NASA Contractor Report 4706

Structural Damage Prediction and Analysis
for Hypervelocity Impacts — Handbook

N.C. Elfer

Contract NAS8-38856
Prepared for Marshall Space Flight Center

February 1996



NASA Contractor Report 4706

Structural Damage Prediction and Analysis
for Hypervelocity Impacts — Handbook

N.C. Elfer
Lockheed Martin Marietta Manned Space Systems

National Aeronautics and Space Administration Prepared for Marshall Space Flight Center
Marshall Space Flight Center ® MSFC, Alabama 35812 under Contract NAS8-38856

-
February 1996



FOREWORD

This handbook was prepared under contract NAS8-38856 from NASA
Marshall Space Flight Center. The study contract title was "Structural
Damage Prediction and Analysis for Hypervelocity Impacts." The
Technical Monitors were Dr. Joel Williamsen, Greg Olsen, and Jennifer
Robinson. The work was performed between October, 1989, and September,
1995.

In the area of ballistic limits and fracture mechanics, there are often
several different philosophies in the technical community. The author has
his own opinions which are reflected in this work. The author's opinions
are based on his interpretation of test and analysis data, which may be
different than others in the scientific community. Furthermore, the reader
is urged to consult the references quoted in this work, other literature, and
investigators currently active in the field to ensure the accuracy and
relevance of the equations and trends quoted here.
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1 INTRODUCTION

This handbook provides a reference for the prediction and analysis of
structural damage due to hypervelocity impact. It is applicable to Space
Station habitable module walls and other similar spacecraft . Hypervelocity
impact includes both meteoroid and space debris impacts. The emphasis of
the discussion is stretching, petaling, and tearing of a module wall by
either meteoroid or debris impacts.

The analyses and comments are general design guidelines and not
necessarily applicable to final Space Station designs since several
configuration and detail design changes were being made during the
course of this contract. Rather, the analyses and comments may indicate
either a point-in-time concept analysis, available test data, or desirable
protection goals, not hindered by the design and operation constraints faced
by Space Station designers. The baseline design for debris protection was
nominally:

* bumper of 0.13 cm (0.050 inch) 6061-T6 aluminum

* 30 layers of 1.3 um (0.0005 inch) thick Multi-Layer Insulation (MLI)
* standoff of 10.2 cm (four inch) and

e rear wall of 0.32 cm (0.125 inch) age-formed 2219-T87 aluminum.

However, this does not reflect the final space station design and is a
point of reference only.

Selected equations are included in appendix A. A Bibliography for the
report and appendix A is included as Appendix B. Appendix C contains
several light gas gun hypervelocity test databases.

The typical space vehicle design requirement is to meet a specified
probability of no penetration or failure in the design lifetime. Large area
and long duration spacecraft require a substantial weight of protective
shielding. For example, an object the size of the Space Station Freedom,
will require on the order of 10 kg/m2 or more for meteoroid and space debris
protection. Part of the problem in determining a shield to meet a given
reliability is understanding the threat. Rather than having a unique threat
size and velocity which must be defeated, there is a spectrum of sizes,
velocities, and obliquities, and consequently a variety of penetration
mechanisms which must be considered.

To design these shields accurate analysis of the probability of
penetration must consider the flux, velocity and angular distributions of
debris, as well as the debris shape and density distributions, the spacecraft
geometry, and the penetration resistance of the structure. Each has a high
level of uncertainty. Penetration resistance is analyzed with a combination



of light gas gun simulation testing, and computer models. Routine testing
is possible up to 7 km/s which encompasses a portion of the possible debris
impact velocities. A three stage light gas gun has been developed at Sandia
National Laboratory, as well as an inhibited shaped charge launcher at
Southwest Research Institute (SWRI), to achieve 10 km/s, but in each case
the state of the projectile at impact needs to be better characterized. The
average space debris impact velocity is 10 km/s but impacts can occur at up
to 16 km/s. Meteoroid impact velocities can be up to 72 km/s.

Damage tolerance in manned systems is essential to provide fail-safe
vehicles. A goal is to have pressure vessels leak, but not burst in the event
of an impact beyond the design considerations. However, this is not
practically achievable for all situations. "No-burst" analysis for a
hypervelocity penetration must consider a damage zone on the order of 25
cm, which is much larger than the typical flaw size analyzed in aerospace
structures.

Figure 1-1 shows the catastrophic results possible for an impact beyond
a design's capability. This was tested at the University of Dayton Research
Institute (UDRI) as a Martin Marietta IR&D project. [Elfer88]* The
projectile was a 12.7 mm (0.5 inch) sphere of 2017 aluminum, weighing 3
grams and fired at 6.4 km/s. The rear wall was 2219-T851, nominally 3.2
mm (0.125 inch) thick, pre-loaded with Bellville washers to a stress of 130
MPa (19 ksi). The wall had an 2 mm (0.080 inch) 6061 bumper held 114 mm
(4.5 inches) in front of the wall, with 4 layers of style 710 Kevlar 29 cloth
held 38 mm (1.5 inch) from the wall. The Kevlar cloth was essential to this
type of failure, as will be discussed in Sec. 6. Figure 2 shows the bumper
and Kevlar cloth after the impact. Figure 3 shows the front of the rear wall.
Integrally machined stiffeners, 3.2 mm (0.125 inch) thick and 32 mm high,
could not stop the crack from running.

* References in the Bibliography, Appendix B, are shown in square
brackets. A number refers to the year of publication of the referenced
author's document.
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Fig. 1-1 Rupture of a pre-loaded 2219-T851 panel due to a
hypervelocity impact with a 3 gram projectile at 6.4 km/s.
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Fig. 1-2 Bumper and Kevlar 29 cloth in front of rear wall in Fig. 1-1
after the impact.
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Fig. 1-3 Front of the fractured rear wall in Fig. 1-1. Integralls
machined stiffeners could not stop the crack.
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2 ENVIRONMENT

Equations for the meteoroid and debris flux are given in NASA SSP
30425 (Rev. A with change Al) “Space Station Program Natural
Environment Definition.” and are built into the BUMPERII analysis code.
[Graves; Coronado] Figure 2-1 shows the meteoroid and debris flux. The
definition of the flux is for the diameter shown and larger. The diameter
shown is the minimum diameter with that flux. Fig. 2-2 shows that if
trackable debris, 10 cm and larger, can be completely avoided then there is
a significant impact on the flux of particles in the 1 cm to 10 cm and larger
sizes. Note that the graphs in Fig. 2-1 and 2-2 are for specific years,
inclinations, altitudes and solar activity. The EnviroNET computer system
is a convenient method of checking the currently accepted definition of the
orbital environment. [The EnviroNET user guide is available from Dr.
Michael Lauriente, Code 400.1, Goddard Space Flight Center, Greenbelt
MD 20771, phone (301)-286-5690.]

2.1 Meteoroids

The meteoroid environment is dominated by low density (0.5 to 2 g/cm3)
loosely packed ice rather than the more dense iron-nickel meteoroids.
However, the loosely packed ice can be very damaging at the high impact
velocities. The meteoroid environment is better seen in relationship to the
Earth rather than the spacecraft. The earth regularly moves through
streams (densely populated orbits) which produce meteoroid showers.
There is also a random “sporadic” flux. The earth also tends to focus the
meteoroids due to gravitational attraction. The spacecraft then moves
through this changing environment, shadowed by the Earth, accumulating
most impacts on the forward and then the skyward facing surfaces.

2.2 Space Debris

For a large-area, long-duration spacecraft the debris flux will by more
significant, as shown in Fig. 2-1. Much of the environment definition has
been driven by D. Kessler at NASA-JSC and it is continually subject to
updates because significant break-up events, or possibly the lack thereof.
Users of this document will either have a contractual requirement, or they
should consult EnviroNET as mentioned at the start of this section.

The debris environment is predominantly aluminum particles,
although a variety of other materials are present, including paint,
electronic components, composites, titanium, and steel.
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Space debris is very directional. For low earth orbit (LEO) debris may be
described by the intersection of circular orbits. Besides the dominant polar,
60°(e.g.. Baikonur, Tyuratam) and 28° (Cape Canaveral, F1) inclinations,
precession of orbits can result in high impact velocities from orbits with the
same inclination. Figure 2-2 shows the fraction of the total flux coming
from angles relative to the direction of flight in 5° increments. The relative
impact velocity for the intersection of 500 km orbits is also labeled on the
plot. The relative impact velocity in LEO is determined by the orbital
velocity and the intersection angle of the two orbits.

If the spacecraft is not fixed relative to the earth then it can be treated as
randomly tumbling. There will be a spectrum of relative impact velocities
and obliquities which must be considered in the penetration analysis with
the different penetration mechanisms which will be discussed later.

When the spacecraft attitude is fixed relative to the earth, each facet of
the surface will have its own distribution of probable obliquity angles and
velocities. While no debris overtakes from the rear, a rear facing facet can
be impacted by debris which appears to come from the side (an orbit with a
shallow intersection angle). Debris cannot intercept a LEO spacecraft from
more than 10° above or below a plane tangent to the local Earth normal,
since the debris would otherwise enter the Earth's atmosphere and be
removed as a threat. The typical angle is only 3° for a 500 km orbit being
crossed by trackable debris.

It must be noted that the definition of flux used is the flux, F, on a
randomly rotating object. This means that the area will spend half of its
time with no exposure to a given stream. However, when a stream from 2
particular direction is used with the projected area in that direction, then
the flux, J, is given by

J=4F

The simplest derivation of this is that the projected area of a sphere, nr2,
is one fourth of the surface area of a sphere, 4nr2. While each will receive
the same number of impacts from a stream perpendicular to the disk, the
impacts per square meter are four times higher for the disk. An
alternative definition is

) =F/n =J/4n)

where j is the flux in terms of impacts per square meter per year per
steradian.
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3 PENETRATION MECHANISMS

There are a variety of penetration mechanisms that work in unison or
compete with each other to cause a failure. Penetration predictions based
on one penetration mechanism may lead to a gross error when extrapolated
to conditions for which another penetration mechanism is occurring.
Appendix C contains hypervelocity impact test data from NASA-MSFC,
NASA-JSC and Martin Marietta IR&D M-01S.

Debris cloud analysis characterization was reviewed by Piekutowski.
[Piekutowski 95]

3.1 Penetration Definitions

The definition of penetration used in most recently in hypervelocity
testing for the Space Station, is no detached spall or no visible hole through
the thickness. Leaking helium, or penetration of a witness sheet behind the
rear wall are alternate definitions of penetration that have been used on
other programs. (Note that while detached spall is considered a failure, it
does not appear to make a significant difference compared to the no-visible-
hole definition, at least for Space Station shields up to 7 km/s. )

3.2 Single Wall Damage Mechanisms

A single wall can be very vulnerable to hypervelocity impact. At low
velocities, the depth of the crater is controlled by erosion of the projectile.
However, as velocity increases, the crater becomes hemispherical and the
volume of material removed is roughly proportional to the energy of the
impacting particle. Tests indicate oblique impacts should use only the
normal component of the impact velocity to calculate energy and crater
volume.[Summers59] As the obliquity angle becomes large, greater than
45°, the crater becomes elongated, and at greater than 65° from the normal,
the projectile primarily ricochets from the surface (as small fragments).

For a finite thickness sheet, the threshold of penetration is reached
when the bottom of the crater links up with spall from the back of the sheet.
Spall occurs when the compressive shock wave accelerates the rear of the
sheet and reflects as a tensile wave above the ultimate strength of the
material.

Five single wall penetration equations were reviewed by Hayashida and
Robinson. The Fish-Summers and JSC (Modified Cour-Palais) are given in
Appendix A. Both found to adequately fit recent test data. The Schmidt-
Holsapple equation was found to predict significantly higher diameters to
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cause penetration, and it significantly overestimate the penetration
threshold on at least one test.

3.3 Double Wall Penetration Mechanisms

At different impact velocities and obliquities, multi-wall designs may be
penetrated by projectile or bumper shield fragments, spall, melting, or by a
late time momentum failure of the final wall. Intermediate shields are
useful in further breaking up projectile fragments and reducing spall in a
rear wall. At very high velocities the bumper and projectile will melt or
even vaporize. If the final wall is not penetrated by fragments it must still
absorb the momentum of the initial projectile.

The ballistic limit is dictated by the operative penetration mechanism.
The reaction of a multiwall shield to a projectile impact is shown
schematically in Fig. 3-1. With increasing shock pressures the original
projectile will first fragment into smaller and smaller sizes, then melt and
even vaporize. Subsequent layers must stop the fragments from the initial
impact, resist spall, and also absorb the momentum. Tests at the
University of Dayton Research Institute (UDRI) and at Marshall Space
Flight Center (NASA-MSFC) have demonstrated that an intermediate layer
of thermal insulation material can be very effective in preventing cratering
and spallation of the rear wall, but the momentum of the initial impact
must still be absorbed by the rear wall. Even if the original particle is
fragmented and "ricochets” from the bumper, bumper fragments may still
penetrate the rear wall.

The ballistic limit for a given shield can be plotted as a function of
impact velocity and obliquity as shown in Fig. 3-2. This will be called the
ballistic limit surface, the shape of which will change radically for changes
in shield design. For example, a change in spacing will strongly influence
momentum failure, have a mild influence on fragment penetration, and
almost no effect on single particle, or ricochet penetration. It is interesting
to note that in the valley, or "bucket" of the surface, an oblique impact can
be more penetrating than a normal impact because the projectile is not as
effectively fragmented.

