontre que 1'sube en se séparent du disque prend un souvement de rotetion sutour de
non centre ode grevité st viemt frapper le certer per le pertis messive de son pied. Le vitesse d'impect
oeut dépassar netterent 1a vitssse d'entreinesant tengentiells de son centre de grevité, Ainei le premier
impect est un impact 2 incidence proche de la normals svec une vitesse de )'ordre de grendeur des vitssees

ALY i e s &
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circonférentielles des subss, per exempls de 211U B 40U w/a, Un peut donc en déduire quas les certers de
cospresseur doivent résister B des projectiles présentent dss arftes enguleuses et de mBees caractéristiques
méceniques que les Subes, c'sst-d-dire environ 1000 MPe de charge de rupturs, snhvoyés b incidence normale

d des vitesses de l'orare de 3 w/s,

Ii s'syit alors pour Je motoriste de chaiair le utérhu' le misux adapt# pour le fabri-etion des
certers et de déterniner ls technologie et 1'épeisssur qui pesrmettent svec la mesne la plus faible de cortenir
les projectiles.

Uans ce but, nNous avons ontrepris une cempagne d'essais métsllurgiques afin de compersr le comporterment
d'un grand nomtre de metériaux sous l'effet d'impacts & grande vitesse.

N, T ATIUN DeE9sA

A partir de ces données, nous avons utilisé une instsllation d'essais trés airple permattant d'envoyer
des projectiies A vitesse #t in:linaieon varisble sur de« plagues. Lette instsllation comporte un dispositif
se crauffege as le cidble pour étudier le comportarent des matérisux pour carter turbine.

t'instellation (plencre ' comprend un pistolet de scsllement normalerent utilin4 pour fixer des pilces
a'ecier dens le béton, une cabine de tir avec les dispositifa de sécurité e~pAchant le tir quand la cebins
n'‘est par fer~ée, un socle orientsdble pour la fixetion de la citle ainai qu'un chalumeau pour chauffege
4ventusl de la cible jusqu’d 11N, Une caine de mesurs (planche 3) constituée de deux cellules pnoto-
slectriques et d'un chronovAtre “ochar donne la vitaase du projectiles pour chaque tir cer, ~aigré les orécau-
tions prises, i1 n'a pas 4t4 possible d'obtenir une relation e<ser précise entre la quentité da poudre dm la
cartouc~e et ls vitesse du projectile,

CHOTC N bR e T E

Le projectile utilisé est ur cvlindre de M +~ de dis~étre ter~iné nar un tronc de cBne b 9%, |1 est
réalied denc un scier b 1LCL YHg de c~erce de rupture et sa rmasse est da ' arermes., ‘vant de retenir cette
fore avec tronc 3& cne représentie pianche °, nous avons corparé aur une wme cible les effets des deux
sutres forrex ce projectile ce »@re ~gase, l'un terwinéd par une celotte apnérique, i'autre par une fece
droite crenfreinéa, [ontreirerent & noctre attente, le parforstion d'une cible en matérieu d fajvie franilité
e ou iisu pour la vitesse ls plus faible avec ie projectile b calotte apvérique tandis que 1a projectile
pointu ne perforait le cible gue pour une viteqse trés cupirieure, Ln constate en effet que ls forme spné-
rigue conna la pius feinle céformation & la cibic et perfores uniquemant par cisaillemgnt tencis que la
forma puintue déforee trén nettesent la cible avent oe la perforer. Loraque le ~atériau ie la cible 8 une
faivle cepecité de néformation, le projectils pointu provoque des crigues radisles en mettant en évidence
le comporteron’ frelile du matérisu, Le projectile sphérique su contreire conduit & un ossai de résistencs
4 la perforation per cisail.erent. Le projectile d front droit entraine de légéres défornations et 8 un
affet proche de celui du prorectile sondrique,

Nous n'avons pes retenu le forme spnérique estivent que le rupture par cisafllement pouvait feciiemant ce
géduire des carectériaiiques mécenicues clessiquer des metériaux et nous nous sommas intéruasés pius par-
tfcuifdrement, & 1'aide du projectile pointu, eu comportement fregile d qrende vitesase dn déformation,

FURWE 4 L& LIWLE
~nur une ~@~e 4peisceur 28 2.~ ~~, trnin formes de cibles ont 4:é comparées (planc-s 'V 3
-~ une plaqua forte-~en: nricée laissant libre une surfece circuleire de disritre goutlm de celui du
projectile,
- une plequn carczée fixée sur ses cOtés laissant lidre une surface cerrée de 9 ~+ x 9 ==,
’ - une plegque rectengulaire encestrée seulsant sur un patit cOté et leissent libre un rectangle de

)} v i we,

La pleant - e 4 ~ontre les réaultats odbtmnuas avec huit ~atérisux différents sllent de- allisces d'alu-
minjum et ce w@3ndpiue sux asllisnes re titene ¢t eux aciers. ‘n conatete que plus la cible est rigide, plus
les perfaration est fecile. \n vontrers plus loin gqu'evec le cible tréa rianide ls viteasss de perforetion
1'sDproche par exc’s ce ls vitesse de perforstion par cinaillemsent pur.

Ls planc~e ’ wontre la Séformetion ce la ciple en fonction de le vitesss, pour une cibie en alliage
trén ductile (sllieae 21 - 4 “g) peu encestrée. “ux tris grondes vitesses, on s une perforation per cisail~
lement pur sans sosorption d'énargie b di<tence 3 c'est le ces d'une balle cerforsnt une vitre en laissant
un trou blen rond, Aux vitesass plus feibles 4]l v e den déformations pris de l'iwpect ot 3 distance.

tour un acier martensitigus sy chrome molvbdéng venardium, nous gwvone fait verier les cerectéristiques
mfconiques en jousnt sur le traitement therrique de revenu, n congtete (plenche B) que pour cet acier
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40 COV 20 (Vascojet 101:10), le meilleur comportement s lisu pour une cherqe de rupturs d'au moins 12000 Mra
et que le comportsrent fragile n'est net qu'd 130U MFa, Ces esasis obtenus svec le projectile pointu et
une cible peu sncestrée, c‘'est-d-dire dens des conditions o’ le fragilité o le plus de fecilité ds se
manifester, wontrent qu'on psut obtenir une bonne résistance sux impeacts avec un matériau treilé & un
haut nivesu de cersctéristiquas mAcaniques, pourvu que se ductilité reste supérisure & B9,

INFLUENCE ODE LYEVAISSE'R

Les ssseis sur des cibles d'épaisseur variable ont £té effectués sur des alliages d'aluminium et de
magnésium cer nous voulions voir dans quellm mesurs on pouveit remplacer des certers mincss en acier par
des certers plus épais en sliisges légers foraés ou coulés, Un constate (planche 9) que ls vitesss r. per-
foration augmente b peu prés propartionnallament & la racine cerrée de 1'épaisseur ou encore gue l'énercie
cinétique 1/2 myZ entrainent ls perforation est proportionnelle 3 l'épais-eur ce ls cible.

5'41] s'éteit sqi de cissillement pur, l'énergie de rupture psr psrforaticr. sureit pu s'exprimer sous
le forme spprochés @

J,66 R x nde x @

~ R représentant la contrainte de rupture en traction

- nde la surface cisaillée per le projectile de diemdtre o sur une cible d'épaisseur e,

Cette Tormule aimplifiés admet que la contrainte de rupture per cissillevent 3 grande vitesse est
éoale b 667 de la contreinte ce rupture par traction et que cette contrainte de rupture se conssrve pandant
tout le déplacament de cisaillerent qui est voisin de 1'épaisseur. Catte formule downe une vitesse de par-
forastion proportionnelle 3 l'épaisseur.

Sur ls planchs 9 rous avons port4 cette vitesse de parforation per cissillament pur. Elle correspond
su cas DI toute 1'énercie cinétique cdu projectile est utilisée pour trouer la cible per cissillement,
Lhagua fnias qu'il y sura absorption d’énernie en dehars de ce cisaillewent, en particulier pour déformer
le cibla pré< de l'impsct ou 3 distance su droit de l'encastrerment, la vitesse de parforstion sera plus
élevfis. har contre, lorsgue la cible sers fragils, elle pourrs “volar en éclats™ en abrorbent moing
dt'énergie que pour la perforatior par cisaille~ent,

0n voit sur la plenche 9 que ls vitesae pratique de perforation ne descand en dessous de la vitesse
t~forique de perforsticn que dans ls cas des cibles rorpues svec un feciés fragile. Les fcarts sont les
plus cranas lorsque les cibles ant une faible ¢épsissaur car elles peuvent slors se déformer fortement par
flexion ; dans ce cas, 1'énercie abaorbfe peut au tots} 8tre 3 3 6 fois supérieure & l'énergie théorique
de cicefille~ant, sinai l'augrentation d'épeisseur est moins peysnte que ne le laissersit prévoir ls loi
de vitease proportiornelle 3 l'épainseur e qui repose sur ls théorie du cissillement maximum alors que
c'ast précisémant avec les fortes é&paisssurs gue la plus crande part de 1'éneruie sst absorbée par cisail-
lemant ; lorsque l'on dnuble l'épaisseur, le vitesse de perforation est multipliée par un fecteur plus
procne de 1,! que ce Z. Nous insistons sur ce point cer de nombreux auteurs en présentant des lois ol la
vitease sst proportionnelle 3 l'épaisseur, ne soulignent pas sssez le fait qu'aux faibles épaisseurc et
aui. feaitles vitesses les cihles peuvent absorber beasucoup plus d'énernie que per le seul cisaillerent
ces lods sont par contre trés utiles paur évsluer le risque de perforation, e la ~8=e fagon, on peut
prnser que =i une cidle et constitu’e ce deux tOles su lieu d'une seule d'épaisseur couble, les ceux
tSles, crice d leur plus grende souplesse, pourront ahsorber davantace 2'énergie mais il faut Btre trés
prudent dans Cette voie, compte tenu de la faible résistance au cichirerant cdes Glémants minces.

