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PREFACE

Ajrcraft must maintain structural integrity relative to many sources of damage such
as, for example, fatigue cracking or corrosion. Military aircraft must also withstand, as far
as is practicable, damage inflicted by hostile military weapons. The resistance of the
structure to the impact of projectiles is an important parameter in considerations of
vulnerability. It is necessary to determine the impact failure characteristics of the structure
under load, and its residual strength after damage. The detail design features of the
structure are important in determining the spread of the damage. Where neighbouring
systems or fuel tanks are vulnerable, the degree of penetration of the projectile into the
structure is important. Blast and fragmentation effects must be considered.

This Design Manual has therefore been produced by the Structures and Materials
Panel to aid the designer in making assessments of the tolerance of the structure to various
threats and the probability of the aircraft surviving the impact, completing the mission and
returning safely to base. It describes methods which exist to determine both the damage
resulting from the impact of various types of projectiles and the resulting capabilities of
the damaged structure. It also embraces an analogous problem, arising mainly on transport.
aircraft, of the resistance of the structure to impact of debris from engine disintegration.

The Manual is divided into three Sections, Section I dealing with the projectile threats
Section II with analysis methods and Section III with design guidelines.

£

The Structures and Materials Panel was very fortunate from the outset in securing the
services, as Coordinator, Compiler and Editor of the Manual, of Mr John G.Avery of the
Boeing Company, Seattle, who is world renowned as an-expert in the field of impact damage
tolerance of structures. An essential feature of AGARD activities is the pooling of relevant
knowledge with the NATO community aided by the bringing together of specialists for
informed discussions. This occurred both within the Working Group on Impact Damage
Tolerance of Structures and also at the Specialists’ Meeting held in Ankara in September
1975 (see AGARD Conference Proceedings CP-186). The Panel is therefore deeply indebted
not only to Mr Avery, for his outstanding efforts, largely single-handed, in compiling this
Manual, but also to all those others who have provided valuable information and
contributions, especially those listed by name in the preliminary pages.

N.F.HARPUR

Chairman, Working Group
on Impact Damage Tolerance
of Structures
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AUTHOR'S NOTE

This Design Manual was prepared as the primary task of the Impact Damage Tolerance Working Group formulated by
the Structures and Materials Panel, with N. F. Harpur of British Aerospace serving as the originator and guiding light
of the effort. The objective of the Manual is to describe a methodology for incorporating projectile impact damage
tolerance into structural design, with the aim of improving inherent survivability. The scope of the work includes
military projectiles and engine debris.

As its title implies, the Design Manual is intended for structural designers and technologists having little prior
knowledge of projectile impact phenomena and weapon effects. An early goal was to avoid the necessity of security
classification, as it was felt that this would restrict its accessibility to designers. As a result, the data presented is
limited in scope. Within this context, the user should regard the Manual as a guide in defining methods and
identifying the type of data required for impact damage tolerant design, rather than'as a source of data pertaining to
the nature and effects of specific threats.

The Manual was prepared in three sections using information available to the author, most of it developed under the
sponsorship of the U.S. Department of Defense. Each section was separately submitted for public release approval
and distributed to Working Group members for technical review. This process began in 1977, and has only recently
been concluded following fairly major revisions undertaken in 1980 to satisfy release requirements.
Mr. Keith L. Collier, Deputy Director of the Flight Dynamics Laboratory, AFWAL, coordinated the final release
activity and deserves special thanks for his interest and effort. i

The author would like to thank all those who read the manuscripts and submitted review comments. Mr. D. W. Voyls
of AFWAL spent many hours reviewing the entire Manual and the implementation of his suggestions has made a
significant contribution in content and releasability. Mr. K. T. Shaw of the RAE provided detailed commentary which
resulted in substantial improvements to Sectionl. Special thanks is also extended to Messrs. J. Olsen, C. Wallace,
and L. Kelly of AFWAL, and W. Kirkby and R. Anstee from the Structures Department of the RAE. Because of the
urgencies of the printing schedules, some excellent recommendations for improvement could not be implemented,
including the reduction of duplication between Sections I and 1.

With regard to preparing the Manual, I would like to acknowledge the contributions of Mr. T. R. Porter of the Boeing
Military Airplane Company. Much of the format, content, and philosophy of the Manual remains from his prior
efforts. The same comments apply to Mr. R. J. Bristow, also of Boeing, whose early work established the approach
used for later developments in ballistic damage prediction and residual strength assessment. Ms. S. J. Bradley, again
of Boeing, has been instrumental in preparing the Manual from all standpoints, including technical contributions,
editing, formatting and reviewing. The notable work of Messrs. M. J. Jacobson and M. M. Ratwani, and their
coworkers at Northrop Corporation, J. R. Yamane and J. Brass, provided valuable source material for portions of the
Manual, as did the work of E. A. Lundstrom of Naval Weapons Center, D. McCarthy of Rolls-Royce, and P, C, Huang
of NSWC. Several researchers were particularly supportive of the activity, including J. Massmann of IABG,
D. F. Haskell of BRL, and R. W. Lauzze and D. O. Fearnow of AFWAL. The technical communications contributed by
Mr. Massmann were of great value to the effort. Considerable information presented in the Manual was developed
under contractual programs managed by A. J. Holten formerly of AFWAL, and Drs. A. Somoroff and D. Mulville of
Naval Air Systems Command. Special appreciation is extended to the Boeing Military Airplane Company, particularly
Mr. D. E. Strand, for supportive interest in the activity.

John G. Aveyy 8/1/81
Manager, Syrviyability/Vulnerabifity
Research and Engineering

Boeing Military Airplane Company
Seattle, Washington 98124
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INTRODUCTION

Aircraft must maintain structural integrity relative to many types of damaging mechanisms including for example,
fatigue, non-detectable initial defects and in-flight damage such as that inflicted by military weapons or by debris
from disintegration of an engine. While the design methodology for some of these is well established within the
structural design disciplines, that for in-flight damage has not been widely distributed to designers.