3.3.1 Fragment Penetration

For penetrations less than 1.5 km/s, there will typically be a single hole
in the bumper and the rear wall. As impact velocity increases the projectile
begins to fragment into smaller and smaller pieces. Figure 3-3 shows
typical rear wall damage that may result from normal incidence
hypervelocity impact. There may be one or many rear wall holes.
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Individual holes may be due to single particles, multiple craters occurring
at the same location, or then interaction of rear wall momentum and a
weakened and cratered rear wall. Piekutowski showed that for thin
bumpers (relative to the projectile diameter) a single large, and lethal,
fragment may remain at the center of the post impact fragment debris
cloud.

As a rule of thumb, to be effective at 6 km/s impacts the bumper should
be 0.15 to 0.25 times the projectile diameter, although much lighter
bumpers can work well at these high velocities if the standoff is large.
[Christiansen91,92]

There have been several attempts at empirically determining the
ballistic limit for fragment penetration. Projectile break-up is analyzed
with a combination of experimental data, scaling, hydrocodes, and
phenomenological models. The test databases in Appendix C contain a
wealth of information, but much of it remains anecdotal in terms of
different shield parameters. Jolly and Williamsen [93] performed a curve
fit to the data for 0.125 inch rear walls, but even this was difficult due to the
go/no-go nature of penetration tests and the results contained both
conservative and non-conservative predictions.

The ballistic limit diameter for normal impact reaches a low, on the
order of the total shield thickness, at approximately 3 km/s, and goes up to
almost twice the total shield thickness for standoffs of 30 times the projectile
diameter.

The available penetration equations in BUMPERII appear to be adequate
in the regime less than 7 km/s. Christiansen's equations in Appendix A
have a simple expression for the ballistic limit below 3 km/s and use linear
interpolation between there and the transition to the high velocity
penetration mechanism at 6 to 7 km/s, depending on the shield. The THOR
equations in BUMPERII were not included in Appendix A due to their
complexity, but they are more general and can be used for different
materials besides aluminum-on-aluminum. The Burch equations, also
included in Appendix A, are particularly useful for prediction of
penetration through multiple plates. Although Jolly and Williamsen note
they may not reflect oblique impact results accurately. Only the Burch
aluminum-on-aluminum equations were included in appendix A, but the
original paper has steel-on-aluminum as well.

For the initial baseline design, the fragment penetration equations do
not have a strong influence on the probability of no penetration [Elfer92a] as
will be discussed in Sec. 4.
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3.3.2.1 Projectile Shape Effects

Cylinders with a length to diameter ratio of 1 (I/D = 1) have been found to
be much less penetrating than equivalent mass spheres at low velocities, 3
km/s, but the ranking reversed at 6+ km/s.[Morrison72, Elfer 88] This was
because the cylinder shatters more easily than the sphere at 3 km/s. At 6+
km/s, in normal impacts the cylinder creates a debris cloud with a spike, of
which the tip is the most lethal. The tip appears to be a spall fragment from
the bumper, normal to the flat of the cylinder, that can penetrate the rear
wall. This is illustrated in Fig. 3-4 and 3-5. Morrison described this: "for
cylindrical projectiles, the shock [in the rear surface of the bumper} near
the axis is planar, whereas for the sphere the shock is more
hemispherical.”

Schmidt et al [1992] showed that a disk with a small L/D could be very
penetrating even for a cadmium on cadmium impact. A flat fragment,
including all or part of the bumper, tended to continue in the line of flight
with very little dispersion. This easily penetrated the rear wall.

The fragments from a yawed cylinder (as opposed to the bumper) can
tend to line up and penetrate the rear wall, rather than being spread over a
large area like the sphere fragments. A typical penetration is shown in
Fig. 3-6 through Fig. 3-11.

3.3.2 Momentum Failure

If the wall is not penetrated by fragments then it must absorb the debris
cloud momentum. The failure of the rear wall from this blast loading can
be very sensitive to the momentum distribution, the rate of loading,
momentum multiplication due to rebound and/or cratering, and damage to
the surface from early time cratering. Generally, the failure models have
either relied on an assumed momentum distribution in the rear wall, or a
critical momentum intensity. This will be discussed briefly in the following
sections and in greater detail in Section 6. This failure mode can be
achieved in typical light gas gun tests only with intermediate shields or by
the use of cadmium projectiles and cadmium bumpers (Cd-on-Cd) to
simulate vaporization. [Schmidt92] Figure 3-12 shows a momentum bulge
and failure in specimens with a Kevlar intermediate shield to prevent
fragment damage. The specimen that failed was impact by the same size
projectile with slightly higher velocity.

3.3.2.1 Wilkinson Model

The Wilkinson model for momentum failure was based on McMillan's
hydrocode models of impacts at velocities sufficient to cause complete
vaporization of the projectile and bumper. The dispersion of the debris
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cloud momentum intensity on the rear wall is given in Appendix 1. Note
that the dispersion angle corresponds to one standard deviation on a
Gausian momentum distribution. A significant amount of momentum
was assumed to be outside of the dispersion angle.

The rear wall failure criterion was determined by Wilkinson from two
dimensional analyses of a strip bulging under a Gausian momentum
intensity distribution. ;

3.3.2.2 Modifications to the Wilkinson Model

Elfer [88] modified the Wilkinson dispersion angle for aluminum
impacts based on two reasons. The first reason was to select a constant to
fit the equation to observed failures in Whipple bumpers with Kevlar cloth
intermediate shields. The second reason was that the dispersion angle
observed from HULL hydrocode analyses, as well as observed rear wall
damage rings, was smaller than the dispersion angle that Wilkinson used.
This is simply a manifestation of the fact that Wilkinson's analysis was for
aluminum vaporization at meteoroid impact velocities while complete
vaporization does not occur for aluminum except over 12 km/s impact
speeds. For a t/d ratio of 0.252, Wilkinson's equation predicted a dispersion
angle of 16 degrees. Note that Wilkinson's angle is for one standard
deviation, approximately 1/3 of the mass was at higher dispersion angles.
Hull hydrocode results were closer to 11 degrees at 7 to 13 km/s.
Piekutowski's analysis [95] of post-impact radiographs shows the
dispersion angle of the outer bubble can be up to 18 degrees, but the
momentum distribution may not be consistent with Wilkinson's assumed
Gausian distribution.

Bjorkman [91] also suggested modifying the Wilkinson equation to 80%
of the original value, similar to Elfer. However, this was based on the
potential for elastic rebound which could double the momentum, rather
than due to a dispersion angle effect.

3.3.2.3 Grove's Model

Grove and Rajendran modeled rear wall bulge, and necking, with
varying the input parameters. [Appendix D] Their equation summarizing
rear wall thinning is also given in Appendix B. The analyses were for
Gausian momentum distribution, so that using either the Wilkinson or a
modified Wilkinson equation, failure can be predicted for a wide variety of
rear wall material characteristics.

3.3.2.4 Housen and Schmidt's Scaled Velocity Model

Schmidt et al [94] performed tests with cadmium bumpers and
projectiles with a standoff from aluminum rear walls. The cadmium
bumper and projectile were assumed to produce the same damage in the
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aluminum rear wall as for an aluminum bumper and projectile (Al-on-Al)
at 3.1 times higher velocity. The 3.1 scales both the energy of melting and
vaporization of the debris cloud, as well as the cloud's momentum, due to
the density ratio of cadmium to aluminum. [Holsapple93]

Figure 3-13 shows the experimental scaled ballistic limit based on Cd-
on-Cd, and a comparison to Christiansen's Whipple shield equation. The
remarkable feature is that the ballistic limit increases from 12 to 18 km/s
(Cd-on-Cd test velocities 3.9 to 5.8 km/s). This is probably due a transition
from liquid to all vapor as the impact velocity increases. In terms of the
previous models, the there would be a transition from a modified Wilkinson
model to an un-modified Wilkinson equation, although even that would not
account for the increase in penetration diameter observed in the test. And
the reason for the transition is not clear. The tests at UDRI [Schmidt94]
show the shape of the cloud is similar for both velocities. This means that
either there is a different mass distribution in the cloud which affects the
rate of loading of the rear wall, or there is less rebound and momentum
multiplication for the higher velocity test. Both of these benefits could
actually be changed or even negated by intermediate shields.

There is still a question of whether cadmium-on-cadmium can
adequately simulate rear wall damage for aluminum-on-aluminum
impacts at a higher scaled velocity. While the state and momentum of the
debris cloud is adequately reproduced by the scaled tests, the rate of load
application on the rear wall is not simulated. Without an intermediate
shield, the debris cloud impulse will have 3.1 times longer duration for Cd-
on-Cd surrogate tests. For that case, shear waves can extend from the
initial impact location before the remainder of the debris cloud can impact
the rear wall. This can over-estimate the penetration resistance, but is
probably the worst case for tearing.

This is certainly one of the most revealing means of analyzing 10 to 18
km/s impacts. However, surrogate material tests are also potentially
misleading if intermediate shield and rear wall loading rates are not
considered.

3.3.3 Spall Failure

Spall of a large area is possible due to an impulse from the liquid or
gaseous debris cloud. Wide area spall of a 0.64 cm thick sheet is shown in
Fig. 3-8. It has also be observed in 0.32 cm thick 2219. Spall failure should
extrapolate with projectile energy rather than momentum. (The peak
pressure would vary linearly with impact velocity for the same
momentum.) This is not favorable for PNP predictions, but should decrease
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the chance of critical damage if more of the momentum passes through the
wall.

Without an intermediate shield, the debris cloud momentum is
transferred over a short time span. Even without fragments in the debris
cloud, gas and droplets can generate pressures which exceed the spall
strength of the rear wall. This failure mode can be difficult to achieve in
light gas gun testing. Fragment penetration is usually observed for shields
of interest, and similitude testing does not typically address this failure
mode. Most hydrocode models do not consider this failure mode.

The debris cloud model by Piekutowski was used by Rajendran [89] to
predict that spall will be associated with the initial bumper material in the
cloud. A typical spall strength for aluminum is on the order of 800 to 1200
MPa (110 to 170 ksi). At 6.5 kimn/s, with out an intermediate catcher, the
cloud model produced pressures of 6000 MPa.

Schmitt et al [94] noted that spall occurred for aluminum-on-aluminum
impacts but not for Cd-on-Cd for the same dimensionless impact speed.
This shows that Cd-on-Cd scaled velocity tests may adequately model the
physical state and momentum of the debris cloud, the tests do not properly
scale rear wall effects.

As impact velocity increases, the threshold mass to cause penetration
should scale with projectile velocity squared, modified for debris cloud
dispersion angles. The time duration of the momentum transfer is
inversely proportional to the velocity of the leading edge of the debris cloud.
To maintain the same peak pressure at high velocity, the total momentum
must by smaller.

Spall has been observed even with intermediate shields. A rigid
intermediate shield, if it is uniformly accelerated, can act as a flyer plate
and cause spall.

3.3.4 Oblique Impact Effects

Above 60° obliquity, the projectile tends to ricochet off the bumper as
illustrated in Fig. 3-14. Fragments of the projectile or bumper can still
cause penetrating craters in the rear wall. Figures 3-15 to 3-17 show a
ricochet test result.

Tests at 30 to 55 degrees obliquity and 5 to 7 km/s show that a much
smaller particle can penetrate a given design than would be possible for an
impact at normal obliquity.[Gehring, Brewer, Coronado, Elfer,
Christiansen, Jolly, and others]

Increased penetration for oblique impacts appears to be contrary to
normal logic for penetration when the projectile does not fragment. The
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reason is that the projectile does not fragment (and possibly disperse) as
well as for a normal incidence impact. Just as cratering volume is related
to the normal component of velocity of the projectile relative to the target,
shatter of the projectile appears to be related to the normal component of
velocity relative to the bumper.

The initial contact point of an oblique impact is on the side of a spherical
projectile. Release waves reduce the stress compared to a normal incidence
impact. Furthermore, the bumper material along the centerline of the
projectile is imparted a velocity before projectile material would even hit it.
Hydrocode analysis shows the material along the bumper centerline has a
significant component of velocity radial to the shotline after impact.

3.3.5 Christiansen's High Velocity Extrapolation

Christiansen has high velocity penetration equations for several
different shield designs. [Appendix A contains several of the equations.]
In general they extrapolate from 6 to 7 km/s, the maximum test velocity or
an observed transition to a different failure mode, using either constant
energy or constant momentum. Considering the uncertainties in fragment
penetration, spall, and load rate effects on the rear wall, constant energy
extrapolation may be somewhat conservative but it is warranted for simple
Whipple shields.

3.3.6 Comparison of High Velocity Predictions

Hayashida [95] plotted ballistic limits for several penetration equations
as shown in Fig. 3-18. The new Cour-Palais equation is from a modification
with Christiansen. The Housen-Schmidt equation, shown on Fig. 3-13, has
a larger diameter to penetrate than the un-modified Wilkinson equation at
the high velocity range. The author of this handbook has an opinion on
which equations are most appropriate, but he also recommends the use of
each in a PNP analysis [Section 4] to estimate design sensitivity. Without
an intermediate shield [Section 5] constant energy extrapolation is probably
appropriate due to the potential for spall, bumper fragment penetration, or
a "trap door" failure mode rather than a Wilkinson type momentum failure
[see Sec. 6]. When an intermediate shield is used, the modified Wilkinson
equation will probably be appropriate. There may be a transition to an un-
modified Wilkinson equation around 10 to 12 km/s, based on Housen-
Schmidt results, but how the intermediate shield interacts with the cloud
and the rear wall is not known and cannot be relied on with existing data.
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Impact Process
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Fig. 3-1. Multi-layer penetration mechanisms.

3-9



The Bal_listic Limit Surface Separates Penetration
(All Points Above the Surface) from No Penetration (Below the Surface).

Angle of

Obiiquity Penetration Mechanism

Single Projectile
Penetrates intact.

Projectile Shatters on
Bumper and Fragments
Penetrate Rear Wall.