CUPARAL NN DEY MATERT AL A EVALYSEIN LINSTANTE

La plancre 1 rassemble un grand no-bre de résultats okbtenus avec une cible de 2,5 mm d'épeinseur
encastrée «ur un petit cOté ; quelgques résultats avec une cible fortement bridée ont é&té ajoutfs,

Mous avons classé 1ers matériaux en tenant comptr A la fois cde lea vitesse cde prrforation mesurés, de
la vitesss tnéoriqua de perforstion par cicsillement et des critires de frecilité, Les meilleurs résultats
rant ohtenus avec l'ewcier Vascoret 16UG traité A 1730 *“I'a et svec l'aliisge base cobalt HS 25, L'alliace
bease nickel waspaloy se place hien raloré une lécire fracilité intercranulaire n'entrai.ant pes de criques
radielrs,

Lumlquas essaix ont Até effectueés sur une cible durcie superficiellerment per une nitrurstion ce
i,1% =~ d'épaisseur sur la face receven: le projectile. /fucun avantesoe et -~8me plutdt une certaine baisse
ce résistence a #t# o-narvie par suite de las fracilité cu revBtement un peu 3 1’extérieur ce 1'i-nasct, 13
0° les déforr~ations ont lieu par extension, :'n peut penge: qu'en tir nbliques le nitruretion sureit apporté
un gvaniane,

SR R I

cm cianae~ent prrsart planc-e !V pmr-et une co-paraison “tes ~atérisur de messze splcifique Iiffirente,

“® primi’re ‘s-1ile, onne A la Fari- A 1'eeanel Ae tir nurf pleguetie ‘aiblersnt eaceiir’e nT ) (@ Der-
s ractisr car risatliecers, me ~2amprers Que ey ~etfriaur A ‘ainle -@ase apAcrfizie, n weit i 'aveniece Iue
fan ze.t tirer te- @llisies ~'@lartiniun pt e merRteium <Bme Could- et 2@ allisces re 21tane » contitinn
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de s'scco-oder d'une légire fragilité, Bien que les fortes #Apeisseurs écartont les possibilités as défor-
metion 3 distance, ces matérisux semtlent supérisurs aux aciers et surtout sux eciers inonydebles susténi-
tiques non adurcis qui se trouvent trig mel placés per suite de leur feible tenus su cisaillsment,

Ltes allisges d'slurinium ont 1'sventace d'8tre économiques st de bien "contenir® les projectiles
-#is 1ls risquent d'@tre fortement blessés 3 cause de leur trés bonne usinebilité et de leur faible sureté ;
leur ductilité médiocre pourrait 8tre un inconvénient lorsqu'il y a des varistions de rigidité ou d'épaisseur,

L.ette compsraison A m@me masse désevantsge l'allisge base cobelt K5 25 dont Is densité est 1Us plus

élavée que celle des asciers. tar contre cet slliege trouve son intér8t su nivesu de ls turbine per suite
de sa bonne tenue & chaud,

E20AL; Utim-acl & CHAUD

Lies tirs ont été exécutés sur des cibles cheuffées par un chalumssu en vug d'étudisr la comportement
des carters mais sussi des aubes mobiles forgées ou coulées, La plencne 1Z confirme ainsi le bon comportement
du M5 25 8 TUUY et 60G°C. Les essais sur matérisux pour subes mobilas montrent que la fregilité d tempérsture
arbiante de l'Udimet 70U forcé s'atténue trés fortemant d cnaud, L'Inconel 713 coulé est fragile 3 toute
tampérature ; melgré cette fregzilité, l'knergie absorbée per le projectils est tris supérieure A celle que
1'on déduit gu celcul de cissillement,

£ 3SAT e CATERTAUX CIVUSTTL

les tirs ont 6té effectués sur des plaques de 3UD mm x N mm, réaliséas en composites de différentes
“paisneurs constitués de couche- “e tissu de verre irprégnées de résines époxydes.

un constate (plancne 1)) co-me pour les aciers »t sllisqes quc la vitesse du projectile entrainant
la perforation n'sun~ente pas suaci vite que i'épaisseur de le cible ajnsi qu'il résultersit d'une perfo-
ratinn par ci~aillement pur, lci encore, aux faibles Apaisseurs qui correspondent & de faibles vitesses
“u pro‘ectile, On nhserve d'impnrtantes détériorations du ratérisu loin du point d'impect meis soua forme
e dfla~indane entre les différentes couches de tinsu, Aux grandes vitesses, la détérioretion est plus loca-
iisfe et 1'on peut penser que l'Anmraie sbsorhfe se rapproche du trevail de perforation per cisaillament,
Les essais ~ontrent 4gala~ant gue la résistence de la cible sugrente lorsque pour la m@-m %peisseur totsle
an passe re uned deux, puie 3 trois pleques superposfes, !l sppareit sussi que les composites considérés
réalisé- avec des fipres de verre £ se présentent sunsi blen que les rmeilleurs matérisux mételliques et
fpansent -Bre lécire~ent l'allisne de titane T{,nA) 4V, !l est vraisembleble qu'en faisant varier la
guelité des fibres et de la risine ainsi que la nature et le nowbre des couches de tissu, on pourrait ob-
tenir des résultats supérieurs. [1 serble qu'il faille rechercher 3 la fois des fibres plus résictantes
taut e congervant une certaine aptitude au célevinsde des couches. ine solution intéressente pourrait 8tre
cbtenus en renforcant une plagus de métal de feible épaisseur par du composite,

Paleaed u'e oAl . 3t 13ACTIuN A GHAGDE YITESLSE

il nous a paru intéressent sfin ce mieux comprencre le comportement sux impscts des cibles, d'étudier
l'effst e la vitesse ce zéformetion sur les cersctéristiques mécaniques de la matiére. Dans ce but, nous
avons entrepris - .r des éprouvettes cylindriques des esseais de traction A qrande vitesse A l'aide d'un
rispositif B eroslite ; les vitesses de déformation éteient comprises entre 10-1/4 st 103/g, la vitesse
aspplig.ée ~anc j’'easai clacsique de traction étant voisine de 11-1/s. L'exploitation a €té effectude 3
cartir de la cinénstoorsonie A aqrande vitesse. Un constets gue pour la plupart des matérisux, ls charge de
ruptur~ & tencance ) aujmenter sux nrshdes vitesses slors que l'sllongement réparti diminue ou sugmente
ruivent les matériaux (voir plancnes 1< et 145), Cette exploitation a été décevente car slle n's pas permis
#'expliquer le plu~ ou moins bon comportement des matérisux constituant les cibles. Il est toutefois A
syiraler gue 1es 2Afnr-ations ne sont pas uniforrmes tout 1= long de 1'éprouvette, la mise en déplacement
se faisant procreqsiverent avec nropacation d'une onde plastinue ; d’autre part le mode de déformation
wnitirectianrelier est trés ciffirent ce celui des cibles qui est bisxisl voire mBme triexial au droit du
cartect "y crojectile,

NS SCLAPIRGArL) W R SV ALMTYLY )

Les moeaic nrégentés concernent le tir de projectiles de ) gremmes et de 8 mm de diamdtre sur des
plagues piu~ 2u =oins encaitrie~ e £,5 rn d'4psisseur en acier ou dm plus forte épaisseur lorsgu’il s'agit
ar ~gt"risur r plus fginle magear spécifiqur, | &3 perforations ont slors lisu pour des vitesses comprises
mntre % et Y =/, Nous avans ~ontré que plus la vitesse du projectile augmente mains la cible absorbe
1'4ner:ie V ~istance et gue i la cible n'ext pas trop freaile, l‘'énernie absorbés correapond slora eu
trasai: 7e perforation nar ricailleament en poinsnnage. U'sutres conditions d'esssis conduirafient & une
Areraie aLanrhAe 1'gutant puaus Jrende que la cible pourrait se aéformer 3 distance ; le probldme se
co~pligue car le~ facultéa de défor-ation c’une cible aépendent non seulement de «a ductilité et de ss
117173%¢ »n flexinon, ~gi- Bussi Ze (i@ viterae cu projectile, tn effet, les forces d'inertie de las cidle

‘hpprent sus 7TApisce~ent- ) crendes vitezr«e que voudreit lui imposer le orojectile, En plus de ]'énergie
an-arrée nar kfnr-gt.an, intervient alor- le notion ¢'énmrgie de mise en "ouvement de la cible, 2ux grendes
iiteanc catee Snersis deviert trdq jrportente &t 2out 30 pevse cn™=e ai le rigicdité ce ls cible suamenteit.
® ‘tesiim =» la cinle pTéi-entie tlocere T flluntire ce prrtronine,
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L'snslyse ces conditions d'esseis est simple lorsque 1'on considdre le perforation per cissillement ;
on gffet le vitnrse de psrforstion se déduit de le forsule :
1720V o 0,66 A, ¥ c o ?

54 on conaidire des projectiles de dimension varieble mais homotnétiques, leur masse veris svec le
cube des dimensiona, L8 vitesss de perforetion prend slors la forme

2 °
vi e k., ¢ ou sncore V  proportionnel 3 N
a? d

o représentart le cis~itre du prujectile ou simplement une dimension lindaire.