The resistance of the structure to the impact of projectiles is an important parameter in consideration of the
vulnerability of military aircraft. Information on this subject is contained in AGARD Advisory Report AR-47
"Physical Vulnerability of Aircraft". However there is a need for considerable augmentation of this information,
extending the scope to include design methodology. The Structures and Materials Panel of AGARD, recognizing this
need, commissioned the preparation of this Design Manual.

The overall objective of the Manual is to inform designers of the general character of projectile threats and available
analysis methods for predicting damage and strength degradation, and to outline a methodology for incorporating
projectile damage tolerance into the structural design of aircraft. Toward this end, the Manual contains three major

sections:
Section I - Description of Projectile Threats
Section II - Analysis Methods for Predicting Structural Response to Projectile

Impact
Section Il - Design Guidelines for Impact Damage Tolerance

Section I describes projectile types, important encounter parameters, and typical terminal effects, written primarily
for the aircraft designer rather than the vulnerability or weapons effects specialist. The intent is to provide a very
general overview useful to an individual having little familiarity with projectiles and their effects. Vulnerability and
weapons effects specialists have more specific and often classified data, and should be consulted as required in design
applications.

Section 11 presents analysis methods and data available for predicting the response of metal and fiber composite
structure to projectile impact. The analysis methods discussed are applicable to impacts by small arms projectiles,
missile warhead fragments, and the fragmentation and blast effects of high-explosive projectiles. The responses
addressed include penetration capability, damage size and type, strength and stiffness degradation of damaged
structure, and internal load redistribution.

Section IIl summarizes a design methodology for implementing projectile damage tolerance within structural design
disciplines, developing methods and requirements within a format that is compatible with existing damage tolerance
procedures.






SECTION I

DESCRIPTION OF PROJECTILE THREATS
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SECTION I
1.0 DESCRIPTION OF PROJECTILE THREATS

Evaluating the degradation of aircraft structure resulting from projectile impact requires a knowledge of the
threat and encounter conditions. This is necessary in understanding the failure mechanisms and structural response
modes induced by the various types of. threats. .The objective of .this Section is to acquaint the aircraft structural
designer with projectile types, important encounter parameters, and typical terminal effects. The section provides basic
information that will be helpful in understanding .the analysis of structural response to impact and the design guidelines
for impact damage tolerance presented in Sections II and IIl.

Following the overall objective of the Manual, this Section is written for the aircraft designer rather than the
vulnerability or weapons effects specialist. The intent is.to provide a very general overview useful to an individual
having little familiarity with projectiles and their effects. Vulnerability and weapons effects specialists have more
specific and often classified data, and should be consulted as required in design applications.

The subsequent discussion is organized as shown below, reflecting the two categories of projectiles addressed in the
Manual: military projectiles and engine debris. Military projectiles of concern in aircraft design can be loosely
cataloged into two generic types:

(a) Non-exploding projectiles;
(b) Exploding projectiles.

The non-exploding projectile is typically a penetrator that strikes the aircraft exterior intact and produces no
accompanying blast effects. Examples of military non-exploding projectiles include small-arms projectiles, certain AAA
(Anti-aircraft Artillery) projectiles, and missile warhead fragments. An .exploding. projectile contains an explosive
charge and a fuzing mechanism, and both fragment penetrators and blast overpressures are generated. Exploding
projectiles are fired from AAA weapons.

Engine debris projectiles are formed from the structural failure of rotating engine components, with subsequent
escape from the engine case. These projectiles can resemble fragments generated from military threats, but have unique
characteristics which require separate consideration. .

This section is organized as follows:

1.1 Military Projectiles

1.1.1 Non-exploding Projectiles

1.1.1.1 Types

1.2 Encounter Parameters
1.3 Typical Terminal Effects
loding Projectiles
1.2.1 .Types
.1.2.2 Encounter Parameters
1.2.3 Typical Terminal Effects
ine Debris Projectiles
1 Description of Engine Debris Projectiles
2 Encounter Parameters
3 Typical Terminal Effects

1.2 Engin
1.1 MILITARY PROJECTILES
1.1.1 Non-Exploding Projectiles
L.1.1.1 Types

An important category of non-exploding projectiles are the ."small-arms" projectiles, primarily the 7.62-mm, the
12.7-mm, and the 14.5-mm. These projectiles consist of a solid metal core (often called the "penetrator") usually
surrounded by a thin metal jacket. Non-exploding projectiles of caliber. greater than 14.5-mm are generally classified as
AAA (Anti-aircraft Artillery) or cannon projectiles. The most notable of these is the 23-mm.

There are several types of non-exploding projectiles including: bali (B), armor piercing (AP), incendiary (I), and
tracer (T). Ball projectiles, typically available in 7.62-mm only, have a relatively soft core designed to deform at
impact, and are intended for use against personnel. In forward.area combat situations, however, they may be fired
against aircraft. Armor piercing projectiles have a hardened steel core designed.for penetrating hard targets, including
aircraft. Incendiary projectiles contain a thermally active filler that functions at impact and can ignite on-board
flammables such as fuel or hydraulic fluid. Tracers contain material that burns brightly along the flightpath for
assistance in aiming and sighting. Many projectiles combine some of the above capabilities. For example, the 7.62-mm
APl is armor piercing-incendiary, and the 23-mm API-T is armor piercing-incendiary-tracer.

Photographs of typical small-arms projectiles are contained in Figures 1-1, 1-2, and 1-3. These figures show
sectioned projectiles, illustrating the relationship between jacket, core, and incendiary.. In addition, Table 1-1 shows
typical weight and size characteristics of representative small-arms and AAA non-exploding projectiles. In most
instances, small-arms fire emanates from ground based weapons. 7.62-mm projectiles (both ball and armor piercing) are
typically fired by infantry using assault rifles or bipod mounted machine guns. The machine guns, in particular, can have
a high rate of fire and are a threat to slow and low flying aircraft within range. The 12.7-mm threat typically consists
of a carriage mounted heavy machine gun with quad barrels providing a fairly high rate of fire. Another anti-aircraft
defense weapon, the 14.5-mm heavy anti-aircraft machine gun, has been known to be effective against aircraft flying at
moderate subsonic speeds. The larger caliber projectiles are most frequently fired from ground-based weapons (AAA),
but may also be fired from airborne cannon. The 23-mm armor-piercing incendiary, fired from radar controlled AAA
guns having a very high rate of fire, is a significant threat.