@ Rear Wall Fails from
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Fig. 3-2. Typical ballistic limit as a function of impact velocity and
obliquity for a multi-layer design.
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Fig. 3-3 Typical Whipple bumper fragment damage.

(305 mm (12 inch) standoff.) (MSFC shot.)
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Fig. 3-5 Post impact debris cloud radiographs from a cylindrical
projectile. [UDRI shot in Rajendran89]

3-13



6 Rear wall damage from a cylindrical projectile that
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ted the bumper without yaw. (UDRI shot 4-0411)
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Fig. 3-7 Front of rear wall from Fig. 3.6. Note central crater
probably from the tip of the bumper debris cloud.
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Fig. 3-8 Rear of rear wall from Fig. 3.6 showing wide area spall.
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Fig. 3-9 Rear wall damage due to a cylindrical projectile that had
yaw. (UDRI shot 4-0436)
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Fig. 3-10 Front of rear wall from Fig. 3.9.
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Fig. 3-11 Rear of rear wall from Fig. 3.9. Penetration and spall from
aligned projectile fragments, and spall probably from the

tip of the bumper debris cloud.
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Fig. 3-12 Wilkinson type momentum bulge and failure with Kevlar
intermediate shields to prevent fragment damage.
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Fig. 3-13 Ballistic limit determined from aluminum rear wall with
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Ricochet

e Above 65° projectiles will ricochet off the bumper
* Projectile fragments come off in streams

¢ Bumper fragments (spall) may penetrate the pressure wall

65°“
N

* BAC approach for ricochet stream PNP seems conservative

* Analysis of multiple impacts in same location maybe needed.
- Depends on operations (removeable log modules vs permanent hangar)

Fig. 3-14 Oblique impact schematic.
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Fig. 3-15 Oblique impact bumper damage. (UDRI shot 4-0657)
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Fig. 3-16 Oblique impact ricochet damage. (same as Fig 3-15)
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Fig. 3-17 Oblique impact rear wall damage (back side) due to a
fragment normal to the bumper. The fragment was likely

bumper material. (same as Fig 3-15)
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Fig. 3-18 Comparison of high velocity penetration equations.
[Hayashida95]
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4 PROBABILITY ANALYSIS

The probability analysis approach is based on the use of the BUMPERII
[Graves] and SD_SUREF [Elfer 92] computer codes. These computer code
integrate the probability of no penetration (PNP) on a faceted spacecraft
model. The programs work with an earth oriented spacecraft in low earth
orbit . The codes do the bookkeeping on the spacecraft geometry, ballistic
limit and meteoroid and debris flux. A separate analysis of the
environment and impact probabilities was developed by Klindrad and
Jehn.[92]*

These codes are very useful in doing sensitivity analyses for assumed
variations in the ballistic limit surface, spacecraft design or operation, or
the environment definition. The particulars of many parts of the analysis
are subject to debate, and it is important to understand the effect on the
overall PNP to put their significance into perspective.

4.1 Probability of No Impact
The traditional analysis is based on a the Poisson distribution for a
probability, P, of zero impacts:

P=FxAxThn xexp(-FxAxT)/n!

where F is the flux, A is the exposure area, n is the number of impacts, and
t is time, all in consistent units. The simplest approach is to use the total
surface area of the space craft, or the area of a simple shape which
envelopes the spacecraft. Given the area, the design lifetime, and the
required reliability, a flux can be determined and from that a particle size
can be determined which has that probability of no impact. If this size can
" be stopped by the basic structure at all velocities and obliquities, then the
requirement has been met.

4.2 Probability of No Penetration

If the design is driven by the penetration resistance, then a proper
weighting of probable velocities and obliquities must be done. For a
spacecraft with a fixed orientation relative to the earth, a more accurate
calculation is possible. The space debris and meteoroid threats can be
broken down into streams of flux from different directions, i, at specific
velocities. The diameter to penetrate every area on the spacecraft is
determined for each stream element (reference the ballistic limit surface in
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Fig. 3-2). The flux for each diameter is determined from the Nj
relationship shown in Fig. 2-1 or 2-2 and then multiplied by the fraction of
the flux, fi, in each stream as adapted from Fig.2-3.

The probability of no penetration (PNP) from each direction and for each
element is based on the Poisson distribution for zero events:

nthreats
PNP¢] = exp(— Z(Ni-Ai)-t]
i=1

where (with consistent units)

Nj = flux which penetrates from each threat direction, i.
= 4-fi"Ny(dj)

Nr = flux on a randomly tumbling plate of diameter d; or larger. (As

defined in the specifications.)

di = diameter to penetrate at the velocity and obliquity of the ith threat.
fi = fraction of flux from threat direction

Aj = projected area of the facet in the flux direction.

t = exposure time.

The total PNP is determined by the product of the PNP for each element.

nelements
PNPtotal = HPN P j
j=1

4.3 Probability of No Critical Damage
The probability on no critical damage (PNCD) is determined in the same
way as PNP, except that the projectile diameter to cause critical damage is
used instead of the diameter to penetrate. Williamsen has performed a
complete analysis for crew loss due to debris impact. [Williamsen941]
Critical damage to a module can result from:
* a hole size that leads to too rapid depressurization of a module.
* a crack that will propagate due to structural loads (catastrophic
rupture of a module) as shown in Fig. 1-1.
* damage to a critical system.
For these definitions, the particle to cause this damage will generally be
larger than the ballistic limit. For some other design considerations,
critical damage could occur for a non-penetrating particle. This could

4-2



include deformation, cratering or spall on a critical component before
penetration occurs.

4.4 Probability Analysis Codes

The BUMPERII computer code may be used alone or in combination
with SD_SURF to analyze a spacecraft’'s PNP (or PNCD). [Graves91, Elfer
92] BUMPERII can show threat contours on the spacecraft geometry
model. The threat contours can be generated by BUMPERII to show which
areas of the spacecraft are most responsible for reducing the PNP.
SD_SURF works alone or with BUMPERII to calculate PNP and to show
which impact velocities and obliquities are most responsible for reducing
the PNP. Figure 4-1 shows the results of a SD_SURF analysis.
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Flux (which penetrates) - Exposure Area-
=In(1/PNP)

Time

BUMPERII
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» Thick. RW finch] 0.125
* Spacing [inch] 4

GEOMETRY

« MB17-All.UNI
+ One Module
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» ThreatsinGEOM 45
» Material IDs 1.2
* 0.5 ki/s Intervals

ENVIRONMENT

« SSP 30425

* Year 1995
« Inclination 285
» Altitude [km] 388
» Mass growth rate 0.05
« Flux factor 4

« Solar Flux Fact. 100
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\
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Fig. 4-1 Flux times the exposed area times the exposure time versus

Flux of Penetrating Debris vs. Impact Velocity and Obliquity

velocity and obliquity from SD_SURF.
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5 ADVANCED SHIELD CONCEPTS

Advanced shields have been designed using a variety of intermediate
shields and customized geometries. Intermediate shields have several
important roles:

* Shock fragments.

¢ (Catch fragments.

¢ Reduce debris cloud velocity by adding mass.

* Reduce debris cloud momentum (depending on support structure).

* Reduce momentum multiplication (rebound or cratering) on the
rear wall.

5.1 Bumper Material Selection

Swift [70, 82] came to the conclusion that the bumper material should
have the same density as the projectile to be shattered. Lower density was
not sufficient, and higher densities (especially with higher melting
temperatures) tended to cause rear wall failure from bumper fragments.

It is of interest to compare the ballistic limit of single sheets of
aluminum and steel. For the same impacting projectile the volume of
material removed is much larger in aluminum. However, the lower
density is an advantage in preventing perforation. If equal weights of steel
and aluminum are equally effective bumpers for a large design projectile,
then aluminum is the better choice for a bumper for spacecraft
applications, because it will not be penetrated as frequently as the steel
bumper. Hence the thermal insulation layers beneath the bumper and the
rear wall will suffer less degradation from micrometeoroids which will
certainly impact the spacecraft.

Low density fiber resin composites have been shown to be less effective in
fragmenting aluminum projectile than aluminum bumpers.
[Christiansen87, Elfer87, ESA] However, the fiber composites do not create
fragments that can penetrate the rear wall. This feature makes them
extremely attractive for protection against icy meteoroids, which would be
expected to vaporize. Also, if composites could deflect debris projectiles at
high obliquities, then composites would be better than monolithic
aluminum bumpers which generate penetrating fragments.

Ceramic plates can be effective bumpers, but multi-impact capability is
limited and they need to be supported to avoid completely shattering.

Christiansen [87] showed that an equal weight of an alumina-boro-silica
ceramic cloth (tradename Nextel) should shock the projectile to higher
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pressures and temperatures than an aluminum bumper. However, a cloth
can have a lower apparent density and is best used as an intermediate
shield in an advanced shield system.

Metal matrix and ceramic matrix composites appear to be marginally
better than monolithic aluminum bumpers as debris bumpers [McGill92]
but a more complete analysis is necessary to quantify the benefit. Again,
the effects on numerous non-critical meteoroid impacts needs to be
evaluated. ‘

5.2 Multiple Bumpers

Intermediate shields may further shock the fragments, thereby
increasing fragment temperature, reducing fragment size, and increasing
the debris cloud dispersion angle. This is similar to the performance of the
bumper as discussed previously.

The use of multiple bumpers can significantly improve penetration
resistance compared to a single bumper with the same total weight as
shown in Fig. 5-1. The repeated impacts do a better job by fragmenting and
raising the temperature of the initial impact fragments.[Richardson, Cour-
Palais89,-91] Figure 5-1 shows that for an overall 12 inch spacing, and
0.125" 2219-T87 rear wall, a 0.5" diameter 6061 projectile was stopped by 3
bumpers of 0.040" Al, each 4 inches apart. The rear wall was coated with
molten aluminum. However, in a similar test, penetration occurred both
for a single 0.125" bumper, and for six 0.020" bumper with 2" spacing
between the sheets.

Multiple bumpers can be more effective at shattering the projectile, but
they do not tend to spread the momentum over as large an area as a thicker
single bumper with the same areal density. Therefore a larger standoff
distance is required to resist momentum failure. Christiansen’s equations
for the mesh double bumper versus multi-shock bumpers tend to bear this
out.

Figure 5-2 shows the results at MSFC for two equal weight bumpers.
The total spacing was restricted in this example. The second bumper
performed best when close to the front bumper to provide a better dispersion
of fragments on the rear wall. However, the Richardson multiple bumper
was more effective when the second bumper was about 20% of the thickness
of the first bumper and places just above the rear wall.

Multiple bumpers appear to be very effective means of building up the
performance of a spacecraft on orbit. An initial low weigh configuration
can be flown, and as the environment increases, successive layers, with

greater standoff can be added.
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5.3 Intermediate Catcher Shields

Intermediate shields may catch fragments. While the net momentum
that impinges on the rear wall is not decreased, the mass is increased and
the velocity is decreased. The benefit is illustrated in Fig. 5-3.

The intermediate shield will also affect rebound and momentum
multiplication on the rear wall. If fragments impact the rear wall,
cratering may occur that causes momentum multiplication. Cratering can
eject more momentum than the momentum of the initial fragment. Even if
cratering does not occur, elastic rebound from the rear wall can double the
momentum transferred to the rear wall.

The impact of the cloth intermediate shield on the rear wall will not
increase the momentum of the rear wall significantly over the initial
projectile momentum. The bumper was often bulged out away from the
intermediate shield after impact. The bulge was not as significant as rear
wall bulges, even though the bumper was always thinner. The bulge may
be due to impact of the debris cloud with the intermediate shield or rebound
of the intermediate shield from the rear wall. Whatever the cause, limited
bumper deformation is evidence of a contribution of some small fraction of
the initial momentum to the rear wall. Momentum doubling at the rear
wall does not occur.

5.3.1 Catcher materials

As an intermediate debris cloud catcher, Kevlar cloth was found to be
very weight efficient in preventing cratering of the rear wall from impact
velocities at 5 to 7 km/s.[Elfer 88] This is illustrated in Fig. 5-3. In one test
program, Spectra 900 cloth was not as effective as Kevlar cloth.[Elfer 88]
This is probably due to differences in the thermal properties of the
materials. Other test programs have shown Spectra to be as effective as
Kevlar even though melting of the fibers was obvious.[Christensen92] This
emphasizes the need for accurate material properties as well as
penetration models for extrapolation beyond test velocity.

Considering its outstanding performance in multi-shock shields, Nextel
is expected to be as good or better than Kevlar as an intermediate shield
catcher material. However, Christiansen’s sizing equations (Appendix A)
for Mesh Double-Bumpers indicate that up to 50% higher areal density is
required for Nextel catcher layers, compared to Spectra or Kevlar catcher
layers. Nextel also has a design advantage in that it is more stable than
Kevlar or Spectra, which will degrade from exposure to either atomic
oxygen or UV.
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5.3.2 Impregnated Catcher materials

It should be noted that there are potential contamination issues
associated with Nextel fibers breaking off. This may be true of any blanket
material. Impregnation may control fiber loss. Impregnation materials
should not be too stiff and have relatively weak interfacial bonds with the
fibers so as not to affect ballistic performance.

Elfer found that in nominally identical tests, a monolithic Kevlar-Epoxy
intermediate shield allowed rear wall failure while an equivalent weight of
Kevlar cloth did not cause rear wall failure. In normal ballistic testing dry
Kevlar fabric can outperform due to ability of fibers to slip and stretch.
However, there was no apparent difference in cratering of the rear wall,
and it was suspected that the difference in elastic rebound from the rear
wall caused a different momentum multiplication.

Another problem with epoxy composites is that if the catcher is stiff,
then the acoustic environment of launch must be considered. This can
present severe design constraints that are not applicable to a flexible cloth
catcher.

