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ABSTRACT

A series of model "crash" tests have been conducted for the purpose of understanding
the mechanisms which produced the catastrophic shattering and fragmentation
associated with the crash of PSA Flight 1771. Public -.aw 100-203 defines conditions
under which air transportation of plutonium from a foreign nation to a foreign nation
through United Statss airspace may be permitted. Section 5062 of that Law specifies
that proof of survivability of the packaging, with no leakage of piutonium, shall be
provided for & "worst-case" accident, and that the proof of survivability shall be
demonstrated by, among other requirements, an aircraft crash test which replicates the
worst-case accident. The U.S. Nuclear Regulatory Commission (NRC) has specified
that the conditions associated with the crash of PSA Flight 1771 represent the "worst-
case". The accident occurred near Paso Robles on Dacember 7, 1987. Shattering
and fragmentation of every physical aspect of the aircraft, including its contents,
characterized the crash conditions. A short-term, yet intense effort has been applied
toward understanding the phenomena which produced global shattering/
fragmentation. Ten tests were conducted, using a 2.5-in. diameter gas gun, in an effort
to reproduce the PSA Flight 1771 shattering conditions in model fuselages. Five
phenomenological shatter-producing candidates emerged; they were 1) high-strain
rate, 2) high-deformation rate, 3) air pressure buildup insida the fuselage on impact, 4)
“shrapnel" from fragmenting rigid/semi-rigid mass internal to the fuselage, and 5)
eruption of deformable mass internal to the fuseiage. The tests demonstrated that
superposition of either of the latter three "shatter-producing” candidates upon the first
two (high-strain rate and high-deformation rate), would produce catastrophic shatter-

ing.



TABLE OF CONTENTS

BVDIRPIIIE & i i AR s oMb RS LA MRS UR N s UM AT AR G AN St
VONID BT DDEIUERITIN ..o iaris onb s bicobasbuionsiavaisrenssohusateri bbbl mabbe esasmmadsRss BN s st o bond
AORROWIBIBIMBIDE ..o voesrsmsrisnnsosiassineinensasrsssbsomisndssnaons sesksnarssh s sRIAI HFALI I pabmts
T PR 105 R SR ST P S DA M4 S LA DLV PR BB
VDD REOIEE 1.t oan i b ersanborushstoniis thbthbarbe yaf 44 bR IH R RORSAARINA SRR P M A AL WS
1.1 Shatter-Producing Phenomena.............ccummimmmmmsimnmimsmsssne
1.2 Other Relevant Shatter-Influencing Parameters..........cumennn.
A0 TR DGR W TR ivivicsssn i asadsinssesosvss s eidbummnicspo mmiiontonkukd bvsnsymhuenbida
R R TR T R AN W MR P G S S TS IR Y e
3. Experiment Design Considerations ...
Ml L AR SRS U B TR SRR R L S R R L e
3.2 Partitioning of Shatter-Producing Sources.............c.cvmmminiins
3.0 DOBRIDHDN BTG VIR ool cciniirssi soani Aot mesiviontts St esasis s
M T RS AR R AL MR S R W 8
WG e e N SRR SR T e T SO (A R D
4.2 Rigid and Semi-Rigid Mass EffeCts ...
4.3 Air Pressure BUildup EfOCLS ............c.oceiureiimniinssinnnnnssansssssissssssscasss
4.4 DofOrMADIO MEBS EIMBOE... ... .o crnismnmsrisssiniasssasemsninsassesssssssmusrantpasssssss
R R RN A A o S | BT SRR
8.0 NG DHIVIDIE TRIMGE s o cvisnsitietsenseissreniersiamtstisntmussse vismimss ook rbiie
PR T B G T S SN RS R NS (I A ol SN
5.1 Fragment Count and DiStriDULION..........ccuiimiminimmnin s
5.2 Significance of "Largest” Fragment............iimmemenn.
5.3 Effects of Fuselage Air EnvIironment ...
B DDRBIRBIBNE G5 ininnisbisl iR i it i sais AL o by doth b N AU AL 4 oy
e L SRR A v i s R R s DS MBSO £ e A SRR

i

(e ce e e o R



TABLE OF CONTENTS

(continued)
PAGE
ADDONIIOBE...........covocosissasinsassrsssscrnassmsisartsosascassssssstsnses thsarsnsinsspscsssasissanassssnsssssasasasssnss 16
1.  Test #1, Test Results, Base Cage ..., 17
2. Test #2 Repeat of Base Case with H.S. Photo ..., 20
3. Test #3, Effect of Concentrated Rigid Mass on Fuselage Model
FrROMOMBLON ....cccomuriimecsirummmniaminsiansssmiimisisssrassssssnissssssssssssinsssosmisasss 23
4. Test #4, Crash Test in Vacuum with 60° Impact Angle...........oivnns 34
5. Test #5, Crash Test in Vacuum with Windows, 90° Impact Angle...... 44
6. Test #6, Crash Test with 1-Atm of Air in "Fuselage®, 90° Impact
INIULE .o iceusncadonssnosnmminsepnaensaamind b sets shimthsns s sOAOTR A YIS SOHRMRYS Prbb VIO 50
7. Test #7, Crash Test with Deformable Mass, 80° Impact Angle ............. 60
8. Test #8, Crash Test, Base Case without 0.0034-in. Wall, 90° Impact
BATEEID i vvonssmiionnihenosninnt sonnshambesmdd VS04 MRNAVSIEOA L SHRa I AINRRISEI AN S S A ETR S 70
9. Test #9, Rigid/Semi-Rigid Internal Mass Crash Test without
D.003840. VWA TRIORIBBE ..o vvaiciricassseasisisinnmsiomboassnsmondors potshonioses sestsnsdon 80
10. Test #10, Base Case, Repeat without 0.005-in. Wall............ccovniniinns 90
11,  Kinematic Modeling Fuselage Buckling ... 99

-



ACKNOWLEDGMENTS

Several staff members of the Nuclear Systems Safety Program and the technical
support group of the Mechanical Engineering's Nuclear Test Engineering Divigion, as
well as staff and technical support personne! of the Nuclear Chemistry Department,
have contributed te this effort. The contributors are gratetuliy acknowledged:

Greg Bianchini Charies Herget
Dennis Chakedis Garry Holman
Jim Caywood Bob Ramos

J. C. Chen Jim Van Sant
Mark Eli Gilbert Vayer
Larry Fischer Bennie Walker
Bill Gourdin Stuart Weinland
Gerald Goudreau Monika V/itte
Lisa Hensel

Bob Ramos, Nuclear Test Engineering Division, served as Senior Mechanical
Technologist. The high-speed camera instrumentation was done by Jim Caywood of
the Technical Information Department of LLNL.



GLOSSARY

BAe — British Aerospace (the "e" is added to distinguish it from British Airways).
Catastrophic Shattering — Global material failure characterized by complete
separating and dispersing of a singular unit (such as an aircraft fuselage) into many
small fragments due to dynamic loading through a combination of tensile, shear, and
compression, which exceed the ultimate strength limits of the material.

FAA — Federal Aviation Administration.

impact angle — The angle between the longitudinal axis of the model fuselage and
the plane of the impact surface of the impacting projectile. By definition, this angle is
restricted to values less than 90°.

NRC — United States Nuclear Regulatory Commission.

NUREG-0360 — An NRC Statf document which specifies criteria for qualification of a
package for air transport of plutonium.

LLNL — Lawrence Livermore National L.aboratory.

PAT — Plutonium Air Transport.

PAT package — The package for air transport of plutonium, including the plutonium
itself, the inner and outer containment vessels, and all packaging components whose
function relates to safety, protection, or aerodynamic drag enhancement.

PSA — Pacific Southwest Airlines.

Projectile — A cylindrical solid 63.62 mm (2.5-in.) diameter by 77.35 mm (3.0-in.) in
length and made of Lexan polycarbonate.

Target — The model fuselage, generally fixed near the gas gun barrel exit, to be
impacted (crashed) by the projectile.



1. Introduction

The purpose of this document is to describe the experimental methods and results
employed in examining the mechanisms which cause shattering in a high-velocity
aircraft crash. Of particular concern is the survivability of a plutonium air transport
(PAT) package exposed to high-velocity impact crash conditions which could result
from an accident.

Public Law 100-203 (Ref. 1) provides guidelines by which the United States Nuclear
Regulatory Commission will regulate the transportation of plutonium from a foreign
country to a foreign country through United States airspace. Section 5062 of that Law
requires ti.ut a "worst-case" a'rcraft accident be considered to the maximum extent
practicable. The NRC has specified that the conditions associated with the crash of
PSA Flight 1771 on December 7, 1987, near Paso Robles, California, represents a
"worst- case" crash. Catastrophic shattering of the fuselage skin, its contents, and
appendages occurred. Fragments were scattered over a radius greater than 200 m
from the point of impact. The aircraft type was a BAe-146-200. Figure 1a shows the
broad dispersion of debris from the crash. Figure 1b shows a pile of collected
fuselage fragmentation remnants from the crash.