The final type of. non-exploding military projectile—missile warhead fragments—emanate from surface-to-air
missiles (SAM) or air-to-air missiles (AAM). Missile fragmentation warheads often consist of an explosive charge
surrounded by a wall of preformed metal fragments, or a prescored or solid. metal casing. Figure 1-4 shows some
warhead assemblies using preformed fragments.
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Figure 1-1. Sectioned 7.62-mm Projectiles
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Figure 1-3. Typical Soviet Small-Arms Projectiles
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Table 1. Characteristics of Small-Arms Projectiles

Projectile Weight(pr) | Length(in) Materisls
7.62-mm API 120 1.08 Gilding metal-clad
stoel jacket, stoel
core, lead sleeve,
incendlary charge
filler
12.7-mm API 738 25 Same = above
14,.6-mm APIT 919 2.68 Brass-clad stoel
Jacket, steel core,
lead sloave
23-mm APIT 3000 an Steel body and
armor-plercing core;
no jacket
OUTER LINER
FRAGMENTS FRAGMENTS
IMBEDMENT A
MATERIAL QHESHE
/ 14514 INNER LINER %IW ADHESIVE
7 LINER
CENTRAL ™\ CENTRAL
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—ip o — T
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Figure 1-4. Several Warhead Assemblies Using Preformed Fragments
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Figure 1-5. Several Fragment Shapes From Missile Warheads




The warheads generally have a proximity fuze. At detonation, the fragments are propelled outward at high
velocities (10,000 feet per second in static detonation is not uncommon). The shape and weight of individual fragments
depend on the warhead type. Figure 1-5 shows some preformed fragment shapes. Cubical or diamond-shaped fragments,
ranging in weight from approximately 50 to 200 grains, represent typical warhead fragment threats.

Although missile warhead fragments are treated here as non-exploding penetrators, they may be accompanied by
blast overpressure from the detonation. The intensity of the overpressure depends on the warhead miss-distance. In
addition, it should be clear that warhead encounters invariably result in multiple fragment impacts, providing the’
potential for interacting effects between impacts, and for damaging several structural members.

1.1.1.2 Encounter Parameters
Striking velocity, projectile attitude (yaw), and angle of obliquity are the encounter parameters that must be
specified in order to assess penetration and damage capability. These parameters are illustrated in Figure 1-6 and

defined below. Missile warhead fragments, representing multiple impact encounters, are additionally characterized by
fragment impact density; i.e., the number of fragments impacting per unit area.

INITIAL IMPACT SUBSEQUENT IMPACT

o
”M,q Ly
5C'7-
OBLIQUITY ANGLE, ¢

| PROJECTILE
FLIGHTPATH

Figure 1-6. Definition of Encounter Parameters

Striking Velocity

The striking velocity is the relative velocity between projectile and aircraft at the instant of impact. Figure 1-7
shows a typical "range-velocity" chart for several small-arms. projectiles. These curves are developed from ballistic
trajectories obtained from solutions to the equations of motion, given an angle of trajectory, an initial (muzzle) velocity,
and a ballistic coefficient. Once the striking velocity has been specified, the kinetic energy of the impacting bullet can
be found conveniently using the impact energy nomograph shown in Figure 1-8.
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Figure 1-8. Penetrator Impact Energy Nomograph
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Projectile Attitude (Yaw)

The projectile attitude or yaw is the angle between the projectile longitudinal axis and the projectile flight path,
and varies from "aligned" (0-degree) to "fully tumbled" (90-degrees).

Angle of leiquity

Angle of obliquity refers to the angle between a normal to the target surface and the projectile flight path. For
example, an angle of obliquity approaching 90-degrees represents a "grazing" impact. The terms "angle of obliquity" and
"impact angle" have often been used interchangeably.

A frequent application of encounter parameters in design is to specify them as part of the design criteria, often
reflecting anticipated typical or worst case conditions. For example, a typical encounter condition criteria for a low-
flying aircraft might read:

Striking velocity: 2,000 feet per second,
Angle of obliquity: Normal impact,
Projectile attitude: Aligned or fully tumbled.

An alternate approach is to determine encounter conditions from operational analyses wherein the aircraft is flown
through a postulated mix of weapon threats. These "end game" analysis results can be used to provide the most probable
conditions for use as design criteria.

Since both.ajrcraft and projectile are moving at the time of impact, encounter parameters must be assessed
"relative to" the aircraft. For example, the relative velocity between aircraft and projectile introduces a yaw with
respect to the relative flightpath, even though the projectile may be unyawed with respect to its own flightpath.
Figure 1-9 shows a useful geometry for defining encounter conditions, specifying the projectile flightpath by azimuth and
elevation angles. In Flgure 1-10, equations derived from the flight path/trajectory geometry are used to solve for the
encounter parameters in a sample problem. The resulting values for striking velocity, obliquity angle and yaw can be
used for component penetration and damage assessment, since they are expressed in a reference system within the
aircraft.

‘PLAN VIEW

PROJECTION

OF PROJECTILE

FLIGHTPATH
RELATIVE PROJECTILE
FLIGHTPATH

Figure 1-9. Geometry for Establishing Encounter Conditions
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Figure 1-10. Sample Problem Solving for Encounter Pararr_vetels Relative to Aircraft



The encounter parameters described above (striking velocity, yaw, and angle of obliquity) are applicable to all
projectile impact encounters. An additional parameter, fragment density, is significant for missile warhead encounters.
Figure 1-11 is a schematic representation of a fragment spray pattern resulting from a warhead detonation. The angular
extent of the fragment pattern is détermined by the characteristics of the warhead and the terminal velocity of the
missile. The corresponding area enclosing fragments increases with distance from detonation. Thus, the number
fragments impacting per unit area of aircraft surface is primarily dependent upon mlss-dlstance' 1.e., the distance
between missile and aircraft at detonation.