Teflon impregnated beta cloth may also have an added benefit beyond
just mechanically catching projectile fragments. The Teflon can
chemically react with the fragments to promote further reduction in
fragment size. It is not known whether this is a significant contribution to
penetration resistance but it warrants further investigation as a possible
means of enhancing penetration resistance.

5.3.3 Catcher Location

The location of the cloth was shown to be critical to effective
performance. If the cloth was against the bumper, fragments would
overwhelm the cloth; too close to the rear wall and the momentum could not
be transferred to the cloth. The momentum transfer to the cloth is
necessary for higher mass and lower velocity than the initial debris cloud
so that the rear wall will not spall. Christiansen suggested that the catcher
be four projectile diameters from the rear wall.

Momentum absorption by the cloth was negligible due to tearing of the
cloth. A six inch square of material was just as effective as a 12 inch
square fixed on the edges. After the impact the cloth was shredded but
remained fluffed up in the same location. The shreds of the cloth could be a
significant enhancement for multi-hit capability.
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5.4 Analysis of Advanced Shield Designs

Determination of the ballistic limit surface of advanced shield designs
has depended more on empirical data and less on modeling capability.
Momentum failure is discussed in greater detail in Sec. 6.

Test data is the best method of anchoring the Wilkinson momentum
failure analysis. If tests cannot generate a momentum failure it would be
conservative to use just the outer bumper and the total standoff to predict
the dispersion angle for failure. This assumes that the intermediate layers
only reduce fragment penetration and do not contribute to dispersing the
momentum. An alternative approach was used by Elfer: an effective
bumper was assumed to be equal to the total thickness of the two bumpers
and at a standoff two thirds of the distance from the front bumper to the
second bumper. The areal density is expected to be conservative, and the
reduced standoff (rather than just using the standoff distance to the front
bumper) was an estimate believed to be adequate to describe the reduce area
of the spray.

Figure 5-4 shows the benefit of adding multiple bumpers and catchers.
The bumper and catcher configuration used in Fig. 1-1 was repeated 3
times and was able to prevent penetration for the same projectile as used in
Fig. 1-1.

5.5 Geometric Bumper Shapes

Christiansen [92] noted that mesh bumpers are effective in breaking up
projectiles at 3 to 5 km/s. However, it was only effective in combination with
a second bumper plate to further shock the fragments. Along a similar
vein, a geometric disrupter was developed by Martin Marietta, the
University of Dayton Research Institute (UDRI), and Kaman Sciences.
UDRI succeeded in rolling a plate into a hexagonal ribbed configuration,
similar to side-by-side wires. An oblique impact at greater than six km/s
did not show it to be significantly different than a homogeneous bumper
sheet in preventing rear wall penetration and no further testing was
performed.

A faceted or corrugated bumper may be useful in turning an oblique
impact into a locally normal impact. The facets should probably be on the
order of one-half to one times the anticipated projectile diameter. While
this increases the surface area of the bumper, the bumper may be so much
more effective that the overall weight requirement could be reduced.
However, to effectively use this concept, the relationship of the facets to
debris would have to be thoroughly modeled for all spacecraft orientations.
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Fig. 5-1 Multi-shock aluminum bumper compared to Whipple
bumper (Fig. 3-3). MSFC tests. [Elfer88]
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Double Bumper System

7 586 0.25" Spherical Projectile
Two 0.032" Bumpers vs One 0.063" Bumper
= 6061-T6 Bumper Material
Four Inch Overall Spacing
6 - 0.125" 2219-T87 Rear Wall
v ~%—0,063" Bumper
g -
> .
= 5 - No Penetration L
s
S 5
= 8
= o 11
4 o 117
| 115
Penetration
3 L
2 ! | I 1 \ 1 1 ] | ! 1 1 I}

Intermediate Shield Spacing [inch]

Fig. 5-2 Double bumper (equal weight) test results. MSFC tests.
[Elfer88]
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Fig. 5-3

Kevlar cloth intermediate shield (catcher) UDRI tests.
Same designs as Fig. 1-1, with (no penetration) and without
Kevlar 29 cloth (penetration) for a 1 gram projectile.
[Elfer88]
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Fig. 5-4 Multiple layers of aluminum bumper and Kevlar cloth can
prevent penetration for the same conditions as Fig. 1-1.
(UDRI 4-0675)[Elfer88]
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6 DEFORMATION ANALYSIS

6.1 Bulge Deformation Analysis

Figures 6-1 and 6-2 show rear wall bulge for 2219-T87 and 2219-T62 for
1 g and 1.27 g projectiles respectively, at 6.4+ km/s.

The starting point of the analysis is an assumed distribution of
momentum on the rear wall. The assumed distribution in both time and
position can have a large influence on rear wall failure.

The Christiansen equations for multi-shock shields and mesh-double-
bumpers (Appendix A) assume that for velocities greater than 6 km/s, the
rear wall will fail for constant projectile momentum normal to the wall.
The equation assumes that the allowable momentum is proportional to
1/S2. Note that oblique effects are only assumed in the normal component of
velocity, while any beneficial effect on the effective spacing, S, is
conservatively ignored. The equation also includes a yield strength term to
account for different rear wall materials, but tests and analysis, in the
following sections, show that rear wall ductility have a larger influence,
and should be included in a general penetration equation.

For velocities greater than 6 km/s, the Wilkinson equation for
momentum failure has been used successfully for shields with
intermediate catchers. (See Fig. 6-2 with next paragraph) This is slightly
less conservative than a constant momentum approach, since for a larger
t/d ratio there will be a larger dispersion angle. A larger t/d ratio occurs for
constant momentum at higher impact velocities.

However, Elfer used Wilkinson's equation with a modified dispersion
angle from the original Wilkinson equation. The dispersion angle used was
25% lower than Wilkinson proposed. because the lower angle agrees with
rear wall damage, with HULL analysis, (Fig. 6-3) and it also predicts the
observed momentum failure in specimens. The lower angle was likely a
result of melting of the aluminum particle in the 6 to 8 km/s range, while
Wilkinson's analysis was for vaporization at higher impact velocities.

Momentum multiplication occurs in both elastic collisions and
cratering events. McMillan assumed elastic rebound of vaporized gas and
that the rear wall momentum was twice that of the original projectile. If
the debris "sticks" to the rear wall, then the rear wall will be approximately
equal to the original projectile. However, if ablation or cratering of the rear
wall occur, then the momentum can be up to five times that of the original
projectile. Although bumper debris may be spread over too large an area to
significantly affect the rear wall loading, the uncertainty associated with
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momentum multiplication can mean a factor of two difference in the rear
wall thickness to resist penetration.

A general test observation is that the bumper is not deformed as much
as the rear wall, even though the bumper is much thinner. See Figures 6-1
and 6-2. Therefore, the momentum in the rear wall probably does not
approach the upper limits theoretically possible for even the rebound case.
This lends credibility to just using the initial projectile momentum as the
starting assumption for rear wall models. |

A curve fit to Lagrangian rear wall deformation predictions was
generated by Grove and Rajendran to provide an alternate analysis method
provided the original Gausian distribution of momentum can be applied.
The curve fit is included in Appendix A.

6.1.1 Deformation

This type of failure mode leads to large petaled holes, potentially more
dangerous than the relatively clean holes produced by fragment
penetration.

The analysis of bulging is different than the initial impact analysis. The
use of an Lagrangian model is best for late time momentum failure to
accurately track deformations and strain. The deformation usually occurs
over about 50 to 100 microseconds after the initial impact of the debris cloud
on the rear wall. It is impractical to run the Lagrangian models from
Eulerian hydrocode input because computer memory and time
requirements. This is true for two dimensional calculations much less for
three dimensional calculations. Furthermore, the pressure distribution
from hydrocode analyses tends to be too jagged, resulting in failure.

Most models of rear wall deformation derive the loading from either
simple models of vaporized clouds or assume that the momentum intensity
is deposited either uniformly or with a Gausian distribution over some area
on the rear wall.

STEALTH and EPIC calculations of rear wall deformation were done at
the University of Dayton. [Rajendran] When models of the debris cloud
were used to drive the calculation, the stresses exceeded the spall strength
by several times. When an intermediate shield is used, the extra mass
involved can slow down the impact sufficiently so that spall should not be
predicted.

Figure 6-5 shows rear wall deformation models. Thinning can occur at
the centerline or also away from the centerline depending on the starting
momentum distribution. Figure 6-6 shows measured thinning on two
different specimens and it can be seen that the maximum strain can occur
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either on or away from the centerline. Figure 6-7 shows Roberts' HULL
predicted thinning versus measured thinning. While the absolute
agreement is not good, the relative shape of the two curves was judged
acceptable. The HULL standard properties for aluminum were used which
were low relative to the measured strength of the alloys of interest, and this
accounts for the discrepancy. HULL uses a strength of approximately 300
MPa while Rajendran measured a flow stress of 480 MPa for 2219 and 5456
using a split Hopkinson bar tensile test. While the dynamic strength was
similar for the two materials, 5456 had 30% elongation compared to 12% for
2219.[Elfer88] The effects of strength and strain were included in Grove's
parametric analyses to give a general solution.

Figure 6-8 shows rear wall deformation on two specimens as well as
HULL and NASTRAN analyses performed by Roberts. (The 5456 specimen
deformation was measured before and after sectioning. There were no
residual stress effects.) The HULL analyses again gave the correct
qualitative shape, although more analyses would be required to completely
match the correct momentum (with rebound), momentum distribution,
and material properties. The NASTRAN 3D sheet elements appeared to
accentuate the thinning and deformation at the center of the specimen.
This was true for 10.16 and 30.48 cm radius pie slices. While the simpler
model would be useful for petaling type of analysis, this may be inadequate
for accurate simulations.

Groves performed parametric analyses of rear wall deformation using
EPIC (similar to the HULL analyses) and fit the results to a dimensionless
parameter to predict failure (Appendix A) Figure 6-9 shows the correlation
between Groves dimensionless parameter and calculated rear wall strain.
[Analysis in Final Report Attachment 7]

6.2 Hole Size
The hole size depends on the penetration mechanism that forms the hole
and the amount of momentum that remains in the rear wall after the
initial penetration. Hole sizes are related to:
* single fragments crater damage (with sizes as little as a crack to
leak gas)
* debris cloud diameter, with a hole formed immediately after impact
(multiple fragments, spall enhanced penetration, or a shear plug)
* petaled holes larger than the debris cloud diameter. Theses are
formed 10s of milliseconds after the wall is penetrated.
There is no lower limit on hole size. A front wall crater may be linked by
a minute crack to allow a gas leak. If the hole is created by a fragment,
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then bumper holes size equations are appropriate. Larger size holes may
be estimated from the debris cloud diameter.

The larger holes, associated with a petaled hole, are the greatest
concern for critical damage to a manned module. Notwithstanding, most
tests have been designed for penetration resistance testing rather than hole
size characterization.

6.2.1 Effect of wall thickness on hole size

There appears to be an upper limit on hole size for a given wall design
and a given impact velocity. Figure 6-10 shows how petaled hole size varied
with rear wall thickness for a series of specimens. Several of the
specimens are shown in Fig. 6-10 to 6-17. The specimens were each
impacted by a 1.27 cm aluminum projectile with a nominal velocity of 6.4
km/s. Each rear wall was protected by a 0.2 cm thick 6061 aluminum
bumper at 11.4 cm and 4 layers of style 710 Kevlar 29 cloth at 5.7 cm.

The exact amount of momentum absorbed by the rear wall is not known.
The bumper and Kevlar cloth probably allowed a large central particle to
penetrate the rear wall. The remainder of the debris cloud (including
Kevlar cloth) imparted some of its momentum to the rear wall. After
tearing the rear wall, and giving it an initial momentum, the rest of the
debris cloud continued along the shot direction.

The initial velocity was higher for the thinner rear walls, due to their
lower mass. Also thinner rear walls, will absorb less momentum from the
debris cloud. If the rear wall mass is small relative to the debris cloud
mass, the rear wall will attain cloud velocity as it is pushed out of the way.

Figure 6-18 show the rear wall in Fig. 6-13 with the petals bent back in.
Note that the impact area is approximately one third the diameter of the
final hole size. This would be a good estimate for maximum petaled hole
size. Also note that the petals overlap. It is obvious that cracks or tears that
make the petals form after the bulging is complete, which is a relatively late
time effect.

Measurements of thinning were made on some of the petaled holes to try
and compare to the data in Fig. 6-6 and 6-7. However, due to difficulties
with craters raising or lowering the thickness measurement, it can only be
said the data appeared to be similar. The strain at failure was
approximately 11 percent.

6.2.2 Effect of increasing the projectile size .

Once the hole is “fully developed,” further increases in projectile size are
not expected to significantly increase the hole size. Most of the additional
projectile momentum will go into the central fragments. Any additional
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momentum in the cloud will have a smaller effect on rear wall velocity. For
the 2219 and 5456 walls described in the previous section, the “fully
developed” hole size is approximately 22 centimeters.