An understanding of the various mechanisms which contributed to the disintegration of
the aircraft is an essential element to the NRC satisfying conditions of P' * lic Law 100-
203. To that end, a brief, but intense, effort was initiated for the purpose of better
understanding how the potential mechanisms ot vhattering applied to a high-velocity
aircraft crash. Generalization of the results of this effort to less severe crashes was not
attempted.

1.1 Shatter-Producing Phenomena

Five shatter-producing phenomenological candidates emerged through initial study.
They were:

. high-strain rate in the fuselage skin,

. high-deformation rate of the fuselage skin,

. air pressure increase inside the fuselage due to volume collapse,

. rigid and semi-rigid mass (instrument panels, plastic and metal structure,

seats, etc.) which shatters and produces "shrapnel” internal to fuselage,

. deformable mass (fluids) internal to the fuselage, which erupts under
high pressure from impact.



Impact Crater ‘

Figure 1a. Scattered <ebris from crash of PSA Flight 1771,

Figure 1b. Fragments collected from crah of PSA Flight 1771,



A series of high-velocity impact tests, designed to investigate each of the
phenomenological candidates, was planned. A fundamental objective was that of
reproducing the shattering conditions observed in the crash of PSA Flight 1771 with
the crashing of small fuselage models. A secondary objective was that of delineating
the relative effects of each potential shatter-producing candidate. A brief discussion of
each candidate follows.

1.1 High-Strain Ra

The behavior of materials subjected to large strains and high-strain rates is of
significant importance during metal forming, high-speed machining, high-velocity
impact, and other similar conditions (Ref. 2). Very little data of modeling usefulness is
currently available, and some conflict appears 10 exist with regard to the ultimate effect
of strain-rate. Early investigators suggested that high-strain rates increased the yield
strength (Ref. 3) while more recent investigators suggest that higher strain rates
produce higher degrees of strain hardering and shorter "strairi-to-failure" conditions
(Ref. 4). Most investigators agree that more ductile materials are less sensitive to
property modification due tc strain rate (Refs. 2, 3, 4). LLNL experts in structural
modeling believe that the effects of strain rate in aluminum, for dynamic conditions
similar to the model crash tests and also for conditions of the PSA Flight 1771 actual
crash, remain somewhat uncertain (Ref. 5). Results from LLNL model! crash tests offer
agreement to this assessment.

1.2 High-Deformation R

A high-velocity impact normal te the longitudinal axis of a ductile cylindrical shell
produces an accordion type of buckling phenomena (Ref. 5§). Such processes
commonly occur when an empty aluminum soft drink can is "stomped". In the absence
of internal mass, a similar buckling process might be expected to occur in the fuselage
of an aircralt impacting the ground with a near-normal angle of impact. Buckling of this
type was observed in fuselage models "crashed" in tests described in this report.
Structural analysts (Ref. 5) have suggested that rapid buckling may induce large
inertial forces as the walls of the cylindrical shell deform at a high rate. Two-
dimensional rigid body kinematic analysis suggests that accelerations approaching
1.5E08 g's (see Appendix 11) are possible when the impact velocity is 290 m/s (950
ft/s). The resulting tensile loading, due to inertia, can exceed the ultimate stress limit of
the fuselage skin, resulting in fragmentation.

113 Pressure Increase In Fuselage Due To Volume Collapse

As collapse of the fuselage progresses, following a near-normal impact, the volume of
air inside the fuselage would be progressively compressed. The resulting pressure
rise would, theoretically, become infinitely large with total collapse of the volume. At
some point in the collapsing process the pressure would conceivably rise to the "burst"
limit of the fuselage and result in catastrophic fragmentation.



| 1.4 Rigid and Semi-Rioid Masa Internal To Eusel

instrument panels, plastic and metal fixtures, partitions, seats and other similar internal
appendages to the fuselage are subject to fragmentation upon impact, especially
when the impact velocity is high. The consequence could be a "shrapnel”-like
environment internal 10 the fuselage as the impact progresses from nose to tail, thus
producing catastrophic fragmentation of the fuselage.

11.5 Deformable Mass Internal To Fuselage

Waterhammer-like phenomena is expected to occur when liquid or human mass is
suddenly stopped by impact with the ground. Pressure within such mass may
approach a magnitude as large as 344 MPa (50,000 psi) if the impact velocity is 290
m/s (950 f/s). Pressure of this magnitude is expected to produce catastrophic eruption
of deformable mass and contribute to the ultimate shattering of the aircraft fuselage

1.2 Other Relevant Shatter-Influencing Parameters

The physical properties of the soil, the geometric properties of the terrain and the
angle of impact are among other notable influences expected to affect the degree of
shattering. The minimum angle of impact criteria specifies 60° (Ref. 9). That angle
was developed from topographical surveys of the PSA 1771 crash site and near-
impact data recorded on the flight data recorder.

Non-uniform distribution of mass along the length of the fuselage walls is expected to
influence characteristics of fuselage shattering; windows and overhead storage bins
are typical exampies.

Ot those influences mentioned in this section, only the angle of impact and the
windows were examined experimentally.

1.3 The Need For Tesis

The "worst-case” accident, as prescribed by the NRC, was an event which produced
catastrophic shattering of the fuselage and iis contents. A need to understand the
mechanisms which produced shattering in that event, as it relates to the safety of
shipping of plutonium by air, clearly emerged. The basic question which was first
raised was, "can similar shattering of fuselage models be repeated in a laboratory
environment, and further, can such tests be designed which will help delineate the
effects of the phenomenological sources of shattering?" Because of the several
shatter-producing candidates, and because of the availability of a 2.5-in. gas gun
facility at the Laboratory, it seemed expedient that a few tests be designed which
would provide better understanding of the shattering phenomena. Ten tests were
conducted.



2. Gas Gun Facility

The history and engineering theory of high-speed gas-guns is well documented by
Seigel (Ref. 6). Such guns utilize low molecular weight gas, compressed to high
pressure, to propel a projectile. The projectile accelerates through a relatively long
barrei, to impact a target fixtured inside an evacuated "catcher" chamber. The
"catcher” chamber is usuaily appended to the exit end of the gun barrel, is closed, and

can be made to sustain its own independent environmental pressure. Such a gun is
shown in Figure 2.

The bore of the gun barre! is 2.5-in. in diameter. The barrel langth is 8 ft, Helium is
used to propel the projectile. Crash conditions were experimentally simulated by firing
a 300 g projectiie into fixed fuselage models positioned at the exit of the gun barre!.
Thus, the projectile simulated "earth" crashing into the aircraft fuselage model; impact
effects should be identical to that of the reverse case.

The test chamber, where impact occurred, had large side ports which permitied
viewing wiith a high-speed camera. The pressure environment of the impact zone was
controllable. Some tests were conducted in near-vacuum conditions; others were

conducted with the model fuselage target contained in a 1-atm air pressure
environment.

3. Experiment Design Considerations

To determine whether fuselage shattering could be duplicated in a laboratory setting,
care was given to scaling the moael fuselages, o the extent possible. The al.craft
involved in the "worst-case" crash (PSA Flight 1771) was a BAe-148-200. Attention

was also given tu methods of partitioning the effects of the several shatter-producing
phenomenological candidates.

3.1 Scaling
The fuselage dimensions of the BAe-146-200 aircraft (Ref. 7) were;

Overall Length: 2860 m (93.8 ft)
Fuselage Diameter: 3.56m (11.7 1)
Effective Skin Thickness: 199 mm (078in.)

The fuselage is made from aluminum alloy, series 2024,

Aluminum alloy tubing, series 6061-T6, was used for fuselage models because it was
readily available. The dimensions of the fuselage models were:

Length: 178.2 mm (7 in.)
Diameter: 25.4 mm (1in.)
Wall thickness: 0.087 mm (0.0034 in.) (Minimum)
Wall thickness: 0.127 mm (0.0050 in.) (Maximum)




Figure 2. The 2.5-in. gas-gun facility operated by the Nuclear
Chemistry Department.




The effective length of the cylindrical section of the BAe-146-200 was estimated to be
slightly less than 25 m (82 ft). Thus the L/D (length/diameter) for the fuselage models
are equal to that of the actuai aircraft. The D/t (diameter to effective thickness) ratio of
the actual aircraft fuselage is 1798. For the model fuselage, the maximum DA-ratio
was 294. The thinnest wall attainable by machining processes was that listed in the
chart above. Efforts were made to produce models with a thinner wall by plating and
subsequent chemical milling. Time and cost constraints precluded successful
completion of that endeavor. Each fuselage model was closed at both ends by a thinly
machined plug.

Other techniques for fabricating thin-wall fuselage models were considered, including
laser walding of thin aluminum foil, hydro-forming, and spinning. They were not
pursued because of high cost.