Figure 1-11. Schematic Representation of Missile Warhead Detonation

1.1.1.3 Typical Terminal Effects

Military projectiles have considerable capability to penetrate typical aircraft structure, and they will at least
partially penetrate even the heaviest component. This penetration capability is illustrated in Figure 1-12 for a .50
caliber armor-piercing projectile impacting steel or aluminum sheet. The ordinate of this curve is the V5q ballistic limit,
meaning the impact velocity at which 50-percent of the impacts result in complete penetration. The curve indicates
that one-half inch aluminum plate can be penetrated at velocities as low as 1100 feet per second.

Projectile penetration damage consists of cracking and material removal including front and rear surface
spallation. A special case arises when the projectile, enters a cell containing liquid, since the impact shock and the
dissipation of kinetic energy as the projectile slows down within the liquid leads to "hydrodynamic ram" pressures acting
against the cell walls. These pressures often result in additional structural damage.

Penetration damage has diverse characteristics depending on the projectile, the configuration of the structure, and
the encounter conditions. Damage can range from dents, cracks, and holes, to large petalled areas accompanied by
extensive out-of-plane deformation. The diverse character of projectile damage raises questions: How can it be
quantified? What should be measured? :

Although there are several meaningful measures of penetration damage, lateral damage is the measurement that
has been found most useful for vulnerability analysis. Lateral damage, as shown in Figure 1-13, is defined as the
diameter of an imaginary circle that just encloses the limits of cracking, perforation or spallation in the plane parallel to

the original surface of the sheet. The terms "lateral damage", "damage size", and sometimes simply "damage" are used
synonomously.

A second significant measurement when stressed panels are impacted is the component of lateral damage
transverse to the applied load. This index is referréd to as transverse lateral damage, often abbreviated as TLD.

Certain characteristics of projectile lmpact damage are described in the following pages, organized into three .
major topic areas:

{a) Non-Exploding Penetrators Impacting Metallic Structure;
(b) Non-Exploding Penetrators Impacting Advanced Fiber Composite Structure;

() Projectile Penetration into Fluid-Filled Containers.-
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Against Typical Aircraft Structural Materials

1.1.1.3.1 Non-Exploding Penetrators Impacting Metallic Structure

The impact damage response of metals depends upon many interrelated parameters. Because of this, there is
appreciable scatter in the test data, and it is often difficult to isolate and quantify the effect of individual parameters.
An extensive investigation of impact damage induced in metals by small arms projectiles and fragments is reported in
Reference 1-2. This reference discusses types of damage and the parameters that influence damage. Some results from
that study are summarized in the following paragraphs.

Damage Type

Impact damage in metal sheet and plate can be cracks, spallation, petals, holes, dents or gouges. For a given
target material, the damage type depends on the sheet thickness, and the projectile velocity and angle of obliquity. This
is illustrated in Figure 1-14,
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Figure 1-15. Typical Variation of Damage Size
With Projectile Velocity

Effect of Projectile Velocity

For a given target sheet and projectile obliquity, the variation of projectile striking velocity can result in the
response shown in Figure 1-15, which also illustrates the concepts of incipient damage, maximum damage and high-
velocity damage. This response is characterized by a maximum lateral damage size that occurs just above the ballistic
limit. Further increases in projectile velocity result in lesser damage, until a plateau is reached called the high-velocity
lateral damage. Velocity increases beyond this limit do not produce any significant change in damage size, unless
velocities can be reached that result in appreciable projectile break-up. The size differential between the maximum
damage and the high velocity damage depends primarily on sheet thickness.




Figure 1-16 is a photograph showing the effects of projectile velocity for .30-caliber AP impacting 0.090-inch
7075-T6 sheet. The increase in damage with reduced velocity is evident.

Figure 1-16. Effect of Projectile Velocity on Damage Size
(0.90 7075-T6 Impacted by .30 AP)

Effect of Projectile Obliquity

The angle of obliquity (or impact angle) has a pronounced effect on damage size. The following are generally true
regarding obliquity effects:

L. When impact angles are increased and other conditions held constant, the maximum lateral damage 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 obliquity increase.

Figure 1-17 illustrates this response schematically, and Figure 1-18 is a photograph showing 0.090-inch 7075-T6
impacted at several obliquities with velocity held constant. There is a dramatic reduction in damage size caused by
projectile ricochet as the impact angle increases from 60 to 70-degrees.

Effect of Projectile Type

When projectiles are similar in shape and construction but differ in size, it is generally found that larger projectiles
produce greater damage. When this similarity is not present, however, it is not possible to make lateral damage
predictions based only on projectiles size. Projectile type must also be considered. A distinction must be made between
ogive bullets and compact fragments, for example. Spin-stabilized ogive projectiles can exert significant in-plane
wedging forces that contribute to panel cracking during projectile penetration. Compact fragments tend to punch
through the panel, even at relatively low impact velocities, causing a different mode and size of damage as illustrated in
Figure 1-19.

Effect of Sheet Thickness

Damage size is highly dependent on sheet thickness. A convenient thickness parameter is the ratio of thickness to
projectile presented length (t/Lp). Typically, as t/Lp ratios are increased beyond 0.1, the maximum lateral damage size
increases from a projectile-sized hole to a relative y large damage area. The maximum damage occurs at t/Lp values
between 0.3 and 0.4 for aluminum and titanium alloys. Increasing t/Lp ratios beyond 0.4 reduces the lateral damage to a
projectile-sized hole that may be accompanied by significant amounts of spallation.
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Figure 1-19. Example of Effect of Projectile Type on Character of Damage

The typical response is shown graphically in Figure 1-20(a). It should be kept in mind that since lateral damage
also depends on projectile velocity, this figure shows the largest damage (i.e., the maximum lateral damage) that occurs
for each given t/Lp ratio. The remaining illustrations in Figure 1-20 demonstrate the parametric effects discussed
previously, namely: the effect of projectile velocity, obliquity, 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 identical impact conditions, changing only
target material, will show large differences in damage size. It was shown in Reference 1-2 that the damage sizes for
2024-T3, 2024-T81 and 7075-T6 aluminums have the ratios |, 2.2 and 5.1, respectively. On the same basis, the ratio for
6A1-4V titanium was found to be 1.8 with regard to damage resistance, these materials rank in the order shown below,
with the first having the highest damage resistance:

2024-T3;
6A1-4V;
2024-T81;
7075-Té.