6.2.3 Tearing of petal ends

Examination of the petals (described in Sec 6.2.1) showed that the tips
were torn off some petals. The tip was torn approximately two to five
centimeters behind the initial fragment penetration hole.. See Fig. 6-17 for a
partial tear. The petals with torn tips did not open up as much as the other
petals. Some of the momentum to open the petal was lost to the tip. It is not
known whether the torn petal tips were related to initial crater damage, to a
neck generated early during the initial deformation (before the petal
formed), or whether it is a natural consequence of having so much
momentum that the tip tears off the end of the petal. If the latter is the
case, then this is a mechanism to limit the maximum momentum
transferred to the rear wall.
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Fig.6-1 Rear wall deformation (same design as Fig. 1-1) 1 gram
projectile 6.4 km/s. (UDRI 4-0508) [Elfer]
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Fig.6-2 Rear wall deformation (same design as Fig. 1-1 except -T62
rear wall) 1.3 gram projectile 6.4 km/s. (UDRI 4-0508)

Elfe
[Elfer] 6-7




Standoff Distance with Kevlar

©  NO PENETRATION

0.50 4
D DATA POINTS
.45 —
> MASS * STANDOFF * O PINHOLE FRAGMENT
PROJECTILE c
DI AMETER PENETRATION
(inch) VELOCITY = 6.5 km/s
0.40 — BUMPER | MASS LAYERS OF | REAR
THICK g KEVLAR49 |WALL™
ins (9oz/sq.yd) | t inch
A 0.080* 1.0 4 0.125
0.35 B 0.080* 1.5 6 0.125
A c 0.125% 2.0 8 0.125
D 0.125* 2.97 12 0.125
*  6061-T6
0.30 T T i * % 2219-T8
4.0 6.0 8.0 7
STANDOFF DISTANCE (inches)
Fig. 6-3 Projectile mass for no penetration (or rupture) is

6-8

proportional to S2 for adequate bumpers and catchers.




Spray Angle
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Fig. 6-4 Comparison of debris spray dispersion angle between
HULL results and Wilkinson's vaporization equation. Note
that HULL results are outer diameter of spray while
Wilkinson's dispersion angle is one standard deviation on a
Gausian distribution.

6-9



Initial position

_/ of rear wall
o e e —— — —— —

—

E

£

=

[

(=]

2

[*)

&

=

[

(o}

0 N ! ! |
0 5 10 15 20 25
Distance along
the rear wall
T 1.t 1
11mv|x1111111§1‘11lll

> D S5 S QIS 005 S SN A SRR G SR PEIIRILLEINENINRN e e O S0 5 S8 I U I 1
j}}:}}l‘1}3}§;}jil'Nm‘”“H}ﬂ}“”‘””}“m ‘lel11111| 11
P S D SIS

Fig.6-5 STEALTH models of rear wall deformation.
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STRESSED PANEL DEBRIS TESTS
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Fig. 6-10 Summary of pre-stressed panel test results. Large panels
similar to Fig. 1-1. [Elfer]
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K456-H116
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t=0.125"

Fig. 6-11 Same as Fig.1-1 except for 5456 rear wall material and
impact occurred on a stiffener.
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Fig. 6-12 Same as Fig. 6-10 except that stiffener was removed prior to
impact.
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Fig. 6-13 Same as Fig. 6.11 except sheet was used instead of
machining plate down to same 1/8 inch thickness.
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Fig. 6-14 Same as Fig. 6.12 except thinner sheet.
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Fig. 6-15 Same as Fig. 6.12 and 6-13 except thinner sheet.
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Fig. 6-16 Same as Fig. 6-10 and 1.1 except 6061-T6 material used.
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Fig. 6-17 Reverse of Fig. 6-12, showing torn petals, catcher cloth, and

bumper.
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7 DAMAGE TOLERANCE

The section addresses the potential for a meteoroid or debris impact to
create a large crack which will propagate to complete fracture of a module.
The first step in this process is a penetration which forms petals or cracks.
This occurs due to the inward bulging that occurs as projectile momentum
is absorbed. The crack driving force due to impact decrease as the crack
gets longer. The next step in the process is to determine whether internal
loads will cause catastrophic crack growth. As will be discussed, the
separation of these processes is appropriate. The impact bends the metal
inward, whereas the internal pressure is the prime structural load, and it
bends the petals back out. (The hoop stress is constant but it has less than
one half of the crack driving force.)

7.1 Initial Crack Length

Prediction of crack length after penetration is very difficult. One must
know the residual momentum distribution left in the specimen and how
this affects crack length.

For a given shield design, there may be a maximum rear wall crack
length generated regardless of impact projectile size. As momentum
increases beyond the penetration threshold, more petals are formed up to
an experimentally observed limiting number of eight to twelve. As
projectile size increases further, most of the momentum just continues
along the shot line, rather than being deposited in the rear wall. This is
illustrated in the first block in Fig. 7-1.

7.1.1 Crack Propagation Energy Balance

The following approach to predicting fracture is based on an energy
balance. The Wilkinson equation provides a starting estimate of the rear
wall momentum distribution. The momentum deposited in the rear wall is
used to determine the initial kinetic energy. This is much different than
the initial kinetic energy of the projectile since the total mass is much
higher and the velocity is lower. Furthermore, a significant fraction of the
initial momentum may propagate through the wall.

K.E.(rearwall) = Work of deformation + Fracture Energy + K.E.(torn fragments)
where
Fracture Energy = No. of petals x length of tear x energy of fracture per unit length



It is assumed that the elastic energy absorbed by the rear wall is
negligible. Assume that the kinetic energy is absorbed initially by plastic
deformation (bulging) of the rear wall, and when radial cracks initiate, the
remainder of the energy is consumed by crack propagation.

The crack propagation energy is dependent on the number of cracks
formed. Assume that the maximum number of cracks/petals is eight.
Although more petals may form (as many as twelve), this is a conservative
upper limit. (It is conservative to estimate fewer petals, since the cracks
must be longer to account for the same amount of energy.) The actual
number of petals to be used in the analysis depends on the amount of kinetic
energy available beyond that required to fail the rear wall by bulging.

Figure 7-1 schematically shows the processes that will occur for
increasing momentum. A key assumption is that the rear wall was
optimized to the bumper shield system to allow momentum failure before
fragment penetration could occur. However, if the rear wall always fails by
fragment pentration, spall, or plug failure, before bulging and momentum
failure can occur, then significant crack propagation will not occur.

Figure 7-2 shows Kaufman and Hunsicker's results on crack
propagation energy per unit length.. The numbers are not actual material
properties. The resistance to crack propagation is dependent on specimen
geometry and increases as the crack gets longer (R-Curve effect), but the
chart shows relative rankings of several alloys. Figure 7-3 shows crack
propagation energy per unit length for three alloys as a function of
temperature. These charts help explain why the 5456 and 6061 aluminum
rear walls did not have as much crack growth as the 2219 rear walls (which
will be similar to 2014).

7.2 Structural Failure

One simplifying approach to predicting failure, is the separation of the
initial flaw size from the analysis of the structure of with a crack. This is
supported by the tests on pre-loaded specimens as shown in Fig. 6-10
through 6-17. [Elfer87] In those tests the crack growth perpendicular to the
tensile load was not significantly larger than the crack growth in the same
direction as the principal stress. This section reviews the damage tolerance
analysis after the initial impact induced damage.

7.2.1 Material Properties for Fracture Analysis

Figure 7-4 shows the fracture stress for different initial flaw lengths in a
61 cm wide sheets of 2219-T87 and 5456-H116. [Elfer88] For 2219, there is
only a small R-curve effect, and linear elastic fracture mechanics with a
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toughness of 60 ksi-Vin appears to adequately model the failure. Measured
R-curves versus physical flaw size are shown in Fig. 7-5. [Elfer88] This is
in contrast to the values reported in the Air Force Damage Tolerant Design
Handbook. There values in excess of 100 ksi-Vin were reported for wide
specimens of 0.100 inch material. Those specimens exhibited a definite R-
curve effect, longer flaws failed at higher toughness values. Both test
programs used anti-buckling restraints on the specimens.

One possible cause for the difference in the toughness between the two
test programs, was that values from the Damage Tolerant Design
Handbook were from a 1962 report by Eichenberger[62]. However, in 1963
the aging heat treatment for 2219-T87 was changed from 14 to 24 hours at
325°F to prevent the possibility of stress corrosion cracking. The specimens
with the shorter aging time, especially at lower aging temperatures, could
have higher ductility, and hence higher toughness, than the current heat
treatment. Kaufman and Hunsicker showed that for 2014 alloy the peak
aged condition has the lowest unit propagation energy, and that for equal
stregths, the underaged condition is much tougher than the overaged
condition.

Pfluger[64] also reported through flaw toughness for 2219-T87. The
toughness (~60 ksivVin) appear to be consistent with Elfer's results based on
maximum load and initial flaw size. However, the toughness was reported
as approximately 100 ksiVin based on maximum load and the flaw size at
onset of rapid crack growth. This is not a typical way of quoting the R-
curve. The load level typically drops before unstable crack growth,
although Pfluger may not have been able to measure the load drop.

For 2219 aluminum considerations, the lower values reported by Elfer
are more representative, but specimens actually matching the heat
treatment would be preferred. For example, age-forming can use higher
temperatures and relatively longer times to reduce spring-back. The age-
forming practice could further reduce strength and/or ductility compared
to the standard heat treat, so it is important to test the actual heat treat
conditions.

One issue is whether an impact induced crack length should be
evaluated using the K from the initial flaw size or from the final flaw size.
The tearing associated with the impact has already moved the crack tip up
the R-curve. It is conservative to start the R-curve at the final flaw size
from the impact (assume the crack will continue to grow at low R-curve
levels). However, it may be more realistic to use the peak value on the R-
curve (K-max). This simplifies the analysis to a simple linear elastic
fracture mechanics analysis.
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Dynamic fracture toughness, Kid, should be considered for impact
induced flaws. For several materials Ki{d is lower than the static Kjc.
However, for 2219-T87, like several other aluminum alloys, the dynamic
toughness is always greater than the static toughness. This may be
inferred for the increase in toughness under cryogenic conditions, and this
was confirmed by dynamic toughness measurements. [Kanninen93] While
the higher dynamic toughness is of interest in trying to predict the crack
growth during impact, the lower static toughness is what should be used to
analyze whether the structure is stable due to internal pressure.

722 Cylinder Effect

A cylinder with internal pressure, and a longitudinal crack, has a
much higher stress intensity than would be predicted in a flat plate with a
similar hoop stress. Several solutions are given in Appendix A and
Newman's solution in NASA-FLAGRO is preferred. Fig. 7-6 shows a
magnification factor for a cylinder relative to a flat plate.

It has been shown that biaxial loads can cause a significant increase in
toughness, but this does not appear to be significant to large cracks in
manned modules. Tests by Erdogan and Ratwani [1972] showed a large
(30%) improvement in toughness in 6061-T6 aluminum for a biaxial load
equal to half of the opening load. This appears to be due to biaxial effects on
the crack tip strain response (provided adequate anti-buckling restraints
were used in uni-axial testing). While Erdogan’s test showed a significant
effect, the flaw was relatively small (1.3 inch) and the biaxial load was
large. For larger flaws, of concern to a manned module, the hoop stress is
small and so is the biaxial stress (on the order of 5 ksi for a 0.125 inch thick
manned module). At the crack tip, the opening stresses will be above yield,
but the biaxial stress will still be small, and there will be a negligible effect.
This says that the magnitude of the stress parallel to the crack is much
more important than the biaxial stress ratio. R-curve calculations by Nied
[93] verified that a biaxial stress had a negligible effect on the R-curve of the
24 inch wide specimens tested by Elfer [section 7.2.1].

A possible conservatism in the analysis is the fact that some of the stress
intensity is due to through-the-thickness bending. However, bending is not
generally as detrimental as pure tension. The material may exhibit a
higher toughness for a bending induced stress intensity. This effect has
been observed in 2219-T87 surface flaws [Elfer92] and may be related to loss
of constraint. However, considering Zahoor's fit of Erdogan's data
(Appendix A) the bending contribution is less than 10% of the total stress
intensity in the flaw sizes of interest to Space Station.
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It is worth noting that the bending induced by the internal pressure is
opposite to the bending induced by the initial impact. This substantiates the
approach of separating the initial impact from the structural effects.

72.3 Hole Effect

A crack emanating from the edge of hole in a cylinder is more
representative of a petaled hole than a simple crack in a cylinder. This
significantly reduces the stress intensity at the crack tip since internal
pressure would not work over a large area. To analyze these effects
Rajendran and Grove modeled a cylinder with a depressurized area at the
center of the crack.[in Elfer88] This is shown in Fig. 7-7. A generalized
curve fit to their results is given in Appendix A. The curve fit is based on
simple modification to the Folias equation (also in Appendix A) and used to
ratio the Newman solution. As the radius of the area without pressure
approached the half crack length, the closer the results came to the solution
for a flat plate.

There is one caution in using the hole size directly in the analysis. Due
to the petals bending inward, there will still be a bending moment on the
petal. A somewhat smaller hole size should probably used to account for
this.

Solutions for a star crack in a flat plate are included in Appendix A.
While this looks like petals and should be applicable to a flat plate, this is
probably not an accurate modification for a crack in a cylinder.
Nevertheless, the petals are expected to reduce the stress intensity
compared to a single longitudinal crack in a cylinder.

72.4 Influence Function for a Cylinder

Influence functions provide a means of analyzing a crack in an
arbitrary stress field. This is illustrated for a flat plate in Fig. 7-8.

Influence functions were calculated for a longitudinal crack in a
cylinder using a NASTRAN model with a crack tip element as shown in
Appendix A. The geometry is shown in Fig. 7-9. Even though NASTRAN
has special crack tip elements available, the analysis only converged on the
FLAGRO solution for 3D brick elements when the mesh size was 0.25 inch
square or twice the wall thickness, as shown in Fig. 7-10. The influence
funtion was developed by applying point loads along the crack length. Since
the model was only a quarter of the cylinder the influence funtion is for
symmetric loads about the center of the crack. The analysis results for a
particular flaw are shown in Fig. 7-11. An equation for the influence
funtion is in Appendix A. The typical influence funtion for a center cracked
plate, Green' function, is also included. The cylinder equation includes
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components for Green's function in a flat plate and a cylindrical component
so that the whole equation will integrate to Newman's solution for a
uniform load. It is obvious that the cylinder is much more sensitive to loads
at the center of the crack, compared to the flat plate. The influence function
does converge to the flat plate solution close to the crack tip.