Scaling Of Rigid/Semi-Riaid M

Scaling of actual instrument panels, metal and plastic mass appendages internal to
the fuselage was done purely qualitatively and without mathematical scale. It is
spéeculated that a high-velocity impact of an aircraft wili result in shattering of most of
the fixtures internal to the fuselage. To experimentally simulate such physical
conditions, miniature toy cars, fabricated from die cast metal and plastic, were
purchased and used. The cars were small enough to fit inside a 1.59 cm (5/8-in.)
diameter cylindrical shell. Their length was slightly more than 2.54 ¢m (1-in.). Four toy
cars were glued together (front-to-rear) and placed inside the model fuselage to
represent the rigid/semi-rigid mass internal to the BAe-146-200 aircraft. The "lead" toy
car was glued to the nose-end of the model fuselage.

3.1.2 Scaling Of Deformable Mass

Scaling of liquid and human mass internal to the fuselage was purely qualitative and
without mathematical proportioning. Several worthwhile ideas emerged. Thin-wall,
flexible, medical capsules filled with jello (Ref. 8), and possibly containing dispersed
rigid elements was considered for simulating human mass. Play gel, such as Ecto-
Plazm (Kenner Parker Toys, Inc.), was also considered. A simple and expedient

choice was to "cast” a relatively thin layer of jello, horizontally, the full length of the
model fuselage. The jello occupied 33% of the internal volume of the model fuselage.

The leading end of the projectile was fully beveled with a 30° angle as shown in
Figure 3a. The 30° bevel produced the desired 60° angle of impact. Figure 3b shows
the collision orientation of the projectile with a model fuselage.

Simulating Windows (n Madel Eusal

Windows were scaled from actual size. Holes (26) were drilled in the mode! fuselage
(on both sides). The holes were 2.4 mm (0.093-in.) and were drilled on 6.4 mm (0.25-
in.) centers.




High-speed photography was necessary. With an impact velocity of 280 m/s (950 ft/s),
the impact event occurs over a period of slightly more than 0.5 ms. That ig, the
projectile drives through a 17.8 cm (7-in.) model fuselage in about 0.614 ms.

3.2 Partitioning Of Shatter-Prouucing Sources

Fuselage shattering effects caused by mass internal to the fuselage and also effects of
air pressure buildup during fuselage collapse, were to be eliminated by impacting a
fuselage model in a near-vacuum environment with no internal mass present. A small

hole was drilled in the rear end plug to allow air to @scape during the evacuation
process.

The shattering effects of rigid and semi-rigid mass internal to the fuselage were
partitioned from effects due to air pressure by impacting the fuselage in near-vacuum
cenditions. The tests that were performed resulted in superposition of rigid/semi-rigid
mass effects on high-deformation rate and high-strain rate. A test was designed which
utilizes a large diameter fuselage with open ends, permitting the projectile to pass
through it; by impacting only the rigid mass internal to the fuselage it would be

possible to further partition the singular effects of rigid and semi-rigid mass. This test
may be conducted at some later date.

The shattering effects of deformable mass internal to the fuselage were partitioned
only from the effects of rigid and semi-rigid mass.

3.3 Description of the Tests

Ten model crash tests were conducted. The fundamental objective was a "scoping"

exploration of the phenomenological sources of shattering in high-velogcity aircraft
crashes. The ten tests are summarized in Table 1.

Table 1. Summary description of the model crash tests. All model
fuselages were 25.4 mm diameter, 178 mm long.
Wall
Thickness,
Test mm Envir, Pres. Remarks

0.127 vac. no internal mass, no high-speed photograph
0.127 vac. repeat of Test #1, but with high-speed camera
0.127 vac. ngid/semi-rigid mass internal to fuselage

0.127 vac. 60°-impact angle, no internal mass

0.127 vac. 52 simulated windows, no internal mass

0.102 air, 1-atm no internal mass, effect of air press Jre buildup
0.102 air, 1-atm deformable mass, jello occupying 33% of space
0.0865 vac. repeat of Test #2, with thin wall model

0.0967 vac. repeat of Test #3, with thin wall model

0.127 vac. repeat of Test #2

CONOOMIHWN =

o




Figure 3a. Projectile, beveled to simulate 60° impact.

FUSELAGE

PROJECTILE

Figure 3b. Pre-impact configuration simulating 60° impact.




Test #1 was conducted without use of high-speec camera instrumentation. Because
of the uncertainty of sources of resulting fragmentation, it was decided that high-speed
camera instrumentation would be essential. Tests #2 and #3 were supponted with
high-speed camera, but triggering problems and lighting conditions were such that
these tests needed to be repeated (Ref. Tests #9 and #10).

4. Results

It was deduced that some fragmenting of the fuselage occurred on impact in all ten
tests. The criteria used to characterize and compare shattering effects due to the
several potential sources were:

a) total number of fragments produced,

b) location of recovered fragments,

c) the size of the largest fragment,

d) the location of the largest fragment, and

8) observations of impact event from high-speed photography films (Ref.
10).

Table 2 provides a summary of details for each of the ten tests.

4.1 Base Case

The Base Case was a 90° impact angle in a vacuum environment at a velocity of 290
m/s (950 ft/s). No mass, other than the model fuselage skin, was involved in the impact
with the projectile. Four very similar tests were conducted under Base Case
conditions. The only significant variable was thickness of the fuselage skin wall.
Results were essentially the same in all four events (Test #1, #2, #8, #10). A small
amount of fragmentation occurred. High-speed camera was not in use for the first test.
Lighting was inadequate in the second test. Fragmentation on impact was evident in
the last two tests. There was no appreciable difference in the degree of fragmentation
of a 0.127 mm (0.005-in.) wall thickness model fuselage and one with 0.086 mm
(0.0034-in.) wall thickness. The 2-dimensional kinematic analysis of a buckling
phenomena (Appendix 11) suggests that shattering due to high-deformation rate
should be independent of wal! thickness. Refer to Appendices 1, 2, 8, and 10 for
detailed test results.

10-



Characteristic:
Test Date

H.S Camera
Record

Target Environ,
(milli-Torr)

Projectile
Velocity (m/s)

Projectiie
Mass (g)

Angle of
Impact (deg)

Mode! Fuselage
Wal! Thick., mm

Quantification of Fragmentation:

Fragmentation
on Initial Impact

Total Number of
Alum. Fragments

Number of Alum.

Fragments Recovered Outside Catcher

Number of Alum.

6/2 6/2
none fair
(slow)
40 135
303 292
314 314
90 )
A27 127
(.005%) (.005*)
no? no?®
62 35
39 13

23

22

Fragments Recovered Inside Catcher

Mass Analysis of Target:

Mass of Fuselage
Model (g)

Mass of Rigid and

8.2

Semi-rigid Members (g)

Mass of Deformable - -

Members (g)
Mass-% of Alum. 14
Fragments Outside Catcher
Mass-% of Alum. 79

Fragments OutsideCatcher

Mass-% of Alum.

Frag. between Proj. and Foam

Mass-% of
Largest Alum.

3T
1 The fuselage model had holes drilled to simulate windows.
2 The steel peg separated from Lexan projectile; Lexan weight = 232 g.

66

66

84

314

90

27
(.0087)

yes

128

6.7

17.79

49

28

14

74

425°

2322

A27
(.005%)

no??

42

12

7.3

87.7
115
04

41

289

314

127
(.005")

no?3

42

22

20

7.34

91.6

79

79

313

102
(.004%)

yes

138

62

77

6.2

8.9

82

82

6/22

fair

1-atm

314

102
(.004%)

yes

143

116

27

6.4

a9

1

i3k

70

313

.0865
(.0034%)

yes

24

16

462

9.5

90.5

82

82

E
:

ma

=3

313

0967
(.0038%)

yes

186

108

81

4.91

17.n

39

57

04

26

79

€.84

9.8

90.2

04

87

3 Fragmentation was not detectable from high-speed film, due to poor lighting conditions; subsequent tests provided the basis for

deducing that a small amount of fragmentation occurred on initial impact,
4 The projectile was dismed from the catcher.

A4«



4.2 Rigid And Semi-Rigid Mass Effects

As described earlier, toy model cars fabricated of die cast metal and plastic parts, were
gluod together and then placed irside the model fuselage and glued to the nose end.

he "crash" event occurred in near-vacuum couditions similar to that of the Base Case.
The shattering effect on the mode! fuselage, due to the break-up of internal mass, we~
superimposed on the effects due to high-defcrmation rate and high-strain rate.
Shattering of the model fuselage was catastrophic in both tests (Test #3 and Test #9).
The only significant difference in the two tests was model fuselage wall thickness (as
noted in Table 1). Fragmentation was slightly more severe in the case of thinner
mode! fuselage wall. Refer to Appendices 3 and 4 for detailed test results.

4.3 Air Pressure Buildup Effects

The shatter-producing effects of air pressure were superimposed on high-deformation
and high-strain rate effects. The result was a moderate degree of fragmentation. The
presence of air made the model fuselage considerably "stiffer" than cases where a
near-vacuum environment condition existed. As a consequence, less than half of the
model fuselage collapsed during the initial impact event. Only one test of this type was
conducted (Test #6). Refer to Appendix 6 for detailed test conditions and test results.