£ W —



10

©7076-T6 aluminum

® 0.126-in 7076-T6

w 10 p’\ .50 CALIBER AP w &0 N ALUMINUM

9 4 'v \\ ¢ 60 l*y .30 CALIBER BALL

= s | \ e NORMAL OBLIQUITY

g 6l =\ < 4.0 TR

z_, : t g a0

-] -~ 2% 20

) £
<N 2410
=0 0 0% T =6
. 0 1,000 2,000 3,000
T . , \
ARGET THICKNESS (in) IMPACT VELOCITY (ft/s}
(a} EFFECT OF TARGET THICKNESS {b) EFFECT OF PROJECTILE VELOCITY
# 0.090 7075-T6 ALUMINUM 10 o TARGET MATERIAL—7076-T6 ALUMINUM
w 40r ¢ .30 CALIBER AP w © U.S. M-53 AP1 20-mm
2 a0k < 8 < U.S. M-64-A2 TP 20-mm
< 30rverocity = 3 o U.S..30 CALIBER BALL
g 1,600 ft/s o FINNISH AP1 20-mm
s 20 ZE_ 4 U.S. .50 CALIBER AP
o= =E£
SE 2,000 ft/s 2w
v ‘g 8 B —— U.5..30 CALIBER AP
g N 1 1 1 ) ) 37 g 1
“ 0 20 40 60 80 100 0 1.0 2.0
OBLIQUITY ANGLE {deg) TARGET THICKNESS/ PROJECTILE DIAMETER
{c) EFFECT OF OBLIQUITY {d) EFFECT OF PROJECTILE TYPE

Figure 1-20. Effect of Several Parameters on Gunfire Damage of Metal Structure

Since damage tolerance also depends on material properties, material selection is an important means of reducing
structural degradation due to battle damage.

Effect of Applied Stress

If the tensile stress level is sufficiently high, unstable crack propagation may occur at impact, resulting in an
extension of damage beyond that obtained from lower stressed panels. Often, the stress level causing impact fracture
(called "impact fracture strength" or "threshold stress") is lower than the stress required to fracture the panel containing
equivalent damage inflicted without applied stress. Applied stress levels below this value may have a small influence on
damage size and orientation; however, the extent of these effects has not yet been established.

1.1.1.3.2 Non-Exploding Penetrators Impacting Fiber Composite Structure

There have been a number of programs investigating the response of advanced fiber composite structure (primarily
graphite/epoxy) to projectile impact (Ref. 1-3 for example). These studies have shown that the unjque characteristics of
composite materjals can have a significant influence on damage response. Some of the properties that influence
projectile damage are (1) the orthotropic strengths and stiffness of the plies, (2) the low ductility of the fibers, (3) and

low interlaminar strength. Characteristic damage responses. observed in fiber composite structural configurations are
discussed in the following paragraphs.

Damage Type

The results of examining graphite/epoxy laminates damaged by small arms projectiles and fragments are reported
in Reference 1-3. The damage modes illustrated in Figure 1-21 were noted from this examination including perforation,
delamination, peeling, fiber fracture and gouging.
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Figure 1-21. Typical Ballistic Damage in Fiber Composites
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Projectile damage in fiber composites tends to conform to the contour of the projectile more closely than
experienced in most metals, which often exhibit considerable cracking emanating from the primary perforation. In
composites, damage is more likely to be confined to a region of perforation surrounded by delamination. There is often
peeling of the surface layers, but this may not be structurally significant relative to the penetration damage.

Effect of Projectile Velocity

Considerable testing with small arms projectiles and fragments fired into fiber composite laminates has shown that
visual damage size is relatively insensitive to projectile velocity. Figure 1-22(a) is representative of the results obtained
in thin laminates. These data were obtained for impact conditions well above the ballistic limits of the laminates.

Results of recently conducted tests with thick graphite/epoxy (Ref. 1-3), shown in Figure 1-22(b), indicate that
while the damage size increases rapidly for velocities up to V/VBL = 1.3 (Velocity/Ballistic Limit Velocity), it remains
relatively constant for higher V/VpL ratios. This is in contrast to metals, where the maximum damage occurs at
velocities near the ballistic limit and diminishes before leveling at high velocities (Ref. 1-2).
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Figure 1-22. Effect of Projectile Velocity on Damage Size in Advanced Fiber Composites

" Effect of Projectile Obliquity

As with metals, damage size in fiber composites varies with the obliquity angle at impact. This effect is shown in
Figure 1-23(a) for thin laminates and 1-23(b) for thick laminates.
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Figure 1-23. Effect of Obliquity Angle on Damage Size in Advanced Fiber Composites
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Effect of Sheet Thickness

Laminate thickness has a significant effect on damage caused by penetrators. Damage size in thin composite
laminates tends to conform to the projected size of the projectile in the plane of the impacted laminate. This behavior
does not extend to thicker laminates, because the exit face damage can be extensively increased by delamination,
sometimes appearing as rear surface spallation. This is shown in Figure 1-24. As with metals, the ratio of thickness to

projectile presented length appears to be a useful parameter in describing thickness effects, as shown in Figure 1-25 for
a typical graphite/epoxy.
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Figure 1-24. Ballistic Penetration Damage in 0.50-in Thick Figure 1-25 Effect of Laminate Thickness and Projectile Size
Graphite/Epoxy, Exit Surface on Damage in Graphite/Epoxy

1.1.1.3.3 Projectile Penetration Into Fluid Filled Containers

In many aircraft, the structure serves the additional function of fuel containment, so that a penetrating projectile
enters a fluid medium after passage through an adjacent element of structure. The term "hydrodynamic ram" refers to
the dynamic pressures generated within the fluid 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.