I1 suffit ainsi cd’augmenter l'épeisssur de le cible dans la ~8me repport que las dimensions du projectils
pour conserver la =@me vitesse de perforetion per cissillement, Cowms dens ce ces le cible devient plus
ricide cn peut s'attendss on nratigue & une plus faible énergis sbsorbée per déformstion ; pour éviter le
perforstion {1 est donc nécessaire d'augmenter 1'épeisseur de la cible un peu plus fortement que les dimen-
sione du proiectile,

Lorsque 1’cn veut comperer des cibles de mB~e nanse mais oe messe spécifique p oifférents, il faut
cans la formuis précédents noter que l'épeisseur e varie comma 4/p ., L'énargie sbrorbée par cissillement
ect alars proportionnelie & n/yﬂ orendeur particulidrement élevés pour las matérisux 3 feible dereité,

Jur la plencthe 1, ltexpression “e? gui verie comme R/P" montre 1'évolution de cette grandsur pour
iss metérisux considérés, ifanelons D ce propos que las alliasges magnésiurm litnium encors plus lécers done
nareient das veleurs ae résistence au ciseillewent trés supérisures.

four une meillaure précision dena le celcul de l'énsrgie absorbée par cissillement, il sersit néces-
seire n'effectuer ces ssssis de coinconnags 3 grends vitesse maia nous pensons que pour des msatérisux suffi-
samment ductiles notre estivmation UJ,%6 P pour la contrainte de rupturse per cineillement reste scceptable,

L'estimetion ce 1'énergie adsorbée per déformetion 3 cistence sembis difficile 3 atteindre per le
calzul et nous evnns vu qu'elle peut Btre N fois plus élevée que 1'énergie ve poingonnsce cans le ces des
cibles ce faible épaisseur, Le quelité A recrercher pour uns cible eat une cnaraoe de rupture élevée alliée
3 un bon allongement réperti, l'sllonaement locelisé su droit ce la striction ayent peu d'intérdt,

hous avons peu perlé ces ruptures frecilss qui viennent limiter 1'énergie ebsorbée par le cible cer
les tirs avec projectile pointu sont particulidrement spten A mettre en évicence cette fragilité ; gréce
d ces assais il est trés facile d'écarter lss metérisux fraqgiles & 1l'impact et {1 n'est pas nécesssirs de
rechercher une corrélestion sntre cette frecilité et ces carectériatiquas mécaniques telles que le résilience
sur éprouvette lisse et ls ductilité dens un essai de traction biaxisle,

QECTANANGATION , U3 LA TINCERTION D't CAHTER DEVART CONTENIR LES AUBES

L'ensenble des ensain présentés et leur analyss permettent de déqager quelques idéer simples pour la
concaption des certers, iIn & vu cosbien {1 est important de rechmrcher par tous lés moyens, A retarder le
prrforstion per cissillerent en favorisant su maximum l'sbsorption d'éneraie per déforration ou, dans le
ces de m~atérieux corposites, per déleninene.

tour "retenir® les acbes avec un certer de mease mirimels, il est nécmssaire de rendre le carter le
rlus socuple possible A la maniére d’un filet, en évitant su maximum tout ce qui peut apporter cde la rigidité,
t'idéal consiaterait en un cylindre d'épsisseur conatanta ou évoluant lentement, relié des fecon scuple ou
flottante 3 le structure rais ls technolooie s'ocopose générelement d cette configuration. Les brides devront
8tre congues avec le minimum ce rigidité, par exemple grice d des fastonnages, et avec un reccordement trés
pracressif & is pertie cvlindrique car toute zone rigide favorise la nerforation par poinconnaae.

Lorsque des renforcement d'épaisseur sont & prévoir sur un carter pour contenir les subes, ls répar-
tition de cette masse doit 8tre utilisée efin de niveler sau misux les épeissaurs en vue cd'sboutir A une
rigidité plus uniforme, Hien souvent, il ssrs préférable de concevoir un carter c¢'épaisseur minimale asaurent
junte les fonctions technologiques et aérodynamiques et de prévoir d l'extérieur un deuxi?me carter d'épeis-
seur constante 2 suspension zouple constituant un véritable bouclisr., Cette solution apparemment lourde car
deux tOles séparées sbeorbent moins d'énergie par cisaillement qu'une tOle unique d'épaisseur double, présente
1'avantace de fevoriser le “piégeage” des projectiles dans l'enceinte comprise entre ler ceux parois esu .
lieu de les conserver ders la veine avec le risque de provoquer la rupture cde tout 1l'aubage ; en outre cette
solution permet une tris bonne absorption d'énsrgie per déformation du bouclier.

Le ces d'un carter en deux parofia montre qu'il ne suffit pas de contenir les projectiles par un
carter unique perfaitement réajatant «ans se préoccupsr ge l'dvecustion das projectiles. Le probléme doit
8tre exariné sur un plen plus 76nérel qui déborde de notre étude, en prenant en compts las phénomines de
aétérioration en cascede et de bourreqe ainsi que les possibilités d'orienter les projectiles dens une
enceinte ou cenas une nirection ol ils ne seraisnt pas dengereux,

AT .
ERCIUL S T W

« le suite 1'easeia tec-nolnqiques trés <i-vles de modelités verites meis effectuis sur une arende
1iverai?é ne =-atériasus nous Bvne pu “'une ~eniira tris preg-etigue “écener un certoin no-bdbre 4°’'tafes
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sirples pour ‘uger c¢e 1'sptitude ces metérisusx b bien réaister eus impects dens le Jomsine des vitesses
corprises sntre 2.1 et 15 m’s et de l'importence des effets de rigicité et cd'inertie de lo cible, Ceos
quelqgues notions woivent servir de guice A l'inaénieur c'arqé ae croisir les retérisum, et lms conceptions
tec noloziques les ~ieun edeptées pour les certsrs devent contenir Les autes,
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INFLUENCE DE LA FORME DU PROJECTILE 3
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DISCUSSION SUMMARY
by

.G Avery

Prior to the start of the discussions. the meeting was priviledged to view s US Navy filin on the impact damage
to wrcratt wings, Aindhy doaned by Mr T F Kearns, Chaseman ot the Structures and Matenah Pancl. Thos film showed
the hind ot battle damage which had been sustined on the older 1ype of mircraft wings with light skins stiffened by
nveled strmgers over a sub-structure of nbs and spars This could be compared with the damage sustained on more
madern wings, with heavier shins on g highter substructure. as demonstrated on 4 test wing which was Joaded and
then impacted by tepresentatine projectibes.  These tests showed cleatly that catastrophic talures could occur it
the mitially apphicd stress kevel was high enough, so as o reduce the corresponding cntical crack length below that
produced by the projectile tmpact.

DISCUSSION FOLLOWING SESSION |

Avery (Boeing): | would hike to start the discussion perod by reviewing some of the things we heard in today's
presentations. The importance of establishing o design methodology for design of impact Jamaged structure was
emphasized and 1t was ponted out that this should be done within existing structural integrity procedures. 1t was
also mentioned that ventied analytical models must be made available for use in design. These models include
damage prediction and residual strength prediction. 11 s important that these models be formulated in, terms of

the parameters used i design, for example material selection and geometric definition. We heard some good examples
today of models which reflect this, But the models must also reflect the threat parameters as this is the other side

of the problem.  These parameters include threat type and conditions of engagement.

In the presentation today, we heard descriptions of several analytical models that can be used in design,
including:

1) hydraulic ram pressures,

(21 structural damage due to blast and fragments,
(3) finite element applications,

(4) overall vulnerability assessment

All of these are the very things that must be addressed in impact damage tolerant design.

There are several interesting things that we did not discuss this morning and 1 would like to mention some of
these for your contemplation. One is criteria for impact damage tolerant design. For ¢xample. operation in a
hostile environment will generally be determined by a procuring agency rather than the designer. But assuming that
such.operation has been specified, how do you formulate this in terms that a designer can use? How should the
criteria be formatted and what should be specified? It's clear from today’s presentations that the threat is important
and this must obviously be specified.  Also the conditions of engagement, i.e., projectile velocity and obliquity,
affect the damage size. Consequently. criferia must address engagement conditions.  The load acting at the time of
damage imposition is a factor that must be specified. as well as the residual strength required after damage. There
dre interesting and timely questions that can be asked concerning the appropriate way of specifying these criteria.
Should they be specified in probabilistic form, for example, or should worst case conditions be used? Should you
require survival against worst case damage and worst case loading acting simultancously, or should one back-off
from this? .

Another arca not discussed was repair of structural damage.  The airframe is always damaged to some extent
and the queston of repair ciiteria becomes very important. When a damaged aireralt retumns to base in an all-out
war situation. under what conditions can 1t be returned to service and what conditions dictate repair’ How does
the structural destgn attect the capability to repair damage”

We did not discuss penetration capabihity but we will icar o good deal about this dusing tomorrow’s session
on engine debes  The question of whether or not a projectiie penctrates an clement of structure 1s an eatremely
important aspect both of structural valnerability and ot vulnerabibity in pencral. However. there are substantial
data avadable tor predictmg penetration an aorcratt matenab by bullets, at feast, o | think 1t was approprate to
concentfate on other arcas timday

And hinallv | would appecuuate any comment vou mght Baswe comcrnmg the conlent and {ommat of The
AGARD Drugs VMonual oo Impact famage Fedetamoe of Strotutes. abach a curreath heng proeparad
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Hakell (BRL): Regarding the threat, this depends on the project manager’s view of the usage intended for the
arplane At BRY. we have taken typieal battle fickd scenanos and used these 1o develop critena that the arcraft
must meet. For exampie. 1f the attacking weapons were a certan distance away we would know the slant range
and therefore the selocty  So we have required « certain degree of invuinerability to projectiles at a specific slant
range and we have selected a variety of sttack onientations for which the aircraft is cvalusted.

¢

Avery (Bocing): Then | think an important comderation s, having done that, how does one formulate this into
3 cniteny that s desgner van utthize

Haskell (BRL): Well, damage can be estimated analytically or from test firings. once the engagement conditions
are specitied  We require knowledge of the loads in the stringers, longerons and skin, and we compare these loads
with stresses calculated from our analytical methods and require that the aireralt avoid catastrophic failure.  It's
tairly casy to follow this procedure

Avery (Boeing): 1've had some expenrence with a criterta speatication of this nature: An HE projectile threat
was spectiied 1 was abo spectfied that the damage location and size was 1o be the most severe case. In addition,
damage was 10 be mtlicted Junng a 4 manuever. and limit fosd residual strength capability was required. Finally,
4 261 retum-to-base cntena was imposed. This cntena i specitic enough so that 1t allows 4 designer to produce an
wrirane that will comply, prosided he has suffivient data on weapon termunal effects and structural response to
bachstic impact. In thns partaicalar case, the criteria spectficd mposed a 3077 weight penalty.

