NASA
Technical
Memorandum

NASA TM-103565

SINGLE WALL PENETRATION EQUATIONS

By K.B. Hayashida and J.H. Robinson

Structures and Dynamics Laboratory
Science and Engineering Directorate

December 1991

NASA
National Aeronautics and
Space Administration

George C. Marshall Space Flight Center

MSFC - Form 3190 (Rev. May 1983)



Form Approved

REPORT DOCUMENTATION PAGE OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response,
including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing the collection of information. Send comments regarding this
burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden. to Washington Headquarters Services, Directorate for Information Operations and Reports,
1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management
and Budget, Paperwork Reduction Project (0704-0 188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank)

2. REPORT DATE

3. REPORT TYPE AND DATES COVERED | December 1991 Technical
Memorandum *

4. TITLE AND SUBTITLE

5. FUNDING NUMBERS

Single Wall Penetration Equations

6. AUTHOR(S)
K.B. Hayashida and J.H. Robinson

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
8. PERFORMING ORGANIZATION REPORT NUMBER

GeorgeC. Marshall Space Flight Center

Marshall Space Flight Center, Alabama 35812

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)
10. SPONSORING/MONITORING  AGENCY REPORT NUMBER
National Aeronautics and Space AdministrationNASA TM-103565
Washington, DC 20546

11. SUPPLEMENTARY NOTES



Prepared by Structures and Dynamics Laboratory, Science and Engineering
Directorate.

12a. DISTRIBUTION/AVAILABILITY STATEMENT
12b. DISTRIBUTION CODE

Unclassified-Unlimited
13.ABSTRACT (Maximum 200 words)

This report compares five single plate penetration equations for accuracy and
effectiveness. These five equations are two well-known equations (Fish-Summers and
Schmidt-Holsapple), two equations developed for the Apollo project (Rockwell and
Johnson Space Center (JSC)), and one recently revised from JSC (Cour-Palais). They
were derived from test results, with velocities ranging up to 8 km/s. Microsoft Excel
software was used to construct a spreadsheet to calculate the diameters and masses of
projectiles for various velocities, varying the material properties of both projectile and
target for the five single plate penetration equations. The results were plotted on
diameter versus velocity graphs for ballistic and spallation limits using Cricket Graph
software, for velocities ranging from 2 to 15 km/s defined for the orbital debris. First,
these equations were compared to each other, then each equation was compared with
various aluminum projectile densities. Finally, these equations were compared with test
results performed at JSC for the Marshall Space Flight Center. These equations predict a
wide range of projectile diameters at a given velocity. Thus, it is very difficult to choose
the "right" prediction equation. The thickness of the single plate could have a large
variation by choosing a different penetration equation. Even though all five equations are
empirically developed with various materials, and especially for aluminum alloys, one
cannot be confident in the shield design with the predictions obtained by the penetration
equations without verifying by tests.

14. SUBJECT TERMS

15. NUMBER OF PAGES Single Plate Penetration Equations, Fish-Summers
Equation, 28 Schmidt-Holsapple Equation, Cour-Palais Equation

16. PRICE CODE NTIS

17. SECURITY CLASSIFICATION

18. SECURITY CLASSIFICATION

19. SECURITY CLASSIFICATION

20. LIMITATION OF ABSTRACT OF REPORT OF THIS PAGE OF ABSTRACT
Unclassified Unclassified Unclassified Unlimited NSN 7540-01-280-5500
Standard Form 298 (Re-v 2-89)



=

4.

TABLE OF CONTENTS

INTRODUCTION

SINGLE PLATE PENETRATION EQUATIONS

2.1 Fish-Summers Equation

2.2 Schmidt-Holsapple Equation

2.3 Rockwell Equation for the Apollo Project

2.4 JSC (Cour-Palais) Equation for the Apollo Project
2.5 JSC (Modified Cour-Palais) Equation

COMPARISONS OF FIVE SINGLE PLATE PENETRATION
EQUATIONS AND TEST RESULTS