The initial impact and penetration of the entry wall generates a spherical shock wave in the fluid. The shock
pressures dissipate with distance from the entry wall, but significant damage may be inflicted by this "shock" phase of
the ram phenomena, particularly to the entry wall.

Figures 1-26 and 1-27 show the second phase of the hydrodynamic ram effect, referred to as the "drag" phase. In
Figure 1-26 the projectile is rapidly losing velocity as it travels in the fluid, and this rate of loss is augmented by
tumbling.  Figure 1-27 illustrates the corresponding pressure pulse acting on the tank walls, resulting from the
conversion of projectile kinetic energy to fluid kinetic and potential energy.
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Figure 1-26, Projectile Slowing and Tumbling Within Fluid Figure 1-27. Pressure Pulse Acting on Tank Walls
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Hydrodynamic ram must be considered as a damage mechanism for any structural element that is wetted by fluid,
or any element that is separated from fluid by a pressure transmitting component such as a flexible bladder. The
structural damage caused by ram consists of bulging and tearing, and fastener failure is common. Damage is especially
severe at entrance and exit walls because the internal pressures extend the damage caused by penetration.
Hydrodynamic ram damage due to fragments and small-arms projectiles can be extensive and potentially catastrophic as
suggested by Figure 1-28.

Figure 1-28. Hydrodynamic Ram Damage in Fuel Tank
Caused by Small Arms Projectile

1.1.2 Exploding Projectiles

High-explosive (HE) projectiles contain an explosive charge that is activated by impact. The detonation can occur
almost immediately (superquick fuze), or it may be delayed (delay fuze). The superquick fuzed projectile initiates
detonation at the external side of the entry skin, whereas detonation is usually initiated inside the aircraft with the delay
fuzed round.

1.1.2.1 Types

Common high-explosive threats for aircraft are the 23-mm HEIT, 30-mm HEI, 37-mm HEIT, and 57-mm HE.
Larger projectiles are still in use (though limited), but are generally not considered in structural analysis. The most
frequent weapon deployment consists of vehicle-mounted AAA guns in the forward area or in defense of missile sites. In
addition, the smaller calibers (20 to 30-mm) may be fired from airborne cannons.
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Figure 1-29. Cross Sectional View of Typical HEI Projectile

Figure 1-29 shows a cross section of a typical HEI-T AAA projectile and identifies several of the components. The
projectile consists of a time varying fuze mechanism, explosive charge, tracer element, and the outer casing surrounding
the explosive charge. The tracer acts as a pyrotechnic indicator of the projectile trajectory. The fuze functions when
the projectile impacts a surface. Momentum drives the striker which impels the firing pin into the initiating primer.
Gases escaping from the initiating primer may be channeled through a delay element before permeating the throttle and
igniting the detonating primer, thus creating a time delay. )
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1.1.2.2 Encounter Parameters

The appropriate -encounter parameters for high-explosive projectiles are identical to those for non-exploding
projectiles, namely: striking velocity, obliquity, and attitude.

1.1.2.3 Typical Terminal Effects

The damage from High-explosive projectiles results from the combined effects of fragment impacts and blast
pressures. These effects are discussed in the following paragraphs.

1.1.2.3.1 Fragment Effects

Detonation of the explosive charge causes rupture of the outer casing at extremely high pressure and temperature,
creating fragments of various sizes and accelerating them to high velocities. Due to the configuration of the projectile,
the fragments can be categorized into major groups. For example, fragments from the fuze section and the projectile
base are generally expelled axijally forward and aft (relative to the projectile), respectively, while the fuze attach
section and main spray are ejected primarily radially. The spray of fragments emanates from the point of detonation,
forming a cone of fragments. The angle of divergence relative to the projectile flightpath depends on the velocity of the
projectile and the fragmént ejection velocity. This latter velocity is characteristic of the projectile and can be obtained
from stationary detonations. The influence of projectile velocity on fragment cone formation is shown in Figure 1-30.
The cone is formed by superimposing the fragment ejection velocity (static detonation) and the projectile velocity at
detonation. Fragment distributions have been recorded for statically detonated rounds and typical results are shown in
Table 1-3.

Figure 1-31 shows a typical condition at impact for a wing. The HE projectile shown is‘of the superquick type and
has detonated immediately upon contact with the wing lower surface. A hole is formed in the lower surface due to
fragments and blast.

The size of the resulting damage zone (figure 1-32) depends on-the extent of the fragment cone in the plane of the
structure, and is a function of:

(a) The distance between the structure and the detonation point (stand-off distance)
(b) The fuzing delay,

(c) The angle of the fragment cone, §,

(d) Orientation of the structure relative to the flight path.

Table 1-3. Static Fragmentation Data for Typical HEI Projectile

PROJECTILE |STATIC | MEAN NUMBER AVERAGE |TOTAL
SECTION VELOCITY | STATIC.  |OF FRAGMENT | FRAGMENT
{fth) DIRECTION |FRAGMENTS [WEIGHT | WEIGHT
(deg) (gr) {gr)
FUZE 1,300 0 213 118/20 206
FUZE .
ATTACHMENT | 2,200 10 300
{a) STATIONARY {b) PROJECTILE WITH N z € %
"PROJECTILE FORWARD MAIN SPRAY | 2610 03 604 1.99 1,202
VELOCITY, V,,

BASE 1,660 140 2 32 640 -

Figure 1-30. Fragment Cone Formation

FRAGMENTS

® CONFINED-GAS
OVERPRESSURE

Figure 1-31. Typical Encounter with HE Projectile
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Figure 1-32. Damaged Zone Due to HE Projectilé Fragment Cone

Estimating the damage caused by HE projectiles requires consideration of the effects of each- of the damage
components illustrated in Figure 1-33, including:

The typical damage size from the fragments in the cone;

The upper-bound on damage from an individual fragment;

The size and fragment density (fragments per square foot) of the fragment cone;
The effects of the blast.