The paint that Pmodoving at s that all design s driven by cnitenia, that are hopetully specified initially. It
mmpact damage tolerance consderations are ever to be incorporated mto aircralt design, criteria must be effectively
tormulated and transmutied to the designer. 1 think there are many questions that must still be resolved concerring
the development and unplemientation of criteria. Probably what must be done is 10 initiate studies to establish the
etfect of unpact damage cntenia on gircraft weight, cost and repairability.

Harpur (BACY: Ot coune. we have a simlar situgtion regarding other types of damage.  'm thinking of the
tal sate critersa tor gircvaft. Rather simple critenia have been formulated saying that the aircraft shall sustain loss
ot a sngle primary structural element and then sustain 8072 or 10077 limit load (depending upon which side of the

Atlantie vou happen to ressde!). | don’t know whiether such simple criteria can be applicd to damage from projectiles.

I have a rather unpleasant feeling diat one could have very complicated criteria indeed because of the variety of
possible threats. 1S likely that, it one attempts to cover these in an overall manner. the designer will be faced with
an almost impossible task. 1 wonder if any one has any ideas toward developing simple criteria, that might at least
sy that wircral? A was as good as aircratt B?

Squadron Leader Perry (RAF): My interest is mainly in the repair of battle-damaged aircraft and we have tried to
establish some simple criteria 10 assist us. Here we have to take a returned aircraft that has been damaged and
determine whether it is (it 1o Ty, My concern is not with the valnerability of the aircraft. What we hope to do
s 1o produce a Manual for the airctaft maintenance engineer to use. We have decided for the European war situation
we will only require a maximum of 20 sorties and we will accept a degradation in girworthiness such that we have
an ultimate tactor of 1.0 rather than 1.5, We assume typical damage and we aim to specify the maximum amonnt
ot damage that the gircraft can sustain without having to be repaired. using simple repair techniques that we plan to
develop. We have three categories:

(1) Aircratt will be permitted to fly with a reduced safety factor up 1o its full operational envelope, say 7-g

for a ground attack aircraft,
12y Aircraft can just release its load, say 3.S-g.
t3)  The final category, that would just permii the aircraft to fly back to a rear repair base.

So we feel that those are rather simple criteria and we hope to produce a Design Manual in about s year's time.

Avery (Boeing): This work on repair would be ot value tor inclusion in the AGARD Design Manual and we
would be very appreciative of any information that you could provide.

Shaw (RAE): | think the mont umportant reason tor including separ in the AGARD study s that sty not just
4 matter ol repanng damage. rather the important consderation s 1o reduce the repar problers Theretore reducimg
thy extent of the damage it ponable
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Avery (Bocing): That 1s & very important point.

Squadron Leader Perry (RAF): Another point that | would like to make 1s that we don’t want slightly more damage
tolerant aircratt that are much more difficult to repair. Honeycomb, - Tor example, is nearly impossible to repair.
Ancther thing that we would hke 1o see re-adopted 1s the transport joint. We saw the skin/stringer configuration

in the film and those aircratt were all constructed with transport joints and structural elements were casily replaced.

U ntortunateis, 1t seens that today all aircratt are made 1 one piece and this makes repair difficult. If we look at
something hke the Harrer, whach s operating away trom the main base, the amount of available facilities is extremely
Imited and we see vanmbalization as an cthicient means of repair. The Harrier wing can be renioved in a matter ot
hours.  This was not the result ol battle dumage considerations, it was done to change the engine. But it it can

he done on a weight conscrous airplane hike the Harnier, then it should be possible on all aircraft to change all major
structural elements and we see this as anaimportant constderation in repair.

Avery (Boeing): While we are on the subject of repair. v there any comment on fiber composite structure concerning
1y case of repair relative o metal structure”  As far as bullet unpact is concemed. composites tend to show localized
damiage. as opposed 1o the response of a matenial ke 7075-To that often shows substantial cracking well beyond the
unpact pomnt. 1 would suspect that this one factor nught be an advantage, 1e.. smaller damage size.  But damage size
i not the whole story by any means, because one must consider the technique of repair and even the question of
whether repair s even feasble n fiber composite primary structure. There has been some rescarch in composite
repair. even including the development ol a field repair kit

Squadron Leader Perry (RAF): Thos 1y certinnly the thing we are looking for. We are fooking at the possibility of
SN composites to reparr metad structure. How practical it is we don't know.

Haskell (BRL): Do you think there s enough data available on repair of composites to include treatment in your
Design Manual? Conmider blast damage, tor example, ihat might rip oft an entire panel.

Avery (Boeing): | agree. At best, all we could-do is mention what work has been done.  Actually, in all these arcas,
we're trving to put gvarlable data mto a Design Manual that will get wide distribution and will hopetully be placed
on the designer’s bookshelt. 1t there’s lack of data 1 think it will be quite evident and making this lack visible is
another objectine ot the manual.

Harpur (BAC): | would hike to add to that, in that | think the AGARID Manual activity should be a progressive
thing, so that subsequent information can be added as it becomes available.  As of today, we don't know everything
about this subject, by any means.

Avery (Boeing): | had a question for Mr Massmann, concerning the relative performance of honeycomb structure

versus skin stnnger structure under blast attack.  As 1 recall, as far as panel deflection was concerned. the differences
between the two was insignificant. Do you feel there might be a difference with regard to failure at the attachments
to spars and nbs? Would the stitler configuration transmit more load to the attachments and induce a failure there?

Massmann (FABG): | think the stitffness of the pancls is not important as far as the loads transmitted to the ribs
and spars is concerned. You must carry the entire load, so perhaps vou may have an altered distribution. but the
average value will be approximately the same. Another point is that the load distribution can be different between
honeycomb pancls and the stitfened pancls. For example. the ends of the honeycomb panel can be attached
ditterently than possible for the stiffened panel. Stitfencd panels can be riveted separately. a practice not feasible
with honevesinb panels. For ddnage tolerance, it is best (o have manv panels and this principle cannot be applied
with honcycomb.

Avery (Boeing): So vou feel that other tactors being cqual, the most damage tolerant approach is to use stiffencd
shan rather than konescomb, an segard to blast response”

Mawmann 1IABG) | think o There are sdditional ctfects with honescomb,  For example, with a tuze delay
sach o the overpressute ovcuns between the honeycomb tacesheets, seny large damage reselts. This doesn’t occur
it dened panci desgns



Perhaps ! may make some other comments regarding the structural design.  In wing structures, for example, it
B most unportant to mvestigate damage tolerant configurations. A twe spar wing with one spar destroyed has very
httle structural capability. If you increase the number of spars you ca:t obtain improved damage tolerance.  However,
it the additional spars result in spacing that is too close it is possible (hat all the spars can break. So these is an
optimum value and | think these values should be in the design manaal.

Avery (Boeimg): | agree. 've done studies of this sort, and this can be a big factor. It also involves considering
the size of dainuge that can be imposed by the given threat and superimposing this on the proposed conliguration
to deternune how much of the substructure will be damaged. Now. when you mentioned inclusion of this in the
evgn Manual. dd you have 1n nund actual numerical results from studies that you are aware of, that could be
made available. or were you thinking of 23 more general treatment describing how such studies might be conducted?

Massmann (JABG): 1 believe there are some existing results that could be made available. This might be supple-
mented by new cakulations.

Avery 1Boeing): We Jid a brie! study once on the effect of number of spars versus the weight penalty associated
with making a specific wing contiguration invulnerable to a high-explosive projectile threat. The weight penalty was
reduced substantially in going from two spars 1o four spars. However, the weight penaltly began to increase beyond
four spams, 1.e., the penalty was larger for the S-spar configaration than for the $spar configuration. The reason for
this was the fact that the threat could severely damage two spars i the S-spar configuration, because of the reduced
swparation. As we mentioned this moming. there are at leas! three design techniques that can be used to improve
structural survivabilily, namely:  reduce the probability of hitting critical structure, improve damage resistance, and
anprove damage tolerance. | think the example that Pve just discussed is an application of the fint technique, ie.,
reducing the chance of damaging critical structure.

Haskell {BRL): | have two questions, one tor Mr Avery and one for Mr Kardels. in your paper. Mr Avery, you
referred tu damage resistance and damage tolerance. Are these exclusive of one another, or is damage resistance or
damage toleran e ulimately the more important? 1t may be possible to get an unfair picture by attempting to
assess damage resistance relative to damage tolerance.  Is this what you were trying to point out. that the end
product was really the damage tolerance and not only the damage resistance?

Avery (Boeing): No doubt about that. With regard to strength, the key factor is the tolerance. as this is the strength
of the structure when it contains a specified amount of damage.  For example, a classical method of improving
damage tolerance s 1o increase the number ol load paths. The first priority is probably the improvement of damage
tolerance.  Howewser, you can abo improve survivability by improving damage resistance., because this reduces the

size of the damage. The other arca where damage resistance is important, as opposed to damage tolerance. is the
consideration ol repair, because a large factor in repair time and technique is the size of the damage.

Haskell (BRL): My second question is for Me Kardels. In your paper on vulnerability analysis, have you performed
a sensitivity analysis of 1he relative effect of the various aircraft components on total vulnerability and can you say
anything about the importance of structural vulnerability relative to other systems such as fuel, crew and so on”

Kardels (IABG): In general. | can provide yon with these results. In my paper today | only considered the wing
area. It is possible to say, in general, that out of maybe 30 percent of all the simulations that we have made. we
have failure within the cockpit arca or the engine arca. That's possible,.  We have incorporated in our model over
1.000 components, where @ component is, for example, an actuator, a hydraulic line, a fuel tank. These are included
in the functional diagrams. such as | showed for the hydraulic system.  From these analyses you can get an overview
about what happens if any component fails.  But today 1 have no specific results to show yvou.