7.2.5 Cylinder with integrally machined stiffeners

Most manned modules require stiffeners for launch. There is a natural
desire to determine if these stiffeners can prevent catastrophic rupture due
to the large cracks that can be generated by debris impacts. In general,
analysis of aircraft structures has shown that mechanically attached
stiffeners, which can bridge a crack, are better than integrally machined
stiffeners to slow fatigue crack growth and provide damage tolerance.

The integrally machined stiffeners originally planned for manned
modules were in a 45° diamond pattern with 20.95 inches on diagonal. The
stiffeners were 0.090 inches thick on a cylinder with a 0.125 inch
membrane. An analysis by Eidinoff showed that the stiffeners have a
significant influence on the stress intensity of centrally located crack in the
membrane of cylinder.[Eidinoff393] This was based on a 3D analysis with 2D
elements. On the other hand, separate 2D hoop stress analyses by
Rajendran [in Elfer88] and Nied[93] did not predict as significant a
reduction in the stress intensity except at the stiffener, and for that large a
crack the stress intensity was so large that the crack would continue to
propagate. The stress intensity away from the stiffener could be estimated
on the smeared thickness. The influence funtion by Elfer (section 7.2.4)
shows that pressure loads at the center of the crack to have a large
influence on the stress intensity. If there are no stiffeners at the center of
the crack, then the stiffener effects should not be significant.

The stiffeners do appear to have a significant effect on the impact
induced crack growth. Impacts centered on the stiffener may not fracture
the stiffener and, even when the stiffener failed, rear wall petaling was
significantly reduced. Compare Fig. 6-11 and 6-12.

A conservative approach is to assume that the impact induced crack
length will be limited by the stiffener spacing and then determine if the
resultant crack is critical without including the stiffener influence on
stress intensity.
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Influence Function
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Fig. 7-8 Influence function for a flat plate.
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GLOSSARY

Variable
Subscript
c Speed of sound [km/s]
s R Diameter [cm]
frag ...coovvennnn fragment diameter from bumper impact
P oerrerrnrenenennen projectile diameter (spherical unless noted)
D Young's Modulus [MPa]
G ------Shear Modulus [MPa]
h - Spacecraft altitude from earth’s surface [km]
S Energy per unit mass for melt/vaporization []
11 S Mass [g]
PNCD-------=----- Probabilty of no Critical Damage
PNP ------eeemeeo- Probability of no Penetration
POP -------mnmmme- Probability of (one or more) Penetrations (1-PNP)
G e Radial distance
Sememmmmmm e Spacing (front of bumper to rear of rear wall unless noted [cm]
1,2,..n ...l first, second, nth bumper to rear wall spacing. Bumpers
counted from the initial projectile impact.
[ e Thickness [cm]
|« SRR bumper
TW eriiieiiienenenn rear wall
t- - - time [s, or as listed]
LA Velocity [km/s]
B initial projectile
frag .....ocoennenns largest fragment from bumper impact
orb ......oeeeeenl. orbital velocity of a spacecraft
B Obliquity angle
€ Strain
I Density [g/cm3]
O --mmmmmmmmmmmemenee Stress [dynes/cm2 or MPa]
sp, ult, y ......... spall, ultimate or yield strength
0 ~emmmmmmn--- Average semivertex cone angle of debris cloud [rad]
Subscripts
b bumper
frag ....cooennenn. fragment from bumper impact
P oereerereennenenennes projectile
TW erriirieeanennens rear wall
| U target (for a single wall experiment)
1,2,..n ........... first, second, nth bumper to rear wall.



UNIT CONVERSIONS
To Convert Multiply §To Get
from by

Length
Angstrom 1.0E+10 imeters [m]
centimeters [cm] 0.3937 inches [in]
centimeters [cm] 3.281 E-2 jfeet [ft]
feet [tt] 1.894 E-4 Imiles [mi]
feet [it 1.645 E-4 inautical miles
feet [ 30.48 centimeters [cm]
inches [in] 2.54 centimeters [cm]
kilometers [km] 0.6214 miles [mi]
kilometers [km] 0.5396 nautical miles
meters [m] 1.0 E-10 jAngstrom
miles [mi) 0.86842 inautical miles
miles [mi 1.6093 kilometers [km]
miles [mi 5,280. feet [ft]
nautical miles 1.8532 kilometers [km]
nautical miles 6,080, feet [f]
nautical miles 1.1515 miles [mi]
Mass
grain 1.42857 E-4 {Pound mass [ibm]
grain 6.47989 E-2 igram (q)
gram (g) 3.52741 E-2 {ounce (02)
gram (g) 2.20462 E-3 {Pound mass [lbom}
gram (g) 15.4324 igrain
Kilogram [kg] 6.85218 E-2 islug
ounce (0z) 28,3494 igram (g)
ounce (0z) 28.3494 igram(g)
Pound mass [Ibm] 32.174 slug
Pound mass [lbm 7,000. grain
Pound mass [lbm]{ 453.5924 igram (g)
slug 3.1081 E-2 iPound mass [ibm}
slug 14.5939  ikg
Velocity
cm/s 0. km/s
ft/s 6.8182 E-1 imi/hr
t/s 3.048 E-3 ikm/s
in/s 2.54E-4 ikm/s
km/s 1.0 E+5 cny/s
km/s 3,937. in/s
km/s 328.08 ft/s
km/s 6.2137 E-2 imi/hr
mi‘hr 16.0934 ikmi/s
mi‘hr 1.4663 ft/s
Density

gm/cm*3 3.613 E-2 {lbm/in*3
lbm/in*3 27.6798  igm/cm”3

A-vi

To Convert Multiply (ToGet
from by
Force
dyne 1.0 E-5 Newton (N)
| kg-m/sh2 1. Newton (N)
kilogram-force 9.8067 Newton (N)
kip (1000 Ibs) 4,448, Newton (N)
Newton (N) 1.0E+0 tkg-m/s*2
Newton (N) 2.24809 E-1 iPound-force [lbf]
Newton (N) 2.2482 E-4 tkip (1000 lbs)
Newton (N) 1.01972 -1 fkilogram-force
[kgf]
Newton (N) 100,000. idyne
Pound-force [Ibf} 4.4482 Newton (N)
| avoirdupois
Areal Density
| gnvem”2 0.2276 0z/in*2
| gm/emA2 -32.7708  joz/ftr2
lgm/cm”2 98.3123  loz/ydr2
gm/cm”2 1.422 E-2  {lbm/in*2
| gm/cm”2 2.0482  tibm/Atr2
gm/cmA2 6.1445 {lbnmvydA2
[ gm/emA2 10. kg/mA2
 kg/m*"2 0.1 gm/cmA2
Ibm/ftA2 0.4882 igm/cm”2
IbmvinA2 70.3066 igm/cm”2
lbm/ydA2 0.1627 gm/cm"2
oz/ftA2 0.0305 gm/cm*2
0z/in*2 4.3942 tgm/cm*2
02/yd"2 0.0102  {gm/cm”2
Pressure - Stress
atm (normal 760 101,325. {Pascal
Torr)
atm (technical 98,066.5 }Pascal
 (1kgf/em*2))
bar 1.000 E+5 {Pascal (Pa)
dyne/cm*2 1.000 E-1  1Pascal (Pa)
 kg-force/cm*2 98,070. Pascal (Pa)
| ksi (1000 psi) 6.895 MPa
MPascal [MPa] 1.450 E-1 iksi
Pascal (Pa) 1.020 E-5 tkg-force/cm*2
Pascal (Pa) 9.869 E-6 {atm (normal 760
Torr)
Pascal (Pa) 1.020 E-5 }atm (technical
(1kgt/cm*2))
Pascal (Pa) 1.450 E-4  ipsi
Pascal (Pa) 1.0 E-5 bar
Pascal (Pa) 10. dyne/cm*2
ibt/sq inch [psi] 6,895. Pascal (Pa)
Momentum
-km/s 5.59974 E+2 i lbm-in/s
lbmin/s 1.7858 E-3 {g-km/s




To Convert Multiply 7o Get
from by
Stress Intensity
ksivin 1.099 MPavm
MPavm 0.9099  fksivin
MPavm 31.6228 MPavmm
MPavmm 0.0316 _ {MPavm
Energy
British Thermal 1,055.1 Joule
Unit BTU (Int.
Table)
Calorie (Int. Table}y  4.1868 Joule
dyne-cm 1.0E-7 iJoule
Electronvolt (eV) § 1.6022 E-19 {Joule
erg 1.0&-7  tJoule
ft-Ibf 1.3558 Joule
Joule 1. Newton-meter
Joule 1. Watt-second
Joule 9.4782 E-4 {BTU
{int. Table)
Joule 0.7376  ift-lbf
Joule 6.24146 E+18; Electronvolt (eV)
Joule 0.2388 Calorie
(Int. Table)

Joule 1.0 E+7 dyne-cm
Joule 1.0E+7 ijerg
Joule 0.10197 iKgf-m
Kgf-m 9.8067 Joule
Newton-meter 1. Joule
Watt-second 1. Joule

Energy per unit area
ftIbl/in*2 0.2102 Joule/cm”2
in-Ibt/inA2 1.75127 E-2 tJoule/cm”2
in-ibf/in*2 24,9089 iPascal (Pa-cm)
Joule/cmA2 47585  {ft-lbf/in*2
Joule/cm*2 57.1015 {in'lbl/in*2

Power

BTU/s 107.58 Kgf-m/s
Ft-ibt/s 1.81818 E-3 iHorsepower
tt-Ibf/s 1.3558 Watt
ft-lbi/s 0.1383 Kgf-m/s
Horsepower 550. Ft-lbf/s
Joule/s 1. Watt
Kgf-m/s 9.295 E-3 BTU/s
Kgt-m/s 7.233 tt-Ibf/s
Watt 1.0 Joule/s
Watt 0.73756  ift-Ibl/s




Probability - Binomial Distribution

Probability of n impacts or penetrations

Reference

Relationship

Limitations
Comments

NASA SP-8042

P = (F-A-t)R-(exp(- F-A-t))/n!

where

> =9
I

and

n =

Probability of n impacts or penetrations
flux [consistent units]
area [consistent units]

time [consistent units]

number of impacts or penetrations

Binomial theory

Flux and area must have similar definitions (e.g. flux and area
for randomly tumbling plate vs. for a projected area. The flux
and n may be determined in terms or impacts, penetrations or
other phenomena.




Penetration - Cratering/Single Wall Penetration

Fish and Summers

Reference

Relationship

Limitations

Comments

Frost (NASA SP-8042)

where

P = depth of penetration in cm

Kij = material constant for semi-infinite material
= 0.42 for Al alloys
= .25 for 304 and 316 stainless steel

and

Vp-cos(B) = projectile velocity normal to the surface [km/s].

t = K; mp0-352 p,0-167 (v;,.cos(3)0-875 (PENETRATION)

where
t = thickness of plate penetrated [cm]
Kj material constant for penetration (pressure)

0.54 for visual penetration in Al alloys
0.57 in Al alloys

0.32 for 304 and 316 stainless steel
0.38 for 17-4 PH annealed CRES

B< 45°. Spherical cratering. Other variables unknown.
Empirical fit to data.

Tests indicate oblique impacts should use only the normal
component of the impact velocity to calculate energy and crater
volume. As the obliquity angle became large, greater than 45°,
the crater becomes elongated, and at greater than 65° from the
normal, the projectile primarily ricochets from the surface.

Hayashida and Robinson found that this equation and the JSC
Cour-Palais equations gave adequate predictions of independent
aluminum impact test data. Fish-Summers was the most
conservative.




Penetration - Cratering/Single Wall Penetration

JSC (Modified Cour-Palais)

Reference

Relationship

Limitations

Comments

Christiansen 1981

p=5.24 dp19/18 BH-25 ,(P_EJO'5 (Yg%gg(_@)o.sm

pt
where
P = depth of penetration [cm]
= speed of sound in target [km/s]
= VEvpt
BH = Brinell Hardness for target.

Vp-cos(B) = projectile velocity normal to the surface [km/s]

tpen = 1.8-p (PENETRATION)
where
t = thickness of plate penetrated or spalled [cm]

B< 45°. Spherical cratering. Other variables unknown.
Empirical fit to data.

Tests indicate oblique impacts should use only the normal
component of the impact velocity to calculate energy and crater
volume. As the obliquity angle became large, greater than 45°,
the crater becomes elongated, and at greater than 65° from the
normal, the projectile primarily ricochets from the surface.
Hayashida and Robinson found that this equation and the Fish-
Summers equations gave adequate predictions of independent
aluminum impact test data. Fish-Summers was the most
conservative.




Penetration - Multisheet Fragment Penetration

Penetration and Dispersion Angle - Burch
Reference Burch[67]
Relationship No = Number of sheets penetrated following the first sheet.

(%/)_)—4/3 .(152)-7/12 .(%)—5/12 I_t)[_ )

1\v1/3 | \+1/3
2.42-(%) +4.26-(~5) _4.18

where

)

C

speed of sound in first sheet (16,650 f/s in aluminum)

S1 is the distance between the first and second sheets.
Subsequent sheets are the same thickness as the second sheet.
To equate the number of sheets of thickness "b" to sheets of
thickness "a" use the following formula.

7/12 7/12
nh-(tp) = na(ty)

For oblique impacts the number of sheets after the first sheet,
Nf, penetrated along the flight path was:

-4/3 -7/12  (SIVv5/12
Nf = No+0.63f(B, WD)(%) Cé) (_D_')

where

fB, t1/D) = {0.5 - 1-87-(3—)} + {5-(151) - 1.6} + (1.7 - 12.(%1)}.,(

for (g) <0.32;
-3 1
(0.6+08%°) for 5) = 0.64

(tanp - 0.5)

=
]




Limitations

For oblique impacts the number of sheets after the first sheet,
Nn, penetrated normal to the bumper was:

Np = [0.32-(3-)5/6 " 0.48-G%)1l3-sin3(B)]-(é)-4/3 (?2-)

The major damage diameter, Dgq, for aluminum on aluminum
impacts was expressed as:

Dgg tq 1/4. S /2 -7»
( ) (D-cos(B)) (D-cos(B))

D
5.55-V-cos(B)/C - 2.52 for 0.6 < V-cos(B)/C < 1.05

where

A

1.56-V-cos(B)/C + 1.66 for 1.05 < V-cos(B)/C

and this was independent of second sheet material.