4.4 Deformable Mass Effects

The shattering effect of a relatively thin layer of jello, cast the full length of the fuselage
(occupying 33% of the volume), was catastrophic. The impact occurred in a 1-atmos-
phere environment. Therefore, the event represented the combination of effects from:
a) high-deformation rate, b) high-strain rate, ¢) air pressure buildup, as well as d)
erupting deformable mass. Only one test involving deformable mass was conducted
(Test #7). Refer to Appendix 7 for detailed test conditions and results.

45 Window Effects

Windows were expected to increase the potential of fuselage shattering, due to
associated stress concentrations and mass concentration anomalies. However, no
significant aifference in mode! iuselage shaitering was observed in comparison with
results ¢f the Base Case. Only one test involving simulated windows was conducted
(Test #5). Refer to Appendix 6 for detailed test conditions and test results.

4.6 Angle Of Impact Effect

The angle of impact was expected to influence the degree of model fuselage
shattering. One test was conducted where the angle of impact was 60° (Test #5). The
model fuselage contained no concentrated masses of any kind. The impact occurred
in a near-vacuum envircnment. The result of the one test indicates that angles of
impact has little (if any) influence on model fuselage shattering, for conditions where
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no mass is concentrated internal to the fuselage or where no concentrated mass
appendages 1o the fuselage structure exist. Refer to Appendix 6 for detailed test
conditions and test results.

5. Discussion Of Results

It is noted in Table 2 \hat a relatively large number of fragments were recovered both
inside the catcher and on the floor of the test chamber in each of the ten tests. Many of
the fragments were produced by secondary impact of the model fuselage remnant with
rigid foam placed in the catcher to decelerate the projectile. A means of "catching” the
projectile and preventing it from crushing the model fuselage remnant was instituted
for the last two tests (Tests #9 and #10).

5.1 Fragment Coun{ And Distribution

High-speed photography shows fragments being disgorged from the catcher after the
impact event is completed and the projectile has entered the catcher. Further, film
shows some of the fragments created in the initial impact, entering the catcher ahead
of the projectile. Thus, a simple count of fragments found outside the catcher cannot
be attributed (solely) to fragmentation due to initial impact.

The crash tests producing the largest number of fragments were (186 fragments) in
Test #9 (rigid and semi-rigid mass inside model fuselage) and (143 fragments) in Test
#7 (deformable mass, jello). Generally, the fewest fragments resulted from "Base
Case" conditions (vacuum, with internal mass). The number of fragments recovered
from Test #10 appears anomalously high. A comparison of high-speed photography
results of Test #10 (Base Case with 0.127 mm wall) with Test #8 (Base Case with
0.0865 mm wall), shows about the same amount of fragments being created during the
initial impact event. It is deduced that the uncrushed model fuselage remnant (in Test
#10) was driven into the catcher's steel conical insert in an adverse fashion, causing
significant secondary fragmentation.

5.2 Significance Of "Largest” Fragment

The size of the largest fuselage remnant is a gauge of extent of global fragmentation.
In all ten tests, a "largest piece” fuseiage remnant was identified. In six of the ten tests
the "largest" piece was more than 50% of the original mass of the model fuselage. The
presence of concentrated mass internal to the modei fuselage produced global
shattering. Test #7 (deformable mass) produced the smallest "largest” fuselage
remnant, 8% of the mass of the original model fuselage.

5.3 Effects of Fuselage Air Environment

The model fuselage in Test #6 behaved with considerably more stitfness during impact
than any other test. It was stiffened by the presence of air both inside and outside the
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mode!. As a consequence, the projectile collapsed only about 50% of the model. The
last 50% was crushed by the secondary impact with the decelerating foam. Shattering
may have been more intense, locally, in this test than in any other, but the intensity
diminished rapidly after impact as the velocity of the uncrushed target accelerated to
the same velocity of the projectiie.

A shock wave should be initiated in the air inside the fuselage upon impact. The peak
pressure of the shock wave for conditions of Test #6 is calculated below (see page 3-

72 of Ref. 11). The pressure wave would result from the sudden change in momenturn
of the air when it is decelerated by the impact.

P = pcV
= 0.12 MPa (17.5 psi)

where:
P = standard air density (1.22 kg/m?),
c = sonic velocity in standard air (340.4 m/s),
Vv = impact velocity (289.6 m/s, 950 ft/s).

Such a shock wave would more than double the local fuselage air pressure in the
impact zone.

6. Conclusions

It was clearly established that "shattering”, characteristic of that which occurred in the
crash of PSA Flight 1771, could be replicated in a laboratory environment. It was
determined that all of the phenomenological sources identified earlier contributed to
shattering. While none of the five potential sources of shattering could be perfectly
partitioned from the others, it is our qualitative judgment that internal mass (and
external mass appendages), both rigid/semi-rigid and deformable, contribute most
catastrophically to fuselage shattering. Further, these same two phenomenological
shattering sources must be considered in assessing the survivability of a PAT package
in the event of a "worst-case" crash.
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APPENDICES

Note: For all photos In Appendices 1 through 10, which show impact
events, the time lapse between frames is 45 us.




APPENDIX 1

Test #1
Test Results, Base Case
June 2, 1889

OBJECTIVE OF TEST:

The purpose of this test was that of determining whether shatte!iny, of a model
fuselage could be produced by high-strain rate combined with hi, Y-deformation rate in
a high-velocity impact, in the absence of concentrated mass inter-al to the fuselage.

TEST CONDITIONS:

The "Base Case" was a vacuum shot. A 1-in. thick x 8-in. OD cylindrical rigid foam
shell encompassed the target. A 4-in. diameter steel pipe "catcher" was stationed
behind the target. The purpose of the encompassing foam was to catch aluminum
fragments, in the event of shattering. The purpose of the steel pipe was to catch the
projectile. The target (fuselage model) had a blunt nose because time constraints did
not allow forming of a rounded nose. We wanted to achieve an impact velocity of 283
m/s. The measured velocity was 303 m/s. Other specific test conditions are outlined
below:

Time: 1.45 p.m.

Date: June 2, 1989
Helium Pressure: 4.33 MPa (628 psi)
Chamber Pressure: 40 milli-Torr
Projectile Mass: 314 g

Projectile Velocity: 303 m/s

Target Dimensions:
(Length x diameter x wall thickness)

Target Material:
Target Mass:
Impact Angle:
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178 mm x 25.4 mm x .127 mm
(7in.x 1in. x0.005in.)

6061-T6é aluminum
829
90°



RESGULTS:

Following the shot a visual inspection was made through the acrylic site ports of the
test chamber. The first indication that shattering might have occurred was given by
observing that the foam encompassing the target had been destroyed. Upon opening
the door of the test chamber, very small (approximately 2 mm x 7 mm) aluminum
fragments were visible on the floor of the chamber.

Quantitative Observations:

1) Thirty-nine (39) fragments were recovered from the floor of the chamber.
Fragment sizes ranged from about 1 mm x 2 mm to about 1 ¢cm x 3 cm.
By far, most of the fragments were very small, of the order of about 3 mm
X 3 mm.

2) Twenty-three (23) fragments were recovered inside the catcher, with the
sabot. Fragment sizes ranged from about 1 mm x 1 mm to about 1 ecm x 1
cm. Additionally, a relative large portion of the target mass (about 70%)
remained wedged between the face of the sabot and the foam shock
absorber used to stop the sabot. That piece was clearly the largest
fragmented piece. It appears to include both the "nose" end and the rear
end of the target, as well as a portion of the wall of the target.

3) An exact accounting of fragment mass will be made soon and
documented. It appears that fragments found on the fioor came only from
the walis of the target (both end pieces appear to have survived without
fragmentation and were inside the catcher with the sabot). It is estimated
that between 4 and 10% of the wall mass was recovered on the fioor.

4) The largest single piece of the target was found inside the catcher,
pressed between the face of the sabot and the shock absorbing foam. It
is estimated that the piece represents about 70% of the mass of the
original target.

DISCUSSION:

Observations 1), 2), and 3) suggest that shattering occurred on impact and that some
tearing and ripping of the target also occurred during the stopping of the sabot by the
rigid foam. Observation 4) indicates that some of the fragments found on the floor of
the chamber could have come from shearing of the target by the foam as it was carried
into a secondary impact condition with the foam by the sabot. Subsequent disgorging
of fragments in the wake of the the sabot could possibly account for most of the
fragments found on the floor of the chamber.

18-



CONCLUSIONS:

Based on post-mortem observations, it is concluded that high-strain rate is likely the
cause of some of the fragmentation of the “fuselage” model. It cannot be stated,
however, that the majority of the fragmentation was caused by the initial impact of the
sabot with the target. Future tests are expected to provide more precise delineation of
shatter-producing phenomena.
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APPENDIX 2

Test #2
Repeat of Base Case without H.S. Photo
June 12, 1989

OBJECTIVE OF TEST:

The purpose of the test was to determine whether a thin-wall fuselage model would
fragment (due to high-strain rate) upon impact with a Lexan projectile having an
impact velocity of 283 m/s (930 ts).