£ WN -

An estimate is also required of the degree of interaction between the damage components. For small fragment
cones (with high fragment densities), the individual fragment damages will overlap, producing an effective damage size
equal to the fragment cone diameter. With large cones, however, the fragment density will be low and the individual
damages will have little interaction. The effective total damage size will not be much larger than the largest individual
damage size. There will be intermediate fragment densities (i.e., intermediate fragment cone sizes) where the individual .
fragment damages are at the maximum separation for which interaction can occur. This condition will produce the
maximum total effective damage size. The resultant effective damage size curve reflecting this behavior is shown’
schematically in Figure 1-33.

Qualitative illustration of the effects discussed is given in Figure 1-34, showing damage done to honey comb skins
by a superquick-fuzed HE projectile, with the exit panel located 10-inches downstream of the detonation. The entry
pane} was stressed in tension and the exit panel was in compression at the time of impact. In Figure 1-34(a), the front
face of the entry panel shows damage induced by a narrow fragment.cone. The rear face of the entry panel (Figure
1-34(b)) shows considerable damage from internal blast and fragments. In Figure 1-34(c) the size and density of the
fragment cofte are clearly defined, with only moderate interaction between outer fragment damages. In Figure 1-34(d),
the rear face of the exit panel has severe central damage and increased interaction between outer fragment damages.
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FRAGMENT
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INDIVIDUAL DAMAGE SIZE
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Figure 1-33. Effective Damage Size Resulting From HE Projectile Impact



16

My pocs?

{b) REAR FACE, ENTRY PANEL {d) REAR FACE, EXIT PANEL

Figure 1-34. Fragment Cone Damage in Honeycomb Panels, Inflicted by Typical
HE Projectile, Exit Panel 10-in Downstream of Detonation

1.1.2.3.2 Blast Effects

In addition to fragment effects, blast is a significant damage mechanism when structure is exposed to high
explosive projectiles. Regardless of whether the blast is internal or external, the.structure will injtially experience a
transient overpressure due to the shock wave. This overpressure can cause extensive structural damage in lightweight
aircraft structure. For internal blast only, the interjor structure will experience a residual pressure after the shock wave

has dissipated, caused by the confinement of explosive gases. This confined gas pressure can also be a significant failure
mechanism. :

Overpressure Due to Shock Wave

The detonation of an explosive causes a shock wave that travels radially outward from the center of detonation.
The shock wave travels at the local speed of sound, characterized by its Mach number. When the shock front arrives at a
location, the pressure immediately jumps from ambient to a higher value. The overpressure is called "side-on
overpressure", and its magnitude depends on the type and quantity of explosive and the distance from the detonation.
Figure 1-35 shows estimated peak overpressure as a function of distance, for a representative HE projectile. However,
this is not a stable conditipn, and the overpressure immediately begins to decay, resulting in the classic pressure-time
response at a point shown in Figure 1-36. This "blastwave" response is characterized by a peak positive overpressure, a
time duration, a decay shape and a total impulse. All of these parameters change with distance from the detonation.
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Figure 1-35, Peak Overpressure Resulting From Detonation of Typical HE Projectile
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In order to simplify loading analysis, it is common practice to transform the actual pressure pulse, which has an
exponential decay, into an equivalent triangular-shaped pulse having the same total impulse as the actual pulse. This can
be done in two ways: 1) maintaining the peak overpressure of the actual pulse, or 2) maintaining the same time duration
as the actual pulse. ;

w .
4 [ EQUAL PEAK PRESSURE I LEQUAL TIME DURATlOﬂ
<8
E|E
w w w EQUIVALENT PEAK
g a | | | [3 \ « PRESSURE
7 ' i\ / '
s —_— — EQUAL IMPULSE
g POSITIVE € \ x EQUAL IMPULSE
PHASE \ EQUIVALENT
DURATION I TIME
|———*-l DURATION
TIME OF I
ARRIVAL l TIME TIME
| | Figure 1-37. Two Methods of Developing Equivalent .
[T i Ar ] TIME. Triengular Pulse

Figure 1-36. Typical Pressure-Time Response at Some
Location Away From Detonation

Figure 1-37 shows these two ways of forming an equivalent triangular pulse. A rule of thumb often used for
deciding which form is the best for a specific application is to select the triangular pulse that most nearly approximates
the actual pulse pressure at time T/16, where T is the natural period of the structure (Ref. 1-5).

From the standpoint of loading analysis, however, the side-on overpressure characterized above' acts only on
surfaces parallel to the direction of travel of the shock. In general, the pressure loading felt by structural surfaces will
be either the'reflected overpressure or the Mach stem overpressure, as determined by the angle of incidence between the
shock front and the surface. ’

Figure 1-38 shows the case of reflected overpressure at an unyielding structural surface. As the incident shock
front intersects the surface the air particles stop. As a result, these particles now have a velocity relative to particles
further from the surface which are still moving. In other words, particles at point 0 have a velocity relative to particles
in region Y, referring to Figure 1-38. This relative velocity is directed toward Region Y, giving the effect of a new
shock front moving into Region Y. This is the reflected shock. The initial conditions for the reflected shock wave are
those resulting from the passage of the incident shock. Thus, the conditions in Region R, which are those felt by the
structural surface, are the result of a double shock.

”~ SURFACE

_ MACH STEM

STRUCTURAL

® REGION X—AMBIENT CONDITIONS SURFACE

® REGION Y—CONDITIONS CREATED BY INCIDENT SHOCK

© REGION R—CONDITIONS CREATED BY THE REFLECTED
SHOCK ENTERING REGION Y

Figure 1-39, Mach Stem Formation Resulting From Oblique
Figure 1-38. Incident and Reflected Shock Fronts at a Surface Impingement

However, as the angle of incidence, #, of the initial shock front is increased, a value is reached such that the
incident wave does not reflect, but instead travels along the surface, forming a "Mach stem". The pressure loading
behind the Mach stem is the Mach-stem overpressure, and acts directly on the structure.

