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F Challenging Tomarroy

General Concept of Ballistic Limit

v Changes

DEFINITIONS OF PERFORATION AND PARTIAL
PENETRATION FOR DEFINING THE BALLISTIC LIMIT

ARMY PROTECTION NAVY ‘
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Fig.1 Various definitions for complete and partial penetration.

(Ed.by J.A. Zukasetal., Impact Dynamics, Krieger,1982.)
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F Challenging Tomarroy

No. 1161

Whipple, F. L. Meteorites and space travel.

Meteorites represent a potential hazard to a
pressurized space vessel, Of fundamental interest
is the value of the probability that the skin of the
vessel will be punctured by a meteorite. In case
this probability is appreciable the problem of
protection from meteorites becomes important.

We shall assume: (a) That the space vessel
travels in a part of the solar system where the
meteoritic frequencies and velocities approximate
those at the earth. _

(b) That 4.5 X 107 fifth-magnitude meteors
strike the earth daily and that the number in-
creases by.a factor of 2.51 per magmtude fainter
(Watson).

(c) That (with Oplk) the total kinetic energy
of a telescopic meteor is 1/0.0006 the energy ob-
served in the wave length region from 4500:to
5700 angstroms.

(d) That the penetrating distance of a meteor-
ite into a solid is equal to-(extreme assumption)
the length of a right circular cone of 60° total
apex angle the volume of which in the solid can
be heated and melted by the total kinetic energy
of the meteorite.

It follows that a spherical space vessel of 12
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A31%

feet diameter covered with a %-inch steel skin

‘will be penetrated by a meteorite corresponding

to an eighth magnitude or:brighter meteor at a
rate of once in'50 years. Such a meteorite weighs
approximately a milligram. For thinner cover-
ings the probability increases rapidly.

Although the probability of meteor penetra-’
tion is small, a simple protection can be provided
other than by the avoidance of known meteor
streams. Considerations of the conservation of
momentum and energy show that when a meteor-
ite collides with a sheet of thickness comparable
to the meteorite’s diameter the result is an ex-
plosion in which both the meteorite and the cor-
responding material of the sheet are vaporized
and ionized at very high temperatures. Hence a.

“meteor bumper'' consisting perhaps of a milli-
meter-thick sheet of metal surrounding the }-inch
skin of thé space vessel at a distance of an inch

would dissipate the penetrating power of meteor-

ites several times larger than one corresponding
to an eighth-magnitude meteor.

Hamrd College Observalory,
Cambridge, Mass.
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Sorry! To use Japanese only here.  €TC

Summarizing the paper in Japanese:

F L. WhippleldXXEEEL T, HBMON T -HRAEECEINT,
ABELRKBERANEFERITI SERICIE.

1) BZ6.4 mmOMAREEHBBNOLSH, EE3.7 mOKRBFHERERE,
2) 505 (C—EDFEETMgA—F —DmeteoriteREHBBREHET 5.
3) IO FERZEIRT HLUNEHARNBE,

4) EHELIRLT—OREFUIS, ENBBROESLRAEEOEED
meteoriteMERLI-IEE . RETHSBEDT=-HIZ, [ULHLLITAF>

EARE, @

“meteor bumper” [FE QB EB|/ZJEN525.4 mmiRIICERESET=.
ES1 mmOEBHEMNSEESTHAS,
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Subsequent Progress of Whipple Bumper Shield C-rc

EMOCK FRONT
N PROJECTILE

7 KM/SEC —
1.016 mm NICKEL SHIELD g

W) [ wamstavcroer  } | i i1 ]

o 2 o) = e @
! ,‘ "‘i; Schematics depicting (a) the impact onto a thin bumper
plate, (b) its penetration, (c) the subsequent formation of
spallation cone, and (d) the loading transmitted by the
cone to the main structure downstream.

Fig.4 X ray of thin sheet impact. by C.
J. Maiden et al., GMDRL, 1965 T. D. Riney and E. J. Halda, AIAA Journal, Vol. 6 No.2,
(NASA CR-65222) pp.338-344 (1968). [Reprinted in "R. Kinslow (Ed.),

HIGH-VELOCITY IMPACT PHENOMENA,
Academic Press (1970)"]
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Whipple Bumper Shield for Apollo_Prog

Modified (Optimum) Cour-Palais Equation
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MoltenAluminumProjectile

5 4 MoltenAluminumShield-
o GlassProjectile
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Theoretical shield optimum t/d ranges for melt of projectile and bumper.
(B. G. Cour-Palais, Int. J. of Impact Engng., Vol.23, pp.137-168, 1999.)

Impact Velocity (km/sec)

__——

Apr. 30 — May 2, 1969.

B. G. Cour-Palais, “Meteoroid Protection by Multiwall Structures,” AIAA
Paper No. 69-372, AIAA Hypervelocity Impact Conf., Cincinnati Ohio,
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“Buckup Sheet” of Whipple Bumper Shield CTC

(ts+Tg)/d
53

Modified (Optimum) Cour-Palais Equation

[ Theoretical Semi-Infinite=2.3p/d
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Fig.6 GMDRL double-wall shielding spectrum for Al 7075-T6 at 7.4
km/s. (B. G. Cour-Palais, Int. J. of Impact Engng., Vol.23, pp.137-168,

1999)
Originally published as:

B. G. Cour-Palais, “Meteoroid Protection by Multiwall Structures,”
AIAA Paper No. 69-372, AIAA Hypervelocity Impact Conf., Cincinnati

Ohio, Apr. 30 — May 2, 1969.
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Rear sheet thickness versus ts/d of type 2024-

T3 aluminum alloy.