TEST CONDITIONS:

Test #2 was a repeat of Test #1 (Base Case). A high-sneed camera (efiective frame
rate of 22,000 frames per second, maximum) was incorporated for the purpose of
capturing the event (however, triggering of the camera was not properly synchro-
nized). The test environment was partial vacuum. There were no concentrated
masses and no surface irregularities designed into the model. The nose of the model
was blunt. Other specific test conditions were:

Time: 10:45 a.m.

Date: June 7, 1989

Helium Pressure: 3.86 MPa (560 psi)
Chamber Pressure: 135 milli-Torr
Projectile Mass: 314 g

Projectile Velocity: 92 m/s

Target Dimensions: 178 mm x 256.4 mm x 127 mm
(Length x diameter x wall thickness) (7in.x 1in. x 0.005 in.)
Target Material: 6061-T6 aluminum
Target Mass: 82¢

Impact Angle: 90°

A foam collar was fitted over the forward end of the steel "catcher”. Its purpose was to
provide structure to support the target and catch some of the aluminum fragments.
Most of the wall of the foam was cut away to permit camera viewing.



RESULTS:

The high-speed camera was triggered 100 late to effectively capture the entire impact
event.

Quantitative Observations:

1) Four (4) impact "scars/holes" in the foam collar give indications that some
fragmentation occurred on impact. One (1) fragment was recovered in
the foam. Fragment dimensions were about 1 mm by 6 mm. it had
penetrated about 2 inches of the foam, axially, before coming to rest near
the outside surface.

2) Thirteen (13) fragments were recovered on the floor of the test chamber.
The fragments ranged in size from small (1 mm x 1 mm) to large (6 mm x
15 mm),

3) Twenty-two (22) fragments were recovered inside the catcher. The
fragments ranged in size from 1 mm x 1 mm to about 15 mm x 15 mm,
except for one massive piece which remained pressed between the
projectile and the foam inside the catcher. That one piece inciuded both
the nose cap and the end cap, in addition to some cf the target wall. This
largest piece weighed 6.9 g, representing 84.1% of the original target.

4) A mass analysis of fragments found is given below:
a) Fragments outside catcher (13 = 0.27 g (3.3%)
b) Fragments inside catcher (22) = 7.88¢(96.1%)
c) Mass of original target = 82¢

DISCUSSION:

Observation "1)" above suggests that fragmentation occurred on impact. It is noted,
however, that the "scars/holes" in the foam may have been caused by fragments
disgorged from the catcher. (The film showed disgorged fragments and foam "flying
about" inside the chamber.) Only four useful frames of film caught the initial impact.
Careful review of these frames yielded no evidence that fragmentation of the fuselage
model occurred upon initial impact. It is significant that most of the original mass
(84.1%) of target was recovered as one fragment, pressed between the face of the
projectile and the absorbing foam inside the catcher. Again, as in the first test,
evidence that some of the target was sheared away upon secondary impact with the
foam in the catcher was clearly observed.
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CONCLUSION:
It is concluded that the strain rate produced by initial impact of the Lexan projectile with

the target was not great enough to induce fragmentation. For sure, the degree of
fragmentation (if any at all) due to initial impact was insignificantly small.
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APPENDIX 3

Test #3

Effect of Concentrated Rigid
Mass on Fuselage Model Fragmentation

June 13, 1989

OBJECTIVE OF TEST:

The purpose of this test was to investigate the influence of concentrated rigid and
semi-rigid masses (within a fuselage model) on fragmentation of model "fuselage"”
walls when model is impacted by a high-velocity projectile.

TEST CONDITIONS:

Four small toy cars, made of metal and plastic, were glued together (end-tc-end), as
detailed in Figure A.3.1, and were placed inside the model fuselage. The string of cars
were glued to the front end of the tube. A high-speed camera (22,000 frames/sec,
max.) was stationed such that the impact event could be recorded. The test
environment was partial vacuum. The nose of the model was blunt. Other specific test
conditions were:

Time: 2:45p.m,

Date: June 7, 1989
Helium Pressure: .83 MPa (555 psi)
Chamber Pressure: 135 milli-Torr
Projectile Mass: 314 ¢g

Projectile Velocity: 292 m/s

Target Dimensions:
(Length x diameter x wall thickness)

Target Material:

Turget Mass:

Total Mass of 4 Toy Cars:
Impact Angle:

.23-

178 mmx 25.4 mm x .127 mm
(7in.x 1in. x 0.005in.)

6061-T6 aluminum
6.7¢

17.79 ¢

90°



Figure A.3.1. Metal and plastic toy cars represent rigid and semi-rigid
mass internal to the fuselage.



RESULTS:

The high-speed camera was properly triggered for this event. Lighting was
insufficient, however. Seven frames show the impact event for about each half-inch of
trava! of the projectile. Catastrophic fragmentation occurred on impact. Small pieces
of toy cars could be identified flowing radially from the point of impact, having
apparently crashed through the walls of the model "fuselags". Refer to the sequence
of frames, iabeled Figures A.3.2 through A.3.8.

Quantitative Observations:
1) Four (4) impact "scars/holes" in the foam collar give indications that some

fragmentation occurred on impact. Four (4) fragments was recovered in
the foam. Fragment dimensions were about 4 mm by 5 mm.

2) Seventy (70) aluminum "fuselage" fragments were recovered on the floor
of the test chamber. The fragments ranged in size from small (1 mm x 1
mm) to laige (10 mm x 50 mm). Numerous small toy car fragments were
recovered on the floor of the chamber. The toy fragments were not
counted. It is estimated they numbered about 100 pieces. The rear end-
cap was among the pieces found on the floor of the chamber. In all
previous tests, the rear end piece was found inside the catcher pressed
between the projectile and the shock absorbing foam.

3) Fifty-eight (58) fragments were recovered inside the catcher. The
fragments ranged in size from 1 mm x 1 mm to about 15 mm x 15 mm,
except for four pieces (total mass = 1.88 g) which remained pressed
between the projectile and the foam inside the catcher. One of the larger
pieces was the nose cap of the target. The largest piece (0.94 g) was
part of the target walis and represents about 14% of the oripinal mass of
the fuselage target (without toy cars). In addition to the aluminum
fragments recovered inside the catcher, a large number of small
fragments of toy cars were also irside the catcher. They were not
rounted. It is estimated that about 50 pieces were recovered.

4) A mass analysis of fragments found is given below:
a) Fragments outside catcher (70) = 2.92 g (44%)
b) Fragments inside catcher (58) = 3.31 g (49%)
c) Mass of original target = 67¢9
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DISCUSSION:

By comparing the fragment counts with previous tests and by observation of film
records, clearly the concentrated rigid and semi-rigid masses inside the fuselage
produced considerably more shattering of the "fuselage” model. The film showed toy
car fragments "flowing" radially from the point of impact early in the event. It is
significant also that only 28% of the tetal original mass was recovered from the
interface of the projectile and the shock absorbing foam, and further, that it was in four
pieces. In previous tests more than 80% was recovered from that spot, and it was one
piece. Total fragments (nf 2luminum “fuselage”) inside and outside the catcher were
128. Intwo r’sviuus cases the count was 62 (Test #1, vel = 303 m/s) and 35 (Test #2,
vel = 292 m/s).

CONCLUSION:

Concentrated rigid and semi-rigid mass inside the model "fuselage” represent a major
contributor to fuselage shattering on initial impact. It is likely this conclusion can be
extrapolated with confidence to PSA Flight 1771, where the concentrated masses
would be in the form of seats, instruments, panels, and miscellaneous fixtures.
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Figure A.3.2.

Impact event with rigid and semi-rigid mass.
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Figure A.35. ..........Rigid and semi-rigid mass impact.




Figure A.3.6. . . . . Rigid and semi-rigid mass




Figure A.3.7. .......... Rigid and semi-rigid mass impact.
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Figure A38. .......... Rigid and semi-rigid mass impact.



APPENDIX 4

Test #4
Crash Test in Vacuum with 60° Impact Angle
June 15, 1989

OBJECTIVE OF TEST:

The purpese of this test was to Jetermine whether shattering of a "fuselage” model
would occur on initial impact when the impact angle was 60° and the impact velocity
was 283 m/s (930 fus).

TEST CONDITIONS:

The test environment was partial vacuum. The projectile was placed in the gun hreech
with knife-edge of beveled projectile oriented downward. The high-speed camera was
electronically instrumented to fire the gun at optimum camera speed (22,000 frames
per second). A stee! peg was pressed into a drilled hole in the rear oi the projectile to
bring its weight to 313 g. During the even! the stee! peg became dislaodged from the
Lexan projectile, permitting the Lexan part to achieve velocities higher than the 283
ms intended. The impact velocity was estimated to be about 425 m/s from the high-
speed photography record. Other specific test conditions were:

Time: 1:15p.m.