The equation for major spray diameter was

DMS t1  \l/4 Si /2
et L) . .y
( D ) (D-cos(B)) (D-cos(B)) MS

where

AMS = 3.12.V/C + 3.32 for 0.6 < V-cos(B)/C < 1.05

The models were appropriate between 0.6 and 1.3 times the
speed of sound.



Penetration - Whipple Bumper
Nysmith

Reference

Relationship

Limitations

Comments

Nysmith[69]

The Ballistic Limit Velocity (km/s) is given by

V = 2.88.10-3.(‘3‘2)1'9.(‘_;!".)3'6.(%)5

and also

_ 10-5. b"tfw)s'5.§5
V = 7810 C - (d)

(All terms are defined in the glossary.)

Developed by pyrex-glass spheres (2.23 g/cm3) to simulate
meteoroids. Tests up to 8.8 km/s. Targets were

0.81 mm < t}; £1.24 mm
1.63 mm < trW < 3.18 mm
175 mm <S <429 mm

By combining the two equations Nysmith found the optimum
ratio of bumper to rear wall thickness was 0.35.




Penetration - Whipple Bumper
Modified Cour-Palais Equations

Reference Christiansen [93]
Odiameter =d
A Sheet
S2>154d
Re

\ A 1 W :ﬁ’

Relationship The critical diameter, dp, to penetrate a given shield is
dp = 3.918 tw?2/3.-pp"1/9py-1/3-(Vp-cos(B))-2/3-813.(c,/70)V/3
for V,, > 7 km/s

18
- (1.75-
(1.248-pp05cos(‘3))ﬁ( 75 Vn/4) +

(1-071°trw2’3'Pb‘”9'Pp’1/3'51/3'(Gy/70)1/3)'(vn-3)/4

for 3 km/s < V,, < 7 km/s

[ o 18
[ 0 brw Y Oy/40+ JTQ for V, < 3 km/s

_6.pp0.5.vn2/3.cos5/3(B)

Above 65° obliquity the critical diameter is set to the 65° critical
diameter.

Vn = Vp-cos(B)

= projectile velocity normal to the surface [km/s]

S = Total spacing [cm]
and v
Oy = rear wall yield strength (NB: standard units) [ksi]




Limitations
Comments

The minimum design requirements for the above equations to be
applicable are ‘

tb = cpmp/pp = cpdppp/Pb
where
¢, = 025 when S/d < 30
= 0.20 when S/d = 30
tw = cw-d0-5-(pp-pb)1/6-M1/3-Vn/SO-5-(70/oy)0-5
where
cw = 0.16 cm2.sec/g2/3.km

S/dp > 15; above provisions on minimum bumper thickness.

The equation assumes constant initial projectile energy to
penetrate. The low velocity equations provide a very compact
alternate to the BUMPERII equations developed from the THOR
equations. The 3 to 7 km/s regime is an interpolation between
the low velocity equation and Christiansen's high velocity
equation.



Penetration - Nextel/Kevlar Intermediate Shield

Enhanced Shield Equations

Reference Christiansen et al [92b]

O diameter = d

A 1.27 mm Bumper

MLI blanket enhanced mesh,
04 mm Nextel, and Kevlar
Desi

R
v I Wall
Relationship The critical diameter, dp, to penetrate a given shield is
dp = 0.62 (trw.prw)1/3.pp-1/3.Vp-1/3.cos-Uz(B).SZ/3.(oy/40)1/6

for V.cos/3(B) > 6.5 km/s
= 1.031-pp V2.[t;y-(0y/40)1/2+0.37-mp)-cos-4/3(B)

{[6.5-cos-1/3(B)-V1/[6.5-cos-V/3(B)-2.7-cos-V2(B)]}
+ O.332.(trw.prw)1/3.pp-1/3.cos-7/18(B).S2/3.(0y/40)1/6
{[V-2.7-cos-1/2(B)1/[6.5-cos-1/3(B)--2.7-cos-12(B)])

for 2.7/cosV2(B) km/s < V < 6.5/cosV/3(B) km/s

= 2
[pp0.5.vn2/3.cos5/3(B)J

for V.cosV2(B) < 2.7 km/s

vV - Vp
= projectile velocity normal to the surface [km/s]
mp = Areal density of all bumpers and intermediate shields
[g/cm?]




Limitations

Comments

and
oy = rear wall yield strength (NB: standard units) [ksi]

The design is shown in the sketch.

For 1.3 mm bumper and intermediate shield of MLI plus

0.03g/cm2 mesh; 0.3g/cm2 Nextel and 0.136g/cm?2 Kevlar.
Blanket midway between bumper and rear wall.

High velocity curve is constant momentum extrapolation. This
is different that Wilkinson, which assumes that there is an
enhanced dispersion angle for smaller projectiles at higher
velocities.
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Penetration - Multishock

Modified Cour-Palais Multi-Shock

Reference

Relationship

Christiansen 1992

The critical diameter, dp, to penetrate a given shield is

dp = 0.354 trw3-pry3-pp1/3:(Vp-cos(P))1/3-S2/3.(40/0,/40)1/6
for Vh > 6 km/s

18
[t,.w-\/ 6,/40+0.37-my, ]*19 @V /3) +
&7V

0.624-pp0-5cos(B)

(0-1948'trw1/3-prw1/3-Pp'1/3-32/3-(Gy/40)1/6)'(Vn/3-1)

for 3 km/s < V < 6 km/s

18
(trw-\] 0y/40+0.37-my}, JE for Ve < 3 .
n

0.3-pp0-5-Vp2/3.cos(B)

The design is defined by:

mp = 0.19 mp = 0.19'dp'pp

Mrw = 43.1'Mp'Vn/Sz' V40/0'y

where

mp = required total areal density of four bumper layers of
alumina-boro-silica ceramic cloth (Nextel by 3M)
[g/cm?2]

mp, = areal density projectile [g/cm?]

mrw = required areal density aluminum rear wall [g/cm2]

Mp = projectile mass [g]

Vn = Vp-cos(B)

= projectile velocity normal to the surface [km/s]
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S = Total spacing with each layer located successively at
one quarter of the total spacing [cm]
and
oy = rear wall yield strength (NB: standard units) [ksi]
Limitations S/dp > 15; with the stated provisions on minimum bumper
thickness.
Comments Tested with aluminum projectiles to 0.32 cm. Primary weight

savings is in rear wall required to stop a given threat particle.
The required bumper thickness is not reflected in the rear wall
equations. The rear wall equation accounts for strength but not
for ductility, which may be more important.
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Penetration - Mesh Double-Bumper

Christiansen Equations

Reference Christiansen 1992

O diameter = d
A Mesh

— 1 Sheet

Fabric

S3=4d
4 # Rear
¢ - Wall

Relationship The critical diameter, dp, to penetrate a given shield is

dp = 0.38 trw1/3prw1/3pp-1/3(vp'cos(ﬁ))-
1/3.52/3.(5y/40)1/6

for V, > 6 km/s

18
(t,w-\l 0,/40+0.37-mp] ]@ 2V/3) +
‘\&™Vn

0.83-pp0-5cos(B)

(0-209'trw”3-Prw1/3-Pp‘1’3°32/3°(0‘y/40)1/6)'(vn/3'1)
for 3 km/s < V;, < 6 km/s

18
[trw-\] 6,/40+0.37-my, JE for V- <3 kuns
n

0.4-pp0-5-V,2/3-cos(B)

Optimum design parameters:

mj c1-dp-pp (where 0.035 < ¢1 < 0.057)

required total areal density of fine aluminum mesh
first part of bumper [g/cm2]
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Limitations
Comments

m2

mg3

0.93-dp-Pp

required total areal density of aluminum plate second
part of bumper at spacing S; = 4-d, from first bumper

[g/cm?]
c3-dp-pp

required total areal density of intermediate catcher
cloth (Nextel, Spectra or Kevlar) at spacing S3 = 4-dp in

front of rear wall [g/cm2]
0.095 for Nextel
0.064 for Kevlar or Spectra

34.8-Mp-Vn/S2\ 40/,

required areal density aluminum rear wall [g/cm?2]
total areal density of mesh, sheet and fabric [g/cm?2]
projectile mass [g]

Vp-cos(B)
projectile velocity normal to the surface [km/s]

30'dp
Optimum total spacing [cm]

rear wall yield strength (NB: standard units) [ksi]

S/dp > 15; the stated provisions on minimum bumper thickness

Tested with aluminum projectiles to 0.32 cm. Primary weight
savings is in rear wall required to stop a given threat particle.
The rear wall equation accounts for strength but not for
ductility, which may be more important.
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Penetration - Dispersion Angle

Dispersion Angle - Wilkinson
Reference Wilkinson
Relationship 0 = Average cone angle of debris cloud
(Note: "Average" is defined below with a limiting
condition and modifications defined in the comments.)
) 4
) = arctan O.G-M— for Pb=b <1
pp-dp pp-dp
[ ot
) = arctan(O.G) =.54rad=31° for Pbb >1
Pp-dp
where

Pbs tb Pp, and dp are the density and thickness of the bumper
and projectile respectively.

tanf =

where
D) =
and

S =

oo

_[rz-D(r)dr
0
jr-D(r)dr
0

"

the momentum intensity distribution

Spacing of bumper to location of D(r).

The standard deviation of the momentum intensity distribution
is given as:

A =

(2/%)1/2.8.tan(0)
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Limitations

Comments

Maximum
Extent of
Spray

L ]

Based on hydrocode calculations in vaporization regime, as well
as cadmium-on-cadmium tests at 6 to 7 km/s.

Wilkinson’s equation is based on vaporization, which is not
appropriate to all space debris impacts. Average cone angle
contains most of the mass but not all. If the momentum

distribution is a step function, 1 inside rg and 0 outside of r,

then tan6 = 2/3 -(r,/ S).

Elfer used 0.475 instead of 0.6 in the equation to correlate
momentum failures at 6 to 7 km/s with aluminum projectiles on
aluminum bumpers with Kevlar intermediate shields. This
modification is probably appropriate up to 12 to 14 km/s when
more aluminum-on-aluminum impacts will transition from
predominantly liquid to vapor, thus increasing the dispertion
angle to the original Wilkinson equation.
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Penetration Mechanics - Momentum Failure

Wilkinson Egquation with Modifications

Reference Wilkinson, modifications by Elfer [77] and Bjorkman [91]
Relationship For penetration to occur:
mpV =  1.44.co(§/cg)y-mo-S2 for Poth 21
Pp-dp
or
| &)a Pb'tb
Vppdp, =  1.44-col = h-ma-S2. for | — |21
mpVppdp c:z(c2 mg-S54mj or pp-dp
where
ca = speed of sound in the rear wall
mg = Prwtrw
m; = pptp
and
5 = fl& E/Cy) given in the figure:
o P max, E/Cy) given i e figure:
Limitations Assumes Wilkinson dispersion angle. Assumes rear wall

loading can be modeled as a Gausian momentum intensity distribution.
Assumes Aftrw >20, and that the strain to failure is independent of A/tyvw,
where A is the standard deviation of the momentum intensity distribution
given previously.

Comments Wilkinson assumed vaporization, and did not include loading
‘rate effects in the rear wall, such as spall.

Elfer [88] and Bjorkman [91] suggested revising the critical projectile
diameter to 80 percent of the original Wilkinson equation prediction,
consistent with the observed critical diameters using intermediate shields.
Elfer suggested this was due to a lower dispersion angle, caused by melting
rather than vaporization of the projectile. Schmidt's cadmium-on-cadmium
tests [94] did not show a change in the shape of the cloud with the transition
from melting to vaporization, although there may be a different mass
distribution within the cloud to account for the dramatic increase in
penetration resistance. Bjorkman suggested the modification based on elastic
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rebound. 100% rebound was not observed with intermediate shields or with
Schmidt's tests which had vaporization.

For 2219-T87 using the normal strain rate room temperature typical yield
strength, E/oy = (72.4GPa/395MPa) = 184. The typical strain to failure is only

10 percent. This gives (E/c2), approximately 0.8 km/s. A uniaxial flow stress
of 485 MPa and 30% strain to failure were measured at UDRI using a tensile
Hopkinson bar at a strain rate of 103 [Rajendran]. Using this flow stress E/oy

= 149, and a using a strain to failure of 25% percent, gives (§/c2)a closer to the
value of 0.27 km/s used by BUMPER and BUMPERII. Under biaxial load
conditions, the effective flow stress will increase further, but the strain to
failure will decrease.

It can be seen that a 10% improvement in the strain to failure should give a
25% improvement in the momentum that can be absorbed. However, for a
20% improvement in strength momentum absorption capability will increase
by only about 10%. This is qualitatively consistent with the improvement seen
in using 5456-H116 compared to 2219-T87 [Elfer]. When tested by UDRI at a
high strain rate, 5456 showed similar strength to the 2219-T87 results
mentioned in the preceding paragraph.