Figure 1-39 shows a Mach stem situation. The critical angles of incidence for Mach stem formation depend on the
Mach number of the incident shock, and are available in the literature (Reference 1-5, and others). These critical angles
range from 90-degrees for acoustic shocks (M=1) to approximately 40-degrees for shocks of Mach number greater than
1.5. When 8 is greater than the critical value, Mach stem overpressures rather than reflected overpressures should be
used in the structural analysis. )
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Residual Pressure Due to Confined Gas

When internal blast occurs, the expansion of the product gases is resisted by the structure. The gases may be
confined within the structure unless released by the venting that results from penetration or structural failure. The
result of this confinement is a quasistatic internal pressure acting on the structure. The penetration holes and vents act
as orifices, resulting in exponential pressure decay. In addition, rib or bulkhead failure can result in rapid expansion of
gas into an adjacent bay. The amplitude of the residual pressure depends on the enclosing volume. Figure 1-40 shows
estimated residual pressures resulting from confining the blast of a typical HE round within the volumes indicated, with
no venting. The damage potential of the confined gas residual pressures is enhanced by their relatively long duration.
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Figure 140. Hydrostatic Pressure From Explosions in Closed Cells

1.2 ENGINE DEBRIS PROJECTILES (Following Discussion is From Refs. 1-6 and 1-7)

Non-contained engine failures, resulting in the escape of an engine fragment from the engine case, do not occur
very often, the average rate in commercial service has been less than one per million engine hours worldwide in recent
years, (Ref. 1#6). Further, the probability of this once-per-million-hour event causing an aircraft accident, defined as a
penetration of fuselage or damage to wings or vital components, has proved to be about one chance in 8.5. Figure 1-41
indicates the proportion of aircraft accident sources between 1954 and 1974, indicating that 97.2% of all aircraft
accidents have been the result of events other than non-contained engine failures.

PERCENTAGE CAUSE OF INCIDENT PERCENTAGE

OF ACCIDENTS BIRD STRIKE ON AIRCRAFT OF FATALITIES
0.62 AIRCRAFT STALL TESTING 035
0.62 PILOT HOMICIDE BOMB OR ENEMY AC 0.35
1.1 — AIRCRAFT FIRE (NON-ENGINE) 328
2.01 73—~ ENGINE OR AUXILIARY FAILURE 4,01
249/ 113 ENGINE NONCONTAINMENT / NIL
@2.79 1163 COLLISION IN AIR OR ON GROUND/ 19.75 \60.1

\ NOT KNOWN 4.46
ADVERSE FLYING CONDITIONS—] 1235

7.78
\AIRCRAFT STRUCTURE OR /

EQUIPMENT FAULT
40 \ )

228

475

PILOT OR INSTRUMENT ERROR

Figure 1-41. Analysis of Aircraft Accident and Fatalities—1954 to 1974

Nevertheless, these incidents do occur and must be addressed. The effects of an uncontained projectile emanating
from an engine and subsequently striking an adjacent portion of the airframe, can be assessed in the same manner as for
nonexploding military projectiles. There is an important distinction, however, in that the engine debris projectile is
typically an irregular fragment (as opposed to a bullet), behaving more like a warhead fragment or the fragments
generated from a high-explosive projectile.




1.2.1 Description of Engine Debris Projectiles

Rolls-Royce (Ref. 1-6) has made available the results-of a study on non-containment incidents associated with their
commercial engines, in which they recorded the weights of fragments, the direction of release, energy and size,
wherever such information could be obtained. These results are summarized in the following paragraphs.

Weight of Fragment

Figure 1-42 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 categorized 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 aircraft.
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Figure 142. Noncontained Failure—1954 to 1974 Inclusive

Compressor and turbine non-containment are indicated 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.

Figure 1-43 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 fragment. For example, the
ability to contain a fragment weight 5% of the bladed disc weight would have prevented 56% of all non-containments. If
the former figure were 10% we would have prevented 72% of the non-containments. Thereafter the gains are less
spectacular. .

PERCENTAGE OF INCIDENTS
COVERED BY CONTAINING
SPECIFIED FRAGMENT

A - a2 'y _L - 'y A .
10 20 30 40 60 60 70 80
WEIGHT OF LARGEST FRAGMENT
AS PERCENTAGE OF BLADED
DISC WEIGHT

Figure 1-43. Number of Incidents Versus Fragment Weight

When a fragment strikes the inside of an engine casing and it is not contained, it is sometimes deflected on its way
through the casing. Figure 1-44 illustrates the effect of such deflection upon the subsequent path of a fragment.

Since the point of penetration of the casing is at a-random circumferential position, the probability of an aircraft
item in line with a disc being struck by a fragment is unaffected by deflection of the fragment by the casing. But the
axial deflection of the fragment is important in that it affects the axial length of the possible impact area on the
aircraft.

A study of the axial deflection of debris in actual incidents produced the result shown in Figure 1-45 where axial
deflection is plotted against weight of fragment. It shows that only the lighter fragments were appreciably deflected,
the maximum deflection being +33-degrees whereas the heavy fragments were not deflected more than +5-degrees.

Thus, the situation may be as shown on Figure 1-46 where a pack of discs creates over-lapping fields of possible
debris distributjon 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. ) ,
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Energy of Fragment

A fragment has two kinds of energy when it leaves an engine, see Figure 1-47. It has kinetic energy along its flight
path which is tangential to the radius described by its center of gravity when it was part of the disc.. It also has
rotational energy about its own center of gravity. 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 because the translational-energy is in the
direction of the impact and, for realistic fragments, it is invariably much greater than the rotational energy.

Figure 1-47 also shows a plot of disc sector size against its translational energy. The fragment with maximum
translational energy is a disc segment subtending an angle of 133.6-degrees. 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 it
sideways out of an engine with a relatively low velocity.

The energy with which a fragment leaves an engine is less than its initial energy because it expends some energy in
penetrqting 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 initial energy of the fragment.

To dete