Date: June 14, 1989

Helium Pressure: 3.76 MPa (545 psi)
Chamber Pressure: 74 milli-Torr

Projectile Mass: 311 ¢

Projectile Velocity: 425 m/s

Target Dimensions: 178 mm x 25.4 mm x .127 mm
(Length x diameter x wall thickness) (7 in. x 1in. x 0.005in.)
Target Material: 6061-T6 aluminum
Target Mass: 739

Impact Angle: 60°

A foam collar was fitted over the forward end of the steel "catcher". its purpose was to
provide structural support for the target fixture and catch some of the aluminum
fragments. Most of the foam wall was cut away to permit camera viewing. The
projectile was painted black and the target was painted flat yellow for this test. The
reason for so doing was to improve the contrast. Another problem was created by the
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paint; it flaked off during impact, making it difficult to discern whether fragmentation
was occurring.

RESULTS:

No large pieces of aluminum fragments remained inside the catcher. Many pieces
were seen being disgorged after the projectile entered the catcher. The projectile was
also disgorged in this event.

1) The beveled projectile entered the steel catcher off-center, slightly
impinging on the lip of the catcher. It (projectile) was stopped by the
shock absorbing foam and subsequently disgorged, coming to final rest
on the floor of the test chamber. No scars were observed in the pieces of
foam collar (outside the catcher) and no fragments were recovered in the
pieces of foam collar.

2) Forty-two (42) aluminum "fuselage” fragments were recoverad on the
floor of the test chamber. The fragments ranged in size from small (1 mm
x 1 mm) to two relatively large ~rumpled masses, each weighing about
3 g. The high-speed photography print showed the two large masses
being disgorged from the catcher.

3) Twelve (12) fragments were recovered inside the catcher. The fragments
ranged in size from 1 mm x 1 mm to ahZut 15 mm x 25 mm. Unlike
previous tests, no large single frayment remained in the catcher.

4) A mass analysis of fragments found is given below:
a) Fragments outside catcher (42) = 6.4 g (87.7%)
b) Fragments inside catcher (12) = 0849 (11.5%)
c) Mass of original target = 73¢

DISCUSSION:

The high-speed camera was properly triggered for this event. Seven frames show the
impact event for about each inch of travel of the projectile. Fragmentation on impact
was not clearly evident from either the quantity/location of fragments nor from the high-
speed photography. The two large pieces, mentioned in "Observation 2.", were seen
being disgorged from the catcher after the projectile entered the catcher. The
photography showed a large number of small aluminum fragments being disgorged
after the projectile entered the catcher. It is noted that the velocity at impact was
significantly higher than that of other similar events (for reasons explained earlier).
What appeared to be small "fuselage" fragments being cast upward during initial
impact was later concluded to be paint, which flaked off the target and the beveled
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face of the projectile during collision. The series of photos, labeled Figures A.4.1
through A.4.7, show the initial impact event.

CONCLUSION:
In the absence of concentrated masses internal to the model "fuselage”, the 60° impact

angle does not appear to increase the degree of fragmentation. Further, the degree of
fragmentation (if any) on initial impact was negligibly small.
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Figure A.4.1. 60° angle of impact.




P
L8]
[+
Qo
E
o
o
o

Figure A.4.2




Figure A.4.3. . 60° impact.
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Figure A.4.6. .« . 60° impact.
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APPENDIX §

Test #5
Crasn Test in Vacuum with Windows, 90° Impact Angle

June 18, 1989

OBJECTIVE OF TEST:

The purpuse of this test was 1o determine whether simulated “"windows" in the model
"fuselage” wouild contribu'e tc ‘ragmentation of the fuselage when impacted at about
283 m/s by a Lexan pr'ectile.

TEST CORNDITIONS:

The test environment was a pantial vacuum. Ho'es (0.0937-in. dia.) were drilled on
0.25-in. centers in the target walls. There were 26 holes (windows) on each side of the
ta-get. The target was suspended by small sticks from two foam “fingers” which were
attached to a foam collar, as shown in Figure A.5.1. The projectile, also shown in
Figure A.5.1, is solid Lexan. It was painted black ard the target was painted a flat
yellow, in order to provide photographic contrast. Other specific test conditions were:

Time: 1:30 p.m.

Date: June 15, 1989

Helium Pressure: 3.76 MPa (545 psi)
Chamber Pressure: 85 milli-Torr

Projectile Mass: 313.7 ¢

Projectile Velocity: 289 m/s

Target Dimensions: 178 mm x 25.4 mm x .127 mm
(Length x diameter x wall thickness) (7 in. x 1in. x 0.005 in.)
Target Materiai: 6061-T6 aluminum
Target Mass: 734 9

impact Angle: 80°

The high-speed camera properly triggered the firing of the projectile.

RESULTS:

A large piece of target mass (5.8 g) remained trapped between the projectile and the
shock absorbing foam. The large piece was crumpled and flattened. It represented
79% of the original target mass.
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APPENDIX 5

Test #5
Crash Test In Vacuum with Windows, 90° Impact Angle

June 19, 1989

OBJECTIVE OF TEST:

The purpose of this test was 10 determine whether simulated "windows" in the mode!

"fuselage” would contribute to fragmentation of the fuselage when impacted at about
283 m/s by a Lexan projectile

TEST CONDITIONS:

The test environment was a partial vacuum. Holes (0.0937-in. dia.) were drilled on
0.25-in. centers in the target walls. There were 26 holes (windows) on each side of the
target. The target was suspended by small sticks from two foam "fingers" which were
attached to a foam collar, as shown in Figure A.5.1. The projectile, also shown in
Figure A.5.1, is solid Lexan. It was painted black and the target was painted a flat
yellow, in order to provide photographic contrast. Other specific test conditions were

Time 1:30 p.m

Date June 15, 1989
Helium Pressure: 3.76 MPa (545 psi)
Chamber Prassure 85 milli-Torr

Projectile Mass 313.7 ¢
Projectile Velocity: 289 m/s

Target Dimensions 178 mm x 25.4 mm x .127 mm
(Length x diameter x wall thickness) (7in.x1in. x 0.005in.)

Target Material 6061-T6 aluminurn
Target Mass: 7.34 ¢
Impact Angle 90°¢

The high-speed camera properly triggered the firing of the projectile.

RESULTS:

A large piece of target mass (5.8 g) remained trapped between the projectile and the
shock absorbing foam. The large piece was crumpled and flattened. It represented
79% of the onginal target mass




The projectile struck the target squarely and entered the caicher near the
center opening. It remained in the caicher. Two scars were observed on
the foam collar which were caused by fragments

Twenty-two (22) aluminum “fuselage” fragments were recovered on the
fioor of the test chamber. The fragments ranged in size from small (2 mm
x 5 mm) to medium large (10 mm x 10 mm). The total mass of the
fragments found outside the catcher was 0.6 9.

Twenty (20) fragments were recovered inside the catcher. The fragments
ranged in size from 1 mm x 1 mm 1o the large piece, previously
described. The nose piece was recovered inside the catcher, but not
trapped by the projectile. It was relatively undamaged.

A mass analysis of fragments found is given below:

a) Fragments outside catcher (22) = 0.6 g (8%)

b) Fragments inside catcher (20) = 6.72 9 (91.6%)
c) Mass of original target = 7349

DISCUSSION:

The one large piece which was trapped inside the catcher by the projectile is evidence
that significant fragmentation did not occur. Further evidence that fragmentation on
Initial impact did not occur is given by the small mass of fragments found outside the
catcher (8%). The high-speed photography shows no clear evidence of fragmentation
occurring upon initial impact. Unfortunately, the paint flaked off during impact and,
thus obscured any visual evidence of fragmentation. The series of photographic
frames labeled Figures A.5.2 through A.5.4 show some of the impact event.

CONCLUSION:

In the absence of concentrated masses internal to the model "fuselage”, windows do

not appear to appreciably influence the degree of fragmentation. Further, the degree
of fragmentation on initial impact was small
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Figure AS4. .......... Impact with windows.




APPENDIX 6

Test #6
Crash Test, with 1-Atm of Air in "Fuselage", 90° Impact Angle
June 28, 1989

OBJECTIVE OF TEST:

The purpose of this test was that of determining whether air pressure buildup inside
fuselage, as collapse of volume occurred, would be sufficient to produce shattering
when impacted by a Lexan projectile moving at 283 m/s.