40 r T
600
(o]
(o]
y
30 |
Maximum
strain in
Rear Wall 20 |
[percent]
179
143
10 L 114 _
0 1 i
0 0.1 0.2 0.3

Allowable ( &/c) ,

Figure - Wilkinson failure criteria, (£/c2)s , in km/s.
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Penetration Mechanics - Momentum Failure

Grove and Rajendran

Reference Grove [Appendix D]

Relationship For penetration to occur:

Yy 2 -7.71338-10-3 + 2.64191-10-2-¢ + 3.61467-10"3.¢2
- 1.24587.10-4.¢3 + 1.74572.10-6-c4

where
£ = effective rear wall strain at failure in percent
Y = dimensionless parameter
= E2.prw - eltrw/B)/ Oy
3 =  mpV/{4-pry-trw-S2tan?(6)} (as in Wilkinson)
A = 2.8 tan®) (as in Wilkinson)
and
0 = Wilkinson dispersion angle

(although Wilkinson constant of 0.6 may be adjusted as
necessary.)

Alternative formula for € as a function of v.

e = 101152+ 18.295-- 2.3554242 + 0.113756y3

Limitations Assumes rear wall loading can be modeled as a Gausian
momentum intensity distribution. Assumes Wilkinson
dispersion angle or a modification.

Comments Curve fit to maximum strain as a function of the dimensionless

parameter, v. To use as a ballistic limit equation solve for the
mass of the projectile as a function of the other variables. For
2219-T87 aluminum, a critical strain of 0.2 (20%) was found to be
appropriate from Hopkinson bar tensile tests.
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Penetration Mechanics - Momentum Failure

Housen and Schmidt

Reference Housen and Schmidt [95]
Relationship For penetration to occur (aluminum-on-aluminum):
% 2 A + B.exp[-0.17(V-cosp-7.5)2] + C-exp[0.3-V-cosB]
where
A 0.87.1,0.157 ™ < 1.6-104
(m1) 0.218-7,0-3 n > 1.6.104
0.003-m;0-624 1 <7000
Blm) = {0.75 1 > 7000
0.001 71 <2000
Clny)) = 42.17-107.m,1.11 7000 <m; <1.6-104
3.8-10-3.7;,0.1 n > 1.6-104
and
n o= trw. S
Limitations 7 km/s < V < 18km/s and 500 < 111 <109
Comments Empirical fit to cadmium-on-cadmium tests using a 3.1 velocity

scaling factor. The diameter to penetrate increases between
approximately 12 and 18 km/s. This is due to the transition from
liquid to vapor in the debris cloud, and is comparable to a shift
between modified Wilkinson and normal Wilkinson. Note that
while the simulation has the correct debris cloud shape and
momentum, the rate of momentum transfer to the rear wall is
also 3.1 times slower than for an aluminum-on-aluminum
impact. This effectively distributes the momentum over a larger
area using Cd-on-Cd instead of Al-on-Al. This could
overestimate the diameter to penetrate.

(Continued next page)
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For penetrations below 3 km/s, Housen and Schmidt
recommend Christiansen's Whipple shield equation and then
they give a linear interpolation between this 3 and 7 km/s using
a similar procedure as Christiansen. The equation is:

dp Critical diameter to penetrate a given shield [cm]

18

= o.5-(ﬂ1—'1—£’5)19-(7-vn)/4

cos(B)
+ tp-(A + 0.958-B + 8.17C)-(V-3)/4
for 3 km/s < Vp < 7 km/s

where all A, B, and C were previously defined.
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Fracture Mechanics - Cylinder

Longitudinal Through Crack in a Cylinder - Tada solution

Reference Tada 83, Tada 85

Radius =r

Pressure = p

Relationship K = Stress intensity.
A = Crack opening area.
K = c-'\jn-a-FOL)
where
c = pr/t
= pressure-(pressure vessel radius)/thickness
A = a/Vrt
and
FO) = V1+12542  for <A<l
= 0.6+09A for 1<A<5
A = o/E- -Q2n=nrt) GQA)
where
G = A2+ .62524 for 0<A<1

= .14+.36-A2+.72.23+.405-04 for 1<\<5

Limitations A<5
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Fracture Mechanics - Cylinder

Longitudinal Through Crack in a Cylinder - Folias solution

Reference Folias, Broeck

Radius =r

Pressure = p

Relationship K = Stress intensity.

K = o-VYra-Mgd)

where

c = pr/t

A = a/Nrt

and

Mfd) = 1+ 16142
Limitations Linear elastic fracture mechanics; unknown in other terms.
Comments
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Fracture Mechanics - Cylinder
Longitudinal Through Crack in a Cylinder -

Plastic Zone correction by Hahn et al. to Folias solution

Reference Hahn et al. as referenced in Broeck

Pressure = p

Relationship K = Stressintensity.
K = o- Vn-a-a - Mg(A)
where
(o] = prit

A = a/Vrt
M¢A) = \] 1+ 1.61-A2 | the Folias magnification factor.

9 2-or 1 n-Mgo
o = tMpo| 5% 2.0f
and
of = the effective yield or flow stress

= (Oyjeld + Oult)/ 2.

Limitations Unknown.

Comments Verified for a variety of tough materials [Hahn et al.] including
aluminum pressure vessels. [Anderson] The plastic zone

correction only gives a 6% increase in K for of/c = 6 and Mg = 3.




Longitudinal Through Crack in a Cylinder - Zahoor solution

Fracture Mechanics - Cylinder

Reference

Relationship

Limitations
Comments

Zahoor 89

Radius=r

Pressure = p

K = Stress intensity.
K = O- Vn-a - ML)
where

c = pr/t

A = a/VNrt

and

M) = 1 +.72449.10-2-A + 0.64856-A2 - 0.2327-A3 + 3.8154-10-2.24
- 2.3487.10-3.05

A <5,
Accuracy within 1% of [Erdogan and Kibler 69].
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Fracture Mechanics - Cylinder

Longitudinal Through Crack in a Cylinder -

Zahoor limt load solution

Reference

Relationship

Limitations
Comments

Zahoor 89

Radius =r

Pl =

Bl =

where

A =
and

M®)

0<A<5.

Pressure = p

limit pressure.

of - (t/R)- M(A)

reference stress (average of yield and ultimate)

a/Vrt

[1+ 1.2987)2 - 0.026905-A4 + 5.3549.10-4.2.6 10.5

Empirical solution.
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Fracture Mechanics - Cylinder

Longitudinal Through Crack in a Cylinder-Newman solution

Reference Newman 76; Forman

Radius =r

Pressure = p

Relationship K = Stress intensity.
K = o-\ra-MQ
where
c = prit

A = a/Nrt

and

M) = V1+.52%+1.2922-0.074A3
Limitations A <10.
Comments TCO07 in FLAGRO 2.0.
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Factor

Magnification

rd

/

M (2/(r't)*0.5)
Newman's solution

LIRS

LI S L

a/(r't)A0.5
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Fracture Mechanics - Cylinder

Longitudinal Through Crack in a Cylinder

Depressurized Area at Center of Crack
(or Hole at center of crack)

Reference

Relationship

Elfer, Groove and Rajendran.

Radius=r

Radius = R

Unpressurized
Pressure = p area / "hole"

K = Stress intensity.

K = o- \jn-a - Mp(L)-(MRp/Mg)
where

c = pr/t

A = a/\Nrt

and

M) = V1+.524+1.2942-0.74A3

= Newman Magnification factor

Mg = <1+ 1.61-a2/(rt)

Folias Magnification factor
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Limitations

Comments

Mp = 1+ 1.6la(a-R¥(rt)
= Folias modified for a hole (depressurized area)
2a = crack tip to crack tip distance
and
R = Radius of hole (depressurized area)

Unknown. Newman magnification factor limited to <10.
Estimate a/r>1.2 due to modeling of hole as a depressurized
zone.

A hole was modeled as an unpressurized area and this will not
be accurate as the size of the unpressurized area approaches the
flaw length. If used to model a petalled hole, the pressure on the
inward turned petals should also be considered. This may be
used to model hydraulic ram effects by superposition.
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Uniform Membrane Load Through Crack in a Cylinder

Fracture Mechanics - Cylinder

- Zahoor solution

Reference

Relationship

Zahoor 89

K =

K =

> 2 a
1

N
]

and

Radius =r

Uniform membrane
force per unit length
=N

Stress intensity.

6 - \Vma -( Mm(h) + (2-2/t)-Mp(A) )

N/t

uniform membrane force per unit length

a/Nr-t

+t/2 at outer surface

-t/2 at innersurface

Membrane component magnification factor
1+ .72449.10-2-\ + 0.64856-A2 - 0.2327-A3 + 3.8154.10-2.04
- 2.3487-10-3.09



Mp(A) = bending component magnification factor
= .36811-A + 0.067692-A2 - 0.14558-A3 + .036931-04
- 3.0961-10-3-A5

Limitations A<S.
Comments Accuracy within 1% of [Erdogan and Kibler 69].

Magnification Factor

\
\
\
\
\\
\
\
|
|
|
|
)
g %

o
™Y llllr'lll

I

U

’

]

a [/ (r't)»r0.5
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Fracture

Wedge

Mechanics - Through crack in a Cylinder
loads on a Longitudinal Through Crack-

- Influence function by Elfer

Reference Elfer92

Relationship Ky

Ptyp 4 places
= Stress intensity at either crack tip due to wedge loads P

at +x.

Vr-a

KI/P = (—W (MC}’].(?\')-I)hcyl(x) + leate(x))

where

Meyi®) = \1+.524+1.2922-0.7413

A = a/Vrt

heyl(®) = (1.269-0.070-y - 0.235:y2 - 0.623-y3)

y = Xx/a

leate = 2. -\/—/ - (32'X2 It

P = load

and

X = load location, 0<x< a, with symmetric load at -x.

A-33



Limitations

Comments

Unknown. Estimated +5%. Integrates to Newman’s solution for
longitudinal

The equations are based on a curve fit to NASTRAN symmetric
wedge load solutions for 14.6 and 29.8 cm half crack lengths in a
cylinder with thickness of 2.54*0.125 ¢cm and a radius of 2.13 m.
The equation uses Broeck's [82] solution for a flat plate and it
integrates to the FLAGRO solution [Newman76].
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Fracture Mechanics - Sphere

Through Crack in a Sphere - Tada solution

Reference Tada 85

Relationship K = Stress intensity.
A = Crack opening area.
K = o- \jn-a - F(\)
where
c = pr/i2t)

A = aN(rt)

and

FO) = (1+41.4142+40.0423)0-5  for 0<A<3.
A = o/E-@=wrt)-GQ)

where

GO = 22 +.70524 +0.016A5 for 0<A<3.

Limitations A<3. Accuracy given as 1% on K and 2% on A.
Comments a is along a great meridian.
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Fracture

Through Crack

in a Sphere

Mechanics - Sphere

Erdogan and Kibler solution

Reference

Relationship

Limitations
Comments

Erdogan and Kibler; Forman

K =

K

where

and

FQ) =

A<3.

Stress intensity.

c- \/n-a - F(A)

p-r/(2-t)
a/N(r-t)

(1+3:2.1.9)0.4

for 0<A<3.

TCO06 dsolution in FLAGRO 2.0




Fracture Mechanics - Infinite plate.

Infinite plate with radiating cracks - Tada solution
Reference Tada 85 (21.12)
Relationship K = Stress intensity.
K = o-VYra-Fa)
where

Fao(m) = (1An)(3-3.25.0-1-.64n-2+1.6n°3) for n>1
Fan) — 3Nn asn— oo

Limitations Accuracy quoted as “expected to be within 1%.” Infinite plate
solution.
Comments Cracks are radial at 2n/n angle. Solution is for first crack which

is normal to tensile direction. Estimated by Tada from solutions
for n =1, 2, 4, and infinity.
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Fracture Mechanics - Flat Plate

Wedge loads - Influence function
Reference Broeck 82
Relationship Kia = Stress intensity at A (+a) location.

Kig = Stress intensity at B (-a) location.

Kia = P/t/ \] na - V(a+x)/a-x)

and

Kig = P/t/Vna -V(a-x)(a+x)

where

P = load

and

X = load location, -a<x < a.

Special cases

KiaAB = P/t/Vma forx=0.

KiaAB = 2P Ya/t/  n-(a2-x2)

for symmetric loads, P at both *+x.

Limitations Infinite plate solution.
Comments
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Fracture mechanics - Infinite Plate

Through cracks (symmetric) from a hole in a plate - Tada

Reference

Relationship

Limitations
Comments

Tada, Newman 71

K - \Vra-Fy

Fj (1-M)-Fo + MF1

/8 Ratio of (stress normal to crack/stress in crack
direction)

Fy 0.5:(3-5)-(1+1.243-(1-5)3)

Fq 1+(1+5)-(0.5+0.743-(1-5)2)

s a/ (R+a)

and

R Radius of hole.

Unknown.

Tada solution includes additional mode 3 loading, which is not
included here. As s—0, F1-52.243 and F2—-3.365.




Fracture mechanics - Flat Plate

Through crack from a hole in a plate - FLAGRO

Reference Forman
Relationship K = o-Vna- Fo
Fo = Go-Gy
Go = 0.7071+0.7548-z + 0.3415-z2 + 0.642-23 + 0.9196.24
z = (1+2aD)l
D = hole diameter
a = crack length from hole edge
Gw = [sec( (sin((D/t-D/W))/(D/t-D/W)10.5
and
A = (7/2)-(1 + a/D)/(2-t/D - a/D)
Limitations Unknown.
Comments The FLAGRO solution includes pin loading of the hole, which is

ignored here.
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Fracture mechanics - Influence function

General equation for influence function

Reference NASCRAC 89, Besuner 81
a
Relationship K = t. jc(x) - h(x) dx
oor-a
or
a
K = Ut@) [t®-0ox-h&x) dx
o or -a

where

t(x) = thickness variation,

o(x) = stress variation along the crack face,

and

h(x) = K/P solution for a point load P at location x along the

crack face.

= 1/t/Vma -V(a-x)(a+x) for a flat plate.

Limitations Linear superposition of K solutions.
Comments
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