Shaw (RAL): Analysis of all available combat data trom UK expericnce shows that structural damage has traditionally
been g nunor cause o) boss. something less than 520 The majority of aircraft types considered in these statistics

were constructed of the old "Dural’ allovs, but o Targe number were constructed of high strength alloys and there was
noandication that the foss rate was gomg toomncrease due to the use of these low toughness alloys. But, we've got

to secopmze that there are o nomber of arcumstances that could result i 2 higher loss rate due to structural damage.
The tintas the use ot Jow tracture toughness matenab, the second s mappropnate deuagns that fail 1o inhibin the
wonscegaences ot hntllesiess, and the third s more Irequent exponare 10 high-cnergy weapons cffects
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Squadrun Leader Perry (RAF): 'd hihe 10 take that o btk turther. In your summary, Mr Avery. you sand a
sagnficant portion of losses were attributed to structural farlure. Would you care to elaborate on this”?

Avery (Boeing): In that regard. data are normally reported an tenms ol mijor systems, such o structure. fuel
ssstem, fhight controls. and so forth  Dypreally . no single system accounts for more than 2007 or 307, of the losses,
so this places things m perspectne. ' 1ot sure how one determnes these things.  Hydraubic ram, for example, is
that 4 fuel system taluge of a structural tadure” 1S both, there's @ big interaction between them. It hydraulic ron
damage s reduced, the probability of tire or tuel stanvation becomes much less. In another sense. almost anytime

a projectile pen=trates the airframe, whether it mvolves @ hydraulic hine or a control line or 3 pump, there sre some
aspects ol the 1ype of technology that we have discussed under the topie of structural damage.  In other words,
there's an unpact, @ penetration, some damage: so in that sense there's a great deal of interaction that may not
shuow up In statistics.

Massmann {IABG): | think these salues depend on the combat situation, the amount ot damage mposed by the
threat. and other tacrors. Mr Shaw mentioned the tigure of 8. Can you descnibe which kind of wing design, threat
and combat situstion corresponds 1o your figure of § 07 1 thnk 1's highly dependant on these parameters, and it's
mportant to hnow which inputs you have used.

Shaw (RAE):  Phese analyses were conducted on all available combat data. They took in all types of wreraft that
are on record. Both copper and zine alloys of alumnium were included, as well as twospar wings and multi-spar
wings.  The reason why many aircralt constructed of aluminium-zine alloys didn’t prove to be structurally vulnerable
was because they were maltisspar. 1t was parely fortuitous that they didn’t sutfer. since they hadn’t been designed
tor that particular reason.

Avery (Boeing): | think that’s a good point.  Another comment is that more stringent design criteriy conceming
weapon threats are being imposed.  Prevtously. design criteria might require resistance to a 0.50 caliber bullet, whereas
now the high-explisive projectile is considered. From the design standpoint this makes a big difference and will
enhance the importance of structural vulnerability.

Squadron Leader Perry (RAF): We're very much concerned with trends in aircraft design. The bigeest factor is the
change trom the concentriated spar design to the distributed end-load design and none of Mr Shaw's statistics would
include any of the latter kind.  Virtually all military aireraft today are built of one top skin and one bottom skin,
and as we saw [rom the movie a single projectile can cause this to unzip from side to stde. We are concerned that
we should get away trom this kind of dosign.

Averv (Boeing): This leads us back 10 a discussion of fiber composite applications and | would like to clarify some
statements that | made carlier. The tiber compaosites. i.e.. boron and graphite, have generally poor fracture toughness
characteristics. They are comparable to a material like 7075-T6. So in using these materials, a lot of consideration
has to be given to configuration. You would probably never use a monolithic configuration when battle damage is
mmportant. simply because of the low toughness. The fracture toughness of the composites depends on the orientation
of the fibers, e, the lay-up. A balanced lay-up has fibens in the 0. 45, and 90-degree directions, where the O-degree
direction would correspond to the span of a wing. The £ 45-degree fibers carry the shear loads in the skin, and the
‘3()—dcgrcc fibers assist with the internal pressure loads.  The O-degree fibers, of course. carry the wing bending loads.
There is substantial evidence indicating that the presence of the 0 and 90-degree fibers reduces the fracture toughness
of the limingte. Consequently, in applications involving battic damage criteria, it might be best to separate the
O-degree Tibers from the <kin material by concentrating them into the spar caps.  This parallels, somewhat. Squadron
Leader Perry’s connment on design approach.

Taig tBAC): I'm very glad to hear this comment, which is an approach 1 have advocated. i.e., the use of composites
n this sort of old-fashioned mode. of splitting up the longitudinal and shear load capability of the material. 1 agree
with this so much. In fact, I'm convinced that, if Squadron Leader Perry is going to convinee the requirements
people that g retumn to the type of design where bending material is concertrated in spar caps is warranted. then he
w actually making quite a strong case for composite mateniab,  Because, within the other constramnis that we have
in designing modern aircrafl, we just haven’t the space to go back to that type of design. We've been forced that
way because of potformance fequrements, i many cises againt our better judpement and the one way of reserung
this s through the use o fiber compongtes

Squadron Leader Pesry (RAR) 1 thunk that we nunte’t tesse? the pobitial saqects of Bl thee 1 was only o 1907
wher NATO adepted thn podicy of tleubd fespronae. thatl e in the RAF had 3 nerd tor conudetatron of battle
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damage repair. The big need was always to deliver the weapon, whike now we have to operate on the battle field.
And | think that vulnerabiity and repair will takie a higher place in the order of things that have 10 be balanced in
an arcratt design.  So whike designers may have been forced a certan way in the past, it may be that things will
vhange, so that we consder vulnerability to be even more important than performance.

Petisw (Dawanlt): | have 3 question. which has been partially answered. Does the case of the impact of projectiles
on aircralt under high load factors exist in reality? We have studied this in particular on the Mirage FI and have
found one part that might be partially destroyed by modern projectikes ignoring of coune large shells.

It scems to me that, if one wishes 1o destrey the structure, the effects of blast are more effective, not by the
dostruction of small elements, but rather an overall effect caused by an explost.on a long way oft, such that the
blast would altect the whole wing or-fin. Is there any information on response to such explosions?

Haskell (BRL): In order to destroy aircraft at a distance by blast, there has to be a rather large explosion. Greater
than these small or medium wize anb-arcraft projectiles. These would have o detonate within several meten. A
nuclesr blact can do this, of course.  But 1o use blast to completely destroy the structure one must have a very large
Quantily ! explosive. Surface 1o air massiles can do this, if close enough. But you need i large amount of explosive
to destroy an entire wang. for example.

Petiau (Dassault): Do you think a charge of several tens of kilograms would be sufficient?

Raskell (BRL): Well, it depends on where it's detonated and on the structure and the material. For tens of kilos
the critical distanve could be, say., of the order of 25 feet. Does anyone ehbe have any information on this?

Massmann (1ABG): | have no further comment. | agree with Dr Haskell.

Taig (BAC): 1 wanted to go back to a slightly different aspect of the same problom. Mr Haskell indicated that
many small pancls, particularly longitudinally divided, scemed to be the answer. But does there came a point where
it is, in fact, the lengitudinal stittener that becomes a risk rather than the individual pancl? 1 should think that this
must be so. So is 1t possible that it is actually an optimum spacing that we are secking, rather than a minimum
spacing”?

Haskell (BRL): Certainly there is an optimum and this depends on the individual design specifications.  There are
some designs now that are quite good and guite light weight that have many stringers rather than massive longerons.
These appear to have good damage tolerance. When you ask if there is an optimum, | agree that there is and my
calculations favor an aspect raiio of 4 to 6. This is apparently what structural designers have determined. based on
structural integrity requirements in general. So a good aircraft designer appears to automatically achieve good blast
damuage tolerance.

Massmann (IABG): If you have an outside explosion. the pressure amplitude is the same whether you have very
large pancls or very small panels.  But if you have an internal explosion, the overpressure is governed by the volume.
It vou have an inc:ease in volume you have a decrease in overpressure, so | think this is an optimum for internal
eaplosion.

Harpur (BAC): | was not too clear from Mr Massmann’s paper this morning about his mention of venting arcas.

1 beliese he showed that the internal overpressare was affected considerably by the venting arca. Was he suggesting
that this was an arca of the structure that might blow-otf allowing a pressure decay? 'm not too clear on the
dethimition ol venting arca.

Masmann (JABGY: When s projectife goes imsde o solume a hole s created at the sutlace. This o the swenting
arca. But this senting arca s larger than the propectile.

Harpur (BAC)H I+ this an cxample where 3t would be g poad ades 10 have bow danmage rentance imtiathy | e that
ot pel g larpe wontmg atca provided the structoie hokds together®
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Haskell (BRI}: We have found in most of the general structures that we’ve tested, that there is sufficient volume
to absorb the blast products and that it is not necessary to artificially vent. We've found in helicopter tail booms
that the quasi-static pressures caused by the residual gases was not as significant as the blast waves, since there was
sufficient volume to allow the products to expane  without adding to the blast wave damage. Of course, this was
true for a specific case. Obvivausly the structure can be over-matched.

Harpur (BAC): This suggests that designers should avoid the use of solid diaphragms, and use open-braced ribs
instead. i

Coombe (BAC): One must remember that once the projectile gets inside the structure there are many other things
besides the structure that can be damaged Teading to adverse effects on the airplane. It's really survivability that
we're tulking about. It's no good dealing with larger amounts of damage in the strucutre if there are other things
about that will lead to catastrophic failure of the airplane.