TEST CONDITIONS:

A new "catcher” design was employed. The new catcher provided a means for
maintaining a 1-atmosphere pressure condition around the model "fuselage”. In this
test the target was sealed with epoxy. Air inside was at approximately 1 atmosphere.
The target was glued to the front diaphragm. The need for sticks 1o hold t1e target in
place was eliminated. Painting of target and projectiie were eliminated fr this test and
for all future tests because "flaking" of the paint during impact tended to sbscure post-
event analysis. Other specific test conditions were:

Time: 2.00 p.m,

Date: June 20, 1989

Helium Pressure: 3.76 MPa (545 psi)
Chamber Pressure: 150 milli-Torr
Projectile Mass: 3134 ¢

Projectile Velocity: 290 m/s

Target Dimensions: 178 mm x 25.4 mm x ,102 mm
(Length x diameter x wall thickness) (7 in. x 1in. x 0.004 in.)
Target Material: 6061-T6 aluminum
Target Mass: 629

Impact Angle: 90°

The high-speed camera was properly triggered the firing of the projectile.



e

RESULTS:

A large piece of target mass (5.1 g) remained trapped b/ tween the projectile and the
shock absorbing foam. The large piece was crumpled and flattened. It represented
82% of the original target mass. The projectile struck the target squarely and entered
the catcher near the center opening. It remained in the catcher. Analysis of the film of
the event clearly showed that shattering occurred upon initial impact. The film also
showed that the mode! fuselage was consigerably stiffer than vacuum tests, due to the
presence of air inside the fuselage. As a consequence, it was observed that the
velocity of the rear of the fuselage was approaching the same velocity of the projectile
before the projectile had crushed the first half of the fuselage model. An unusually
large number of fragments were recovered (139). Their source is discussed later.

Quantitative Observations:

1) Sixty-two (62) aluminum “fuselage” fragments were recovered outside
the steel section of catcher. The fragments ranged in size from small (1
mm x 1 mm) to medium large (10 mm x 10 mm). The total mass of the
fragments found outside (inside the acrylic chamber) was 0.55 g.

2) Seventy-seven (77) fragments were recovered inside the catcher. The
fragments ranged in size from 1 mm x 1 mm to about 5 mm x 15 mm.

3) A mass analysis of fragments found is given below:
a) Fragments outside stl. sect. (62) = 0.55 g (8.8%)
b) Fragments inside stl. sect. (77) = 558 ¢ (90%)
c) Mass of original target = 629

DISCUSSION:

The film showed that both fragmentation and crushing of the fuselage model had
ceased by the time the projectile had coliapsed the first 50% of the fuselage modei.
Shattering of the fuselage model was of maximum intensity during the first inch of
travel after impact. It is deduced that the remaining 50% of the target was collapsed by
secondary impact with the diaphragm at the exit end of the acrylic viewing chamber.
The film suggests three phases for the impact event:

1) Crushing, with associated fragmentation.
2) Crushing with little or no associated fragmentation.

3) Carrying of the remaining fuselage model without crushing. Phase
transition was smooth. Shattering occurred with decreasing intensity the
first 1.5-in. of travel after impact. Shattering ceased but crushing
continued for the next 2 inches. Finally, neither shattering nor crushing
occurred for the remaining several inches of travel, until the fuselage
target made contact with the final diaphragm. The mass analysis is

51.



congistent with observations from the film. The large single fragment
(82% of original target mass) trapped by the projectile and the foam was
carried by the projectile through the final diaphragm. It is noted that the
stitfness of the fuselage model was significantly greater than vacuum
tests. It is also deduced that intense fragmentation occurred with the
impact of the fuselage model and the secondary diaphragm, as the
remaining 50% of the fuselage mode! was rapidly collapsed. This likely
accounts for the unusually large number of fragments (138). It is noted
that drag force on crushed fuselage model elements will produce large
tearing/shearing forces. Considaring the early observance of
fragmentation, it may be much easier t0 defend the postulation that drag,
instead of pressure buildup, produced fragmentation in the air
environment. The impact event sequence is shown in the seven photo
frames labeled Figures A.6.1 through A.6.7.

CONCLUSION:
The presence of air produced shattering of the fusela » model when impacted by a
g:tmt-noud Lexan projectile with a velocity of 290 m/s. It is likely that the combination
a) increased internal pressure,
b) high-deformation rate,
c) drag forces on collapsing skin folds,

was sufficient to produce shattering early in the impact event.
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Figure A.6.1. Impact sequence in a 1-atm air environment.







Figure A6.3. ..........1-atm air.




Figure A.6.4.
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APPENDIX 7

Test &7
Crash Test, with Deformable Mass, $0° Impact Angle
June 29, 1989

OBJECTIVE OF TEST:

The purpose of this test was that of determining whether deformable mass was
capable of inducing shattering of a model fuselage when impacted by a Lexan
projectile with an impact velocity of 283 m/s

TEST CONDITIONS:

The new catcher was used for the second time. The catcher provided a means for
maintaining a 1-atmosphere pressure condition around the model fuselage. In this
test 35.5 g of jello was jelled inside the model fuselage. The fuselage model was
maintained in a honzontal position during jelling. The jello occupied 33% of the
internal volume of fuselage model. The jello contained no rigid or semi-rigid elements,
as originally planned. The fuselage model was sealed with thin end-plugs, epoxied in
place. Teflon sheet was wrapped around the acrylic viewing chamber to reduce the
glare from flood lamps. Other specific test conditions are outiined below:

Time: 1.45p.m

Date: June 22, 1989
Helium Pressure: 3.76 MPa (545 psi)
Chamber Pressure: 70 milli-Torr
Projectile Mass: 3134 ¢

Projectile Velocity 290 m/s

Target Dimensions: 178 mm x 25.4 mm x .102 mm
(Length x diameter x wall thickness) (7in.x1in. x0.004 in.)

Target Material: 6061-T6 aluminum
Target NMass: 649
Impact Angle: 90°¢

The high-speed camera properly triggered the firing of the projectile.




RESULTS:

The model fuselage %‘purod to shatter on impact. The viewing zone was sprayed
with jello on impact. The projectile entered the steel portion of the catcher, but did not
come 10 rest inside the catcher. The acrylic viewing chamber shattered. The acrylic
wall was C.5-in. thick; the first crack was visible 1 ms after the projectile entered the
steel section. Some of the jello evaporated on impact. Evidence of this observation is
supported by the haze observed in the test chamber after the event and also by
uniformly distributed rust which accrued throughout the test chamber during the 16
hours foliowing the event. The chronology of the impact event and subsequent
tracturing, as observed from the film, is given below:

1) 0.0 ms ... impact: eruption of model fuselage walls at impact and
spraying of the viewing chamber.

2) 0.5 ms after impact: projectile had driven through the fuselage model!.

3) 1.5 ms after impact: projectile should have made contact with shock
absorbing foam in steel section.

4) 2.5 ms after impact: first crack in the acrylic wall is visible.

5) 4 ms after impact: second crack in acrylic wall is visible.

6) 5.5 ms after impact: third crack in acrylic wall is visible.

7) 9.5 ms after impact: acrylic viewing tube begins to break apan.

8) 19 ms after impact: shattering of acrylic chamber is complete, fragments
observed falling toward test chamber floor,

9) 43 ms after impact: camera view is completely obscured by vapor/fog
from jello.

10) 185 ms after impact: camera view begins to clear.

it cannot be confirmed that the jello impacting on the walls of the acrylic chamber
induced fracturing of the acrylic. It seems more likely that the impacting jello combined
with the bending stresses induced during the impact of the projectile with foam in the
catcher to produce shattering of the acrylic. It is noteworthy that large fragments did
not occur. (The largest was 0.5 g, a fragment from the fuselage model skin, recovered
outside the catcher.) It is also noteworthy that this test produced the largest number of
fragments (143). Further, there were no really small fragments. (The smailest was
about 2 mm x 4 mm.) Most of the fragments were about 4 mm x 6 mm. The film
showed the entire length of model fuselage being crushed/fragmented on initial
impact. That is, the rear end of the fuselage model appeared to be "driven through" by
tha projectile before carrying remnants into the diaphragm at the acrylic viewing
chamber exit.
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Quantitative Observations:

1)  One hundred sixteen (116) aluminum fragments were recovered outside
the steel section of catcher. The fragments ranged in size from small (2
mm x 4 mm) to medium large (12 mm x 30 mm). The total mass of the
fragments found outside the steel catcher section) was 6.3 .

2) Twenty-seven (27) fragments were recovered inside the catcher. The
fragments ranged in size from 2 mm x 3 mm to about 10 mm x 20 mm.

3) A mass analysis of fragments found is given below:
a) Fragments outside stl. sect. (116) = 5.7 g (89%)
b) Fragments inside stl. sect. (27) = 079 (11%)
c) Mass of original target = 649

DISCUSSION:

The film showed that the jello erupted the fuselage model walls on impact. The jello
was ejected radially from the axis of impact. The sequence of photos, Figures A.7.1
through A.7.7 show the progression of the radial spray of jello as the projectile moves
through the fuselage model. Because of poor lighting the fragments cannot be seen.
Aluminum fragments likely "flowed" radially with the jello. The projectile did not remain
inside the steel portion of the catcher. It is noted that the presence of 35 g of jello in
the lower section of the fuselage caused the center of mass of the fuselage model to
be slightly off-center of the projectile. This condition should initiate tumbling. The
projectile probably did not strike the shock absorbing foam squarely, resulting in a
pitching motion and ultimate disgorging of the projectile. A secondary result was likely
an inertial bending stress imposed on the acrylic viewing chamber. The bending
stress coupled with reactions from impacting jello probably combined to produce
shattering of the viewing chamber.