(B. G. Cour-Palais, “Space Vehicle Meteoroid
Shielding Design, Proc. Comet Halley Micro-
meteoroid Hazard Workshop, ESA SP-153, 85-

92,1979.)
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Ballistic Limit Equation (Curve) CTC

F Challenging Tomorow's Changes

After Apollo Program:

New Cour-Palais Equation
Modified Cour-Palais Equation :>

(Christiansen Equation)

y P
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Fig. 3 Behaviour of the bumper protection concept.  Fig.8 Ballistic limits for equal mass monolithic target and Whipple

(H.-G. Reimerdes et al., Proc. 1% European Conf. on Space shield. (E. L. Christiansen, “Meteoroid/Debris Shielding,” TP-2003-210788,
Debris, ESA SD-01, Darmstadt pp.433-439, 1993.) NASA, 2003.)
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Debris Cloud Formation: 500 to 20,000 m/s CTC

Projectile: 2024-T4,
Shield: 6061-T6,
Back Wall: 7075-T6;

! i i y . r . Perfectly
d=10 mm, ! 5 ; ; ) ; 7 Vaporized
t,=2 mm, 3 4 " 4
tz=5mm,

S=50 mm, :
10000 mis i
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Debris Cloud Formation and Penetration Process

in the Whi

CTC

le Bumper Shield (1); no shock-induced vaporization s st

Debris: 10 mm¢ Sphere, Bumper Thickness: 2 mm, Standoff: 50 mm

1 to 6 km/s by every 1 km/s

AUTODTHNID 6.1 bien Contury Dymassics

Impact velocity: 1,000 m/s

Back Wall Thickness: 5 mm

ALITOGYNID 461 basm Contury Dpnterecs

Impact Velocity: 2,000 m/s

Back Wall Thickness: 5 mm

ALTTOGYNID 461 basm Contary Dysarrees.

Impact Velocity: 3,000 m/s

Back Wall Thickness: 5 mm

ALITOGYNID 461 basm Contury Dpnterecs

Impact Velocity: 4,000 m/s

Back Wall Thickness: 5 mm

ALITOGYNID 461 baem Contary Dysarrees.

Impact Velocity: 5,000 m/s

Back Wall Thickness: 5 mm

ALITOGYNID 461 baem Contary Dysarrees.

Impact Velocity: 6,000 m/s

Back Wall Thickness: 5 mm
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Debris Cloud Formation and Penetration Process

in the Whipple Bumper Shield (II);

10

CTC

shock-induced vaporization e e amse

Debris: 10 mm¢ Sphere, Bumper Thickness: 2 mm, Standoff: 50 mm

7 km/s, 8 km/s

AUTODYN-2D %6.1 from Century Dynamics

Impact Velocity: 7,000 m/s

Back Wall Thickness: 5 mm

AUTODYN-2D 6.1 from Century Dynamics

Impact Velocity: 8,000 m/s

Back Wall Thickness: 5 mm

©2010 CTC
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Debris Cloud Formation and Penetration Process
in the Whipple Bumper Shield (111); shock-induced vaporization e s e

FH AT FE R SRR R JAXA-SP-10-011

Debris:

10 mmé¢ Sphere, Bumper Thickness: 2 mm, Standoff: 50 mm

10 km/s, 15 km/s and 20 km/s

ALTODTNID 6 1 e Contury Dymises AL |l Cantury Dyniacs

Impact Velocity: 10,000 m/s Impact Velocity: 20,000 m/s
Back Wall Thickness: 10 mm Back Wall Thickness: 10 mm
Tillotson's Equation of State Tillotson's Equation of State

ALTODTNID 6 1 e Contury Dymises

Region No.  Materail Phase
. Hugoniot | Compression mode in solid phase
Im pact Velocrty: 1 5, 000 m/s " Expansion mode in solid phase

1 Solid/gas multiple-phase
v Gas phase

Back Wall Thickness: 10 mm

Tillotson's Equation of State

Thomas-Fermi theoretical
EOS

©2010 CTC The 4th Space Debris WS 13

CONCLUDING REMARKS CTC

1.

2.

3.

Reviewed a series of the ballistic limit equations (BLE’s) for the
Whipple bumper shield which were developed experimentally
during the Apollo program and improved mainly in the latter half of
1980’s at NASA/MSC /JSC.

Although the shatter region of the BLE’s looks eccentric at first
glance, the fundamental mechanism of the BLE’s was clarified and
depicted by the present numerical simulations

The BLE’s are empirical equations derived from the vast amounts
of experimental test results at Ames, GMDRL, MSC, JSC, etc.,
however, their various coefficients are not always evident, although
not shown here individually.

It is of great importance to comprehend the essential concept of the
BLE’s to be developed, in order to develop new equations for other
purposes, as well as to apply existing BLE’s to current problems.

©2010 CTC The 4th Space Debris WS 14
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Investigation on the Ballistic Limit Equations for the Whipple Bumper Shield
Masahide KATAYAMA "2

Abstract

After reviewing the historical background and the design concept of the Whipple bumper shield that is

regarded as the most standard protection system at present for the space debris impact, this paper discusses the

mechanism of the protection process of the Whipple shield and its ballistic limit equation (curve), referring to the

experimental and theoretical works conducted in from late 1950’s to 2000 in the United States.

Lastly,

hydorocode simulations by AUTODYN clarify the mechanism of the protection capability of the Whipple shield

visually.

Key Words: Ballistic Limit Equation, Hypervelocity Impact, Meteoroid, Space Debris, Whipple Bumper Shield
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Fig.5 Theoretical shield optimum #/d ranges for melt of
projectile and bumper®.
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in the numerical simulation impact velocity:
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Fig. 9 Debris cloud expansion of Whipple bumper shield in the numerical simulation
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Fig. 10 Debris cloud expansion of Whipple bumper shield in the numerical simulation
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