Avery (Boeing): That's a very good point. | think the thought there is that if we do have larger threats and larger
damuges. then not only structural vulnerability increases in importance, but also the vulnerability of every thing
chze in the airplane.  Perhaps in direct proportion,

There's another aspect to the impact damage problem that hasn’t been mentioned today. That is the loss of
stiffness due to material removal and the effect this may have on the flutter performance of the aircraft. Not only
do we have the possibility of strength degradation but also the possibility of stiffness degradation. A structural
vilnerabibty assessment must examine this failure mode as well.

Another topic concerns the use of finite element techniques in battle damage applications.  The basic problem,
of counse. is to find ont where all the loads go after elements have been damaged. The finite element technique is
used in structural design. it is an available tool, and it's readily adapted to the analysis of damaged structure. In
addition, it offers the opportunity te model damage in ways that can lead 1o accurate results. Programs such as
NASTRAN are readily available, and gvery airframe manufacturer has programs of their own to apply. So | think
that finite clement applications in ddmage analysis will increase.  This brings up questions concerning techniques.
What are the best ways to model the damage? What are the best ways to represent the structure? What simplifica-
tions can be employed? What kind of elements are best for damage analysis, and what type of programs should be
used? For example, should onc use programs capable of dynamic elastic-plastic response, or should such programs
be used for local analysis only, and combined with a general purpose program for load redistribution away from the
damaged area? There are many questions of this type that must be answered. Does anyone care to cominent on
finite clement techniques?

Petiau (Dassault): As outlined in my paper we, at A.M.D., have studied the problem in detail and have come to
treat it in a manner similar to that for fatigue cracks. An overall idealisation is used to get the boundary conditions
correct followed by a very fine idealisation using 2- or 3-dimensional finite elements as appropriate.

This is very expensive and it would be preferable to demonstrate that the sensitivity of structures to projectile
demage is not a big problem.

Avery (Boeing): Perhaps something that would be uscful in this area would be a rescarch effort that proceeds in
conjunction with testing. One could impose various types of damage in a representative full-scale test article and
then conduct tests to establish load redistribution experimentaily. At the same time a finite element analysis would
be conducted, wherein various techniques are explored which might lead to basic ground rules for subsequent use.
In this connection, Mr Massmann in his paper presented an application where he used a very sophisticated finite
clement program (MARC), to verify a simpler model which he developed. Having verified the simpler model, he ¢an
then proceed to use it in subscquent calculations. | think this is a very significant application.

Haskell (BRL): It happens that we are carrying. on a study of this sort now, in regard to lightweight helicopter
structure. We will perform tests where we cut out parts of the structure. and we will compare measured strains and
deflections with calculated values obtained using the NASTRAN and hand analysis methods, so that we will have
two extremes among analysis tools.

Harpur (BAC): In Mr Haskell's paper he showed a picture of the effects of material strength on the safety factor.
From what ! could understand of it, he was plotting a curve through 2 number of discrete points for different
matcrials. | wonder what that would look like if you took one material at a time and varied the heat-treat, for
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example? | have i feeling that it must be a rather ovenimplificd result to show that the stronger a material the
better it s,

Hashell TBRLY: ' sure that's the case. If you increase the strength you're bourd to get a more damage tolerant
structure. b oused the materials 1 did because of practical limitations upon the availubility of different materials, and
I did not include high-strength composites. So o answer your question, 1'm sure that i’ we kept everything constant
and just increase strength, that yvou will g1 higher damage tolerance. However, it you take everything into account.
the possible maximum strength that is available and its other attendant properties, the damage tolerance does not
abways continue upwards, because with increased strength you get lower ductility. which then decreases damage
tolerance.

Harpur (BACY: Yoo, this s what | was thinking. With regard 10 fracture mechanics we know that 2024-T3 is a
sery good materigl but whea we go 10 20241851 we get very bad fracture toughness, possibly worse than 7075-To.
So one has avarniety of process condiions tor cach material and this may be even more important than compuosition.
Sonie claborgtion would be usetul.

Petiau (Dassaulty: | should ke to ash M Taskel! a question on the extrapolation of his method to fibrous materials,
which fuve o plastic Belaviour o Jot ditterent from that of classical materials, in that the plastic phase is much
reduced. However in the degradation of the panels the plastic phase is important. Will this not cause some difficulty
n extrapolstion!

Hashell ¢(BRL): This s trae. However, we are attempting 1o use this model, within the next several months, for a
prefimumary stidy of the effects on companites, assuming isotropy and using material propertics from tensile tests
directiy an the model. Certanly, 1 realize that the composite characteristios are much more complex than this. It's
st attempt to ubilize an exasting simple model and apply it to samething more complicated. We could be amiss
m s, but we are traang to doas best we can,

Avery (Boeing): ‘There's inother tactor i regard to the blast tesponse of fiber composites and that is the fact that
the mterlamm e shear strength of fiber composites is Tow and pressure Toads can have disastrous results due to
uiducing delurmations. In other words, the famfure mode may be much different than in metals. Another fact is
that in many tiber composites the respose will be svirtually elastic to tailure. Graphite, for example, has o very low
stram to tadure s does boron,

Shaw (RAL): 1'd Like to show o pictare of some significant structura! damage (Fig. 1), This was tested over 20
vears ago. Phe wing was impacted under 3-p conditions, with a 30 mm high explosive round. It was constructed
i an alles roueh!y cqunalent 1o the old 75 8T, This configuration had very few ribs. 1 don’t think one need say

niore!

Avery (Boeing): Thunk you for showing us the picture which | recognize. That data was made available to the
AGARD study and will be represented n the Design Manual.

Harpur (BAC): One final question directed at Mr Kardels, which may link us into tomorrow’s discussion. |
wonder Hin his vulnerabality analysis he is able to consider the secondary effects of a projectile hit into an engine.
In other words, il the engine breaks up does he consider where the engine projectiles go?

Kardels (1ABG):  Yus, we do consider this,

The meeting was then adjourned until the following day.
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DISCUSSION FOLLOWING SESSION 11

Harpur (BAC): Today we have seen that, in ¢ngine containment, we have a problem similar to that of military pro-
jectiles but for the military case the projectile comes from the enemy whereas in the engine debris case the engine
manufacturer and the airframe manufacturers are more fricndly and rot deliberately trying to upset each other. So
for the engine debris case. there is at least a possibility of preventing the generation of the projectile, as well as
trying to improve the resistance of the structure that is hit. There are differences also, for example, in that the
possibility of having an impact from an engine failure is far more remote than in the case of the projectile impact
on military aircraft, since in the latter case we must expect that [t will be shot at. However, there is in the engine
debris problem, the possibility of preventing projectiies from leaving the engine carcass and this provides for trade-
offs between engine decign and airframe design. This sort of option is not available in the case of military projectiles,
i.e.. we cannot persuade the enemy to make his projectiles smaller and less damaging.  Further, of course, the engine
debris does not explode when it penetrates the airframe. zs does an HE iilitary projectile. [n addition, the engine
debris is more predictable in its direction of attack and velocity. But it is probably less well-defined in terms of its
shape. as the geometry of engine fragments can be quite peculiar. The residual strength capability after damage is-
also somewhat different. The militury aircraft may be required to perform evasive mancuvers and may not be able
to land immediately because of operations over hostile territory. In contrast. after an engine burst, the aircraft will
try to get down as quickly as possible, although we must bear in mind, of course, that this might involve strenuous
mancuvers.

Additionally, we discussed yesterday the problem of repair and the nced that the military have to repair as
quickly as possible so that the aircraft can return to battle. However, this is less important for the engine burst
problem, as it is a very rare event and one can accept more time and expense before returning the aircraft to service.
In summary, we have similarities and in some instances a change in emphasis. Clearly, however, projectilec impacts
from both military projectiles and enginc debris projectiles present a similar problem to the aircraft designer.

To start our discussions, 1 noted in Mr McCarthy’s paper that the total containment of enginc debris would add
ahout 507 to the basic engine weight. On one of his figures, however, he showed that one neced only stop about
107 of the bladed disk weight to reduce the number of incidents by 72%. What is the weight penalty associated
with this? How does thc weight penalty vary with debris size?
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McCarthy: We've related the results to the situation where the engine cases have flanges (casings are bolted together) :

and where the restriction of the langes affects the deformation of the cases.  From this we arrived at our figure of
S0 merease i weight. We have done tests on fragments up to four blades on a picee of disk which is about 6.5%
of 4 bladed dish. Tlis required double the casing thickness. We've not tested fragments larger than that, so F'm not
sure how the weight trade comes out. We are planning tests with farger fragments, up to one-third segments in fact.

Jubé (Acrospatiale): 1 was surprised in the two papers this moming that nothing was said of the improvement
brought about by the use of new composite materials. 1 mean Kevlar fiber, for instance. In my opinion, protection
apatnist engine debrs s not fundamentally different than protection against bullets, which is now in many cases solved
by the use of Kevlar, sonetimes using no resin, e, only Jayers of cloth. This has been proven effective for low
speed bullets up to SO0 metersisecond. Over this the efficieney is less but this range of speed seems to cover the
range of engine debris. 1 guess this development work is already in progress among civil manutacturers, | wonder

i anyone could provide additional information” We intend to push for this development in France. hecanse 1t
provides o means of obtgining protection without o g weight penalt,.

McCarthy (Rolls-Royeer: The ctect of impact from a high veloaity bullet is quite different from that ot g low
selocaty prece of engine. Armor plating designed tor bullets s often not effective Tor the debris. The change-over
acenrs at appronimately 100D teet per second. We tested tiber plass and carbon fiber as containment rings and

tound them to be tar fess effective than steel or titanium,  Some tests Tave been done in Amenca with Keviar sithout
restn and the results appear to be good. One has to think how this would be applivd. it would be like putting a bag
around the engme 1 suppose and it has severe limitations concermng temperature, We're proposing to-do some tests
with Keviar, we'se already done some with resin and the results were not pood. We shidl be tollowimg on with tests
without resimn.,

Avery (Boeing): | should make some comment regardimg the application of Kevlar to the enpine debris problem,

oy we e done some o that work | have no data to release, but pethaps this can be done at o tature meeting.
However, we are optimustic about Kevlat applications. 10 also agrees with oundesalts that eiticieney s improved
without the resim, The Kevlar 29 fgs been more etfective than tiberglass. ballistic nylon. woven roving and other
matetiads of this sort. And 1ts ethiaency s sery Ingh as o hght-weight armaor coneept. 1 do agree about the attach-
mient and application problems. This s an area that mast be looked mtes Anothier tacet is that it does require o
cettain gnrount of space and tis can pose an apphication problem The Key Teature in the penctration resstanee ol
this matenal depends on its capabihity to move at impact, so that enerpy i absorhed i membrane action. When

tsed without the resin this action s enhanced but this requires space. Perhaps quantitative suppart for my stidements
can be provaded at a later time,

Harpur (BAC):  Pursuitig this theme, T wonder it anvbody has fooked mito other forms of woven nuaterial” Would

o woren metal mesh be ettectine ' This seems to be one of the areas we must consider i the Design Manual.
Although there is o difference between debris and military projectiles. it would seem that & somewhat simiiar situation
congerning ansoring does exist. Would someone like to say anvthing trom the military armor point of view thint
might be ot benetit as far as engine debris s concerned”

Avery (Boeing): 1 think what Mr McCarthy was getting at o moment ago. is that one effective torm of armor for
smilitary projectiles isoa hard ceramic material backed up by a fiber compuosite material. The hard surface tends to

break up the projectile and change its shape. This is especially effective against armor picreing projectiles as these

relv to some extent upon their shape to effect penetration. The softer back-up material absorbs the energy. However,

tor engine debris projectiles, as we said before you have diverse shaped projectiles not designed as penetrators. 'm

sure that deforming or breaking-up these projectiles by the use of ceramic tile armor would not be as effective as

it s tor the military projectiles. 1 wonder if anyone agrees with me on this?

Shaw (RAE): 1t been mentioned that the main difference between debris and military projectiles is the velocity '
regime. The response of all materials is different because of these velecity effects. The ceramic armor, as mentioned.,
is primarily cffective in breaking up projectiles and this is not applicable to engine debris. [t has also been found
that military zrmour can be effective against fragments but this is mainly at high velocities. Its doubtful that the
very high cost of these materials could be justified in view of the very small potential for improvement.

Avery (Boeing): | would like to address a question to Mr Thiery, in order to increase my understanding of his
work. Did you show some test results with E-glass that indicated rather good resistance to penctration? s that

correct’?
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Thiery (SNECMA): Test results for epoxy glass, presented this morning, were for several thicknesses and for
different numbens of layens for a given thickness, They have been compared with a sheet of solid titanium of the
same weight and the resistance against thickness behaves in the same way; epoxy glass has the same order of strength
as titanium,

Avery (Boeing): So that would indicate that E-glass is a fairly efficient penetration resistant material?

Thiery (SNECMA): | have the impression that it has a fairly pood resistance but have not done comparative tests
with other fibres. These tests are in hand.

Avery (Boeing): If it were established that fiberglass was efficient in resisting penetration, would the application be
to fabricate engine cases from fiberglaw!

Thiery (SNECMA):  An engine casing with blades fixed to it would be difficult in composites alone. More interesting
would be a casing in fairly thin metal reinforced with a layer of composite. The problem is to choose the fibre and
number of layen for maximum containment.

McCarthy {Rolls-Royce): We'se done some tests on fan blade containment using a carbon-fiber containment ring.
The blade casily penetrated the ring with little loss of energy. We followed this up with tests of a carbon fiber
containment ning lined with metal. Because of the amount of streteh in the carbon fiber. the metal inner casing
tore. mosed outwards as the carbon fiber stretched, and the fiber then catapulted the metal back into the blades
with disastrous results,

Massmann (IABG): We've heard aboyt what happens when the fragment gets outside the engine but what happens
to the operation of the engine and what iy the effect of fragments inside the engine?

McCarthy (Rolls-Royce): 11 the fragment is inside the engine, the ¢ffect depends on the surroundings. A fan blade.
tor example., is likely to go down the by-pass duct and avoid the core engine. A blade at the front of the compressor
is bkely to do considerable damage. At the turbine end. it the turhine blades are between two rows of nozzle guide
vanes st close spacing, then the release of a turbine blade is likely to damage a large number of other blades in the
same row. That is the case for forged blades. For cast blades, more widely aised nowadays, release of a blade in a
space like that can cause failure of all blades in a row and probably failure of a number of blades downstream. On
the other hand. if axial space is provided between the row of blades and tne next row of nozzle guide vanes, then
the amount of damuge can be comsiderably reduced.  So. the effect depends very much on the design of the engine.
In some engines you can lose 3 turbine blade without even knowing about it. In other engines, shut down is certain.

Shaw (RAF): While we're on this subject, has the effect of engine vibration after debris ejection been investigated”?
Some RAE tests have indicated that the engine can divest itself of the fuel system. for example. before it can be
shut down. Tt seems to us that failure of these components due to engine vibration can be just as serious as the
debris impact on the structure.

Coombe {BAC): | was going to follow Mr Shaw's question with another question to the engine manufacturers. In
the situation described hy Mr Shaw, is there any cvidence that thesc vibrations can lcad to massive engine failures?
Going back to the vibration, blades have come off in flight leading to cxactly the consequences you described,

Mr Shaw. It is a thing that has to be taken account of, not only during run-down but alse during the subsequent
windmilling that may occur for a long time during subscquent flight. On the other hand, ! know of one blade
release on a test stand that solved the problem quite readily, because it broke the front bearing and the engine
stopped, quite violently. So there are a whole range of conditions that are difficult to quantify and difficult for
both the engine and airframe manufacturers to dea! with. But it is a problem that people are thinking of.

McCarthy (Rolls-Royce): When a blade comes off, the vibration in most cases will increase to the extent that it will
exceed an acceptable level. In engines, for civil use anyway, we have vitration level indicators and when an accept-
ahle level is exceeded the engine is simply shut down. 1 think in most cases the engine would be shut down anyway
hecause, for a fan blade, the forces are so enormous that the engine will shut down of its own accord. 1 remember

a case where an engine lost an LP turbine blade over the Atlantic and this went unnoticed as there were no monitoring
cquipment in usc at the time. The flight was completed but it shook loose practically cvery nut and bolt in the
engine. So it can happen, of course, but with vibration monitoring equipment it is very unlikely to be a problem.
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Harpur (BAC): While we're still on the fint event Le.. the engine failure itsell, and before we get on to the inter-
action with the structure, | would like to ask another question obviously directed at Mr McCarthy. In the work he
deseribed toaimprose the situation, 1 noted that 1in all cases it was anticipated that something will come ot although
the objective s to muhe this debris av small as possible and to contain them within the engine. Nevertheless. that’s
gomg 1o be an eapenwve engme separ. even though you prevent damage to the airframe. 1T wonder what were the
possibilities of presentimg ans thing from connmg oft at all® Could one make a tailsafe engine, in the sense of
linding the detect betore it gets 1o catastrophic size’ What are the possibilities of devising inspection techniques

or of altenng engime design so as to remose the possibility of engine break-up entirely”

McCarthy (Rolls-Rovee): | ean’t see us ever gething to the position of ever eliminating engine faifures altogether
We hase Jooked at the way engmes have taded and try to present these Falures in the Tuture, Design is constantly
bemng moditied to achieve that end  But engines continue to find new ways to tail and we never quite cateh up
withat. Wath regard 1o detection of mapient twlures, we have made significant advances. We have the vibration
motitonng cqupmient. we have magnetic cup detector in the ol system and the use of the intrascope has proved
to beomvafuable. Tt was treated with scant tespect a tew years apo but s now widely used, allowing observation of
the hlade und combuspon components of the core enpine 1o spot mapient falures.  As far as spotting incipicnt
taiture 1 a disk, tis s g mch more dithicult problem and we don't know any way at present of detecting a4 crack
im g rotating disk dunng cogine servce, Tis presents s problem because in modern dish materials the fracture
toughness s such that sery spall cracks can go cntical. Soowe rely heavily on cyvelic testing of disks to establish
dish hite and service bimils,

Harpur (BAC): | was atrand sou would answer in that manner. We must face the fact that we have sate-life rather
than talsale engines but that we try to get o tal safe displane o0 the end. by controlling the debris in an orderly
war. Fwonder it this problem of inspection could be put to our NDI colleagues who might think of some clever
solution | thimk there 1s g necd to contimue to sech o methad of finding the cracks betore they get too large. This
abvaorentalbs mahing the cntical Crack feapth as fong as possible. T don’t know whether there is a1 compromise that
vould be reached Certamly it o dithicalt enough to design an engine to perform its own function. Whether it’s
pessible o use matenads with lngher tracture toughness, or even use cnick stoppers, 1 don’t know,

Periiaps we should move onto othier subjects, unless saomcone has turther ¢cominents,

Coombe (BAC) | have o question on statisties Mr McCarthy presented o case on the basis of UK statistios only,
While one ator release in 8.5 mullion hones sounds quite g lot, it vou do the sum and assume that there are four
enpines tted an cach of 100 arplanes, | think vou get o major telease once every 20,000 hours in every airplane,
s s twice in the Ditetime of every single airplune n the fleet. That's not neghgible in those terms, So we should
ash tor world statntics, because with thoswe sort of numbers its not a “wav-out™ problem that vou're talking about.

McCarthy (Rolls-Royce): “Major refease™ v probably ot the nght word. T was talking about debris that would
cause penctratton of ¢ wing or tusclage. This could be just part of a blade, resulting i a very small hole. | don't
think that's & major release. Phe number of teleases involving major picces has been very smali indeed, T believe §
or bn 124 mullion hours,

Harpur (BAC): 1ty not very trequent, but it’s sull there, so we must do evervthing possible to reduce it. In terms

of the consequences of the talure. T wanted to ash Mr Hluret about conditions under which the structure is dumaged.
1t seems there are three levels of damage that one needs to establish in determining the safety of the airplane,
depending on the part one is considering. 11 the part involves structural integrity only, then it may be perfectly
permissiible to allow penctration, providing adequate strength remains, Bat if system components or people are
behind the structure. then we might allow some perforation but not complete penetration.  In the third case. for
example a fuel tank, no pertoration at all could be tolerated. 1 wasn't too clear from Mr Huret's presentation whether
he could distinguish between these three cases using his analysis approach. Could Mr Huret clarify this?

Huret (SNIAS): The test results show a zone of high cnergy where the fragments pass through the engine casing, a
rone of low energy where they do not pass and an intermediate zone where there is a bit of everything, due to the
uncertainty of all the highly complex phenomena which occur. It is not our object to discriminate accurately hetween
a cising which is punctured and one which 1s punctured but stops the blade. The probability will be marginally
greater for one than for the others but insgnihicant for an order of magnitude comparison with certain other risks.

Harpur (BAC): Yes. | can understand the difficulty. It's probably more difficult than with military projectiles
because of the irreguliar shape of the projectile. 1t's possible that the projectile has sharp corners. Also, of course,
the blade itself may be damaged, and curl up into some peculiar shape that weuld not cause damage to the structure.
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Has the effect of the impact on the projectile been studied to any extent” Can one design blades or structure so as
to bend the blade enough so it won't penetrate”

McCarthy (Rolls-Royce): In working on the deflector plate we were concerned about the shape of the missile, so
we miade a study of the various picees of blades and disks coming out of engines. Invariably the blades are bent
over above the platfarm, more or Jess tangentially and the most penetrating fragment has been the broken off disk
diaphragm, or disk web area, having a fairly thin edge capable of slicing through. So we developed a fragment
reproducing this, and even put saw teeth on it. We also gave it the proper spin so that the rotational energy
represented o realistic projectile. So we covered this aspect in designing and developing the deflectors,

Petiau (Dassault): 1 should like to ask about deflector plates. because it seems o me more efficient from a weight
pomnt of view to protect the sensitive parts of sireratt by dedlecting fragments rather than stopping them. For the
Falcon S0 we have been studying V-shaped detlectons to protect the rear end but have almost no data on which to
base g Jdesign and would welcome any suggestions,

McCarthy (Rolls-Royce): We've developed deflecton. The purpose, of course, is 1o protect vital parts of the aireraft,
st has g limited dimension. 1t must be positioned and angled so as to deflect the missile. We've tried aluminum,
steel, hardened steel, stitfened plates. titanium plates. We find the best to be titanium plate mounted on honeycomb
of NOMEX. We'se investigated scaling effects and have established some scaling laws from tests of deflectors from

I to 4 square feet, using mésailes from 3 to 25 pounds at 600 tps. The outcome was that MV3 ~ 62 where t s

the thickness of the material.

Harpur (BAC): On the subject of deflectors, I'm sure the same type of thing must be considered oa the military side,
f.e.. establishing the conditions under which projectiles will ricochet. Does anyone wish to comment on this? Has
there been detailed study of ricochet of bullets?

Avery (Boeing):  Yes there have been, in the sense that many studies have been conducted to determine the ballistic
penetration imits of aircralt structural materisls. In most applications the angle of impact is not zeru degreces, so
that the penetration models developed from this work have been tormulated in terms of projectile obliquity as well
as velocity, So one can find g tair amount of data on conditions of ricochet for specific projectile/target interactions
and the physical prinaples mvolved might well be of some value for the engine debris case. As far as specific armor
dewign configurations are concerned. 1t must be recognized that there is hmited use of armor in military aircraft,
although certain vehicles have substantial armor in the cockpit area and in some cases this is designed to take advan-
tage of projectile deflection. | thind the general answer is that correlations have been made between impact condi-
tons and ricochet probability and thos probably could be of some use in designing debris deflectors.

Shaw (RAE): There have been a lot of tests on the ricochet of projectiles but the shape of the pre ‘zctile has a
significant mfluence. Mot nulitary projectiles will ricochet readily because of the ogive shape. But others have
been designed specifically to prevent nicochet and a blunt projectile. such as encountered in debris, is least likely to
ncochet, :

#Harpur (BAC): 1 wonder if we might discuss design criteria aspects. Dr Coombe mentioned this in his paper and
gave details of a proposed CAA regulation that requires that certain conditions of engine failure must be sustained
by the gircratt with 2 specified probability of survival, this probability being lower for very large failures. The
requirement doesn’t take into account the actual probability of failure for the specific engine being considered. 1t
would scem that there is a gap here and 1 wonder if there was some way fo determine these engine failure probabi-
lities quantitatively. so that we might arrive at an overall risk level of both engine failure and resulting aircraft risk.
We cannot calculate this overall probability at present because we don't have engine failure probabilities and the
requirement scems, at the moment. to be avoiding this issue.

McCarthy (Rolls-Royce): We have been quite anxious to show the airworthiness authoritics that the probability of
non-contained tailures has been diminishing as we advance in the art. We've been unable to satisfy them because
they argue that. although we have climinated past failures, the use of new materials and new designs is likely to
off-sct the improvements made. Thercfore, they feel that the probability of failure is the same as it has been over
the years. We've been trying to demonstrate that the probability of non-containment has been climinated entirely
in some instances. | feel that the statistics are misleading in some respects, in that it has often been said that the
rate of non-containment has not been diminishing with the introduction of the latest fan cengines. But, if you look
at the data, you sce that it is the old engines that continue to fail, not the new engines. The new engines cannot
be properly assessed yet, because they don’t have millions of service hours.
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Harpur (BAC):  Are thiere any comments on the type of criteria defined by the CAA, that s, twking three typical
types of engine debris and relating them to a probability of catastrophe? In fact, these criteria aceept the fact
that an overall catastrophe could oceur with each type of debris but ensure that the probability of catastrophe is
sutficiently fow so as to be acceptable, tor example, one in thirty for the disks.

Avery (Boeing): | wouldn’t care to comment on the severity of the CAA proposed regulation, or the penalties
associated with meeting it. but. in terms of providing a designer with a criteria that he could work with, 1 felt it’s
quite goad. | have another question. | fiest heard of the regulation over a year ago, and it was in draft form then.
I note that it is still in dratt form, so 1 would like to ask what is the status of adoption”

McCarthy (Rolls-Royce): The regulation is following a normal adoption cycle, ie. o draltis circulated for comment,
i order (o arrive at a compronise regulation. This exercise is currently being completed.

Coombe (BAC): | would just hke to add one thing, Just because it's in driaft form don’t imagine yvou're not going
to be asked to meet somethmg ke it

Shaw (RAE): It occurred to me durmg Dr Coombe’s paper that it niay be usetul to study somie of the test data
nalable on penetration tests imvolvang contimuous rod warhead fragments. The cuts produced by the continuous
tods are much cleaner and much narrower than that produced by engine fragments but it may be that sonie results
nught be usetul relative 1o the ettect of long culs produced by tangential impacts,

Avery (Boeing): | have g question, but I'm not sure who would like to answer it In hearing the engine debris
papers. 1t was made clear that there g definite need to solfve the problem, especially in view ol the regulation,
Much work has been done towuard finding an appropriate solution. These approaches have included reducing engine
Lulures but, tor the airframe, we have discussed containment concepts, involving cither the cise. per se. or a
remtorced case, and also supplementany protection such as shielding and detlector concepts. In addition, we heard
ul some very substantial contigurational conceplts, imvolving the location of critical components on the aireraft. So,
it would appear that a number of difterent approaches are being ivestigated in order to meet e requirements and
1s there any resolution at this point as to what approach or combination ot approaches will evelve? Have we reached
the stage yet where a path to follow has been revealed! Where do we stand toward developing a design approach?

McCarthy (Rolls-Royce): The tests that we've been doing are designed to pm\'ildc the data required to establish

the feasibility of various options. Clearly, the aircraft lay-out is critical as far as focal thickening of cases is con-
cerned. A three engine aircraft requires thickening of three parts of the casing and this may be unattractive. We've
covered the detlector option as well, and have generally attacked the problem of large picees coming out, to try
and avoid the worst cases, and this work s going ahead as is our work 1o reduce engine failures in general, But
tHuckened cases venus detlectons is still an open question depending on aireratt lsvout,

Harpur (BAC): Yos. | can sev the engine manufacturers dilemma concerning case thickening. Olwiously, he would
like to sell his engines for a vaniety of vehicles and af he tries to cover alf possible configurations he may end up
with casngs thickened all the way around. 1t is possible to develop a special shield separate but close to the engine.
This could be part of the girframe, 1n g way. and would not require a different engine case for every application,

4

McCarthy (Rolls-Royce):  This is very attractive in some respects but the problem is weight increase. We try to
include the extra weight required for containment into the engine casing in order to take advantage of the additional
strength, rather than carrying weight which does nothing.

Coombe (BAC): | think that since the requirement has been around for such a short time that no generat design
guidelines have been established regarding luyout. There are some simple rules. For example, if vou have a four
engine aircraft with little wing sweep-hack, the engines must be a long way apart to prevent one engine from
knocking out the others. This makes for a funny looking airplanc.  Also, there are different layouts for different
tasks.  For example. a military transport aircraft (such as a C-130) may require a high wing and this is quite different
than u civil layout. The problems are different. Another factor, as can be seen from Mr Huret's paper is that there
is much work in studying the statistics of this problem and the time and moncy invested can be substantial. The
designers wiil have to employ simple design layout procedures in order to avoid making too many of these expensive

calculations.

The meeting was then concluded. )
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