The large number of fragments (143) is significant. That fact, combined with the
observation of very few small fragments, suggests that the deformable imposed a
"dampening" condition to the shock.

CONCLUSION:

The presence of deformable mass produced fragmentation of the mode! fuselage on
impact with a Lexan projectile when impact velocity was 290 m/s. The fragmentation
was more severe than any of the other six tests (143 fragments). The characteristics of
the fragment shapes suggest that the jello induced "ripping" of the fuselage skin
parallel with the longitudinal axis (across the buckled folds) of the fuselage model.
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Figure A.7.1. I[mpact sequence w/deformable mass (jello).




Figure A.7.2.




Deformable mass (jello).







Figure A.75. .......... Deformable mass (jello).




Figure A7.6. .......... Deformable mass (jello).
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Figure A7.7. .......... Deformable mass (jello).




AFPENDIX 8

Test #8
Crash Test, Base Case without .0034-in. Wall, 90° Impact Anrgle
July 10, 1989

OBJECTIVE OF TEST:

The purpose of this test was that of repeating Base Case conditions with a thinner wall
to determine if shattering could be produced by high-strain rate. A second objective
was to test the ability of a modified catcher design to "catch” the projectile, preventing it
from crushing the model fuselage remnant during deceleration.

TEST CONDITIONS:

The test environment was near vacuum (70 milli-Torr). The target wall thickness was
0.0034-in. The catcher had a steel insert at its entrance, it taperea irom a 3.75-in.
diameter to a 2.125-in. diameter at its throat. The purpose of the steel inser was to
catch the Lexan projectile and allow the model fuselage fragment to pass on thrcgh
the throat and be gently stopped by soft rubber foam. The target mass (4.62 g) was the
smallest of all tests conducted to date. Other specific test conditions are outlined
below:

Time: 2:00 p.m.

Date: July 6, 1989

Helium Pressure: 3.76 MPa (545 psi)
Chamber Pressure: 70 milii-Torr

Projectile Mass: 3133 ¢

Projectile Velocity: 290 m/s

Target Dimensions: 178 mm x 25.4 mm x .0865 mm
(Length x diameter x wall thickness) (7 in.x 1in. x 0.0034 in.)
Target Material: 6061-T6 aluminum
Target Mass: 4629

Impact Angle: 80°

The high-speed camera properly triggered the firing of the projectile.
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RESULTS:

Local shattering in the zone of impact occurred. The high-speed film record of the
impact event had the best clarity of all tests conducted to date. The film showsd that
the projectile crushed the first 4.25-in. of the target beforv ihe rear section of the target
could be accelerated to the same velocity of the projectiie. The 2.75-in. long
uncrushed rear section was observed being driven into the catcher. The 2.125-in.
throat of the catcher insert was not small enough to stop the Lexan projectile. The 2.5-
in. diameter projectile was extruded through the throat and came to rest after crushing
the fuselage model remnant against the rubber foam. The crushed remnant had a
mass of 3.81 g. and was the largest fragment. The photos, Figures A.8.1 through
A.8.7, show the impact event.

Quantitative Observations:

1) Eight (8) aluminum fuselage fragments were recovered outside the
catcher. The fragments ranged in size from small (1 mm x 2 mm) to
medium small (3 mm x 10 mm). The total mass of fragments recovered
outside the catcher was 0.44 g.

2) Sixteen (16) fuselage fragments were recovered inside the catcher. The
fragrments ranged in size from 1 mm x 1 mm to about 30 mm x 40 mm (the
crushed tail section).

3) A mass analysis of fragments found is given below:
a) Fragmenis outside stl. sect. (8) = 0.44 g (9.5%)
b) Fragments inside sti. sect. (16) = 4.18 g (90.5%)
C) Mass of original target = 462¢

DISCUSSION:

The total number of fragments (24) was smallest of all eight tests. The absence of
decelerating foam is likely the reason. The film showed fragments flying from the point
of impact with initial contact. The intensity of shattering diminished throughout the
crushing process. More than 70% of the fuselage model was crushed during initial
impact. It was noted that the fuselage mode! was not perfectly "square” with the
colliding projectile (model appeared to be tilted upward about 5°. It is also noted that
the wall thickness of this fuselage model was the thinnest yet tested (0.0034"). Based
on results of Test #4 (60° impact angle) it does not seem likely that the slight off-normal
angle of impact contributed to shattering. In view of the determination that shattering
did occur on initial impact, and in consideration of the problems with camera speed in
the Test #2 (Base Case Test w/0.005-in. thickness), it is recommended that Test #2 be
re-run with a model fuselage having a thickness of 0.005-in. to verity whether
shattering occurred in the thicker model.
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The throat of the conical section steel insert, adapted to the catcher, was 100 large

(2.125-in. dia.) 1o stop/catch the projectile. The throat will be reduced 1o 1.75-in.
diameter for the next test.

CONCLUSION:

It was determined that fragmentation of the model fuselage (0.0034-in. wall thickness)
occurred on impact with a projectile having a velocity of 290 m/s. Fragmentation was
relatively local and was not catastrophic, but definitely occurred.
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APPENDIX 9

Test #9

Rigid/Seml-Rigid Internal Mass Crash Test
without 0.0038-in. Wall Thickness

July 14, 1989

OBJECTIVE OF TEST:

The purpose of this test was to investigate the influence of concentrated rigid and
semi-rigid masses (within a fuselage model) on fragmentation of model "fuselage"
walls when model! is impacted by a 290 m/s projectile. The wall thickness (0.0038-in.)
for this test is 24% thinner than the wall for Test #3 (0.005-in.). A secondary purpose
for this test was to investigate sensitivity of wall thickness to shattering. (.l other
conditions were essentially the same as Test #3.)

TEST CONDITIONS:

Four smalil toy cars, made of metal and plastic, were glued together (end-to-end), and
were placed inside the modei fuselage. The string of cars were glued to the front end
of the tube. A high-speed camera (22,000 frames/sec, max.) was stationed such that
the impact event could be recorded. The test environment was partial vacuum. The
nose of the model was blunt. Other specific test conditions were:

Time: 10:00 a.m.

Date: July 12, 1989

Helium Pressure: 3.76 MPa (545 psi)
Chamber Pressure: 70 milli-Torr

Projectile Mass: 313 ¢

Projectile Velocity: 290 m/s

Target Dimensicns: 178 mm x 25.4 mm x .0967 mm
(Length x diameter x wall thickness) (7 in.x 1in. x 0.0038 in.)
Target Material: 6061-T6 aluminum
Target Mass: 4919

Total Mass of 4 Toy Cars 17.71 9

Impact Angle: 90°

The fuselage mode! was fixed (glued) to a 0.020-in. thick aluminum plate which was
pressed against the gun barrel exit by a fixture. The catcher was modified, again, in an
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attempt to "catch” the projectile and avoid crushing the model fuselage remnant during
deceleration. The throat of the steel insert was reduced to 1.75-in. diameter.

RESULTS:

Catastrophic fragmentation occurred on impact. Small of toy cars and model fuselage
wall can be identified flowing radially from the point of impact, having apparently
crashed through the walls of the mode! fuselage. Refer to the sequence of frames,
labeled Figures A.9.1 through A.9.7. The mass of the largest fragment was 1.35 g
(26%), it was a remnant the rear section of mode! fuselage, which was unoccupied by
toy cars. The steel insert placed inside the catcher succeeded in stopping the
projectile and, thereby, avoided crushing the tai! section remnant. However, the
remnant was crushed by the 6-in. of soft rubber foam as it brought the remnant to rest.

1) One hundred five (105) "fuselage” fragments were recovered on the floor
of the test chamber. The fragments ranged in size from small (1 mm x 1
mm) to large (20 mm x 30 mm). Numerous small toy car fragments were
recovered on the floor of the chamber. The toy fragments were not
counted. (It is estimated they numbered more than 200 pieces.)

2) Eighty-one (81) fragments were recovered inside the catcher. The
fragments ranged in size from 1 mm x 1 mm to about 30 mm x 40 mm; the
largest fragment was the 1.35 g piece mentioned above.

3) A mass analysis of fragments found is given below:
a) Fragments outside catcher (105) = 1.92 g (39%)
b) Fragments inside catcher (81) = 2819 (57%)
C) Mass of original target = 491¢

DISCUSSION:

By comparing the fragment counts with previous tests and by observation of film
records, clearly the concentrated rigid and semi-rigid masses inside the fuselage
produced considerably more shattering of the "fuselage” model. The fiim showed toy
car fragments "flowing" radially from the point of impact, early in the event. Shattering
appears to be quite sensitive to the thickness of the model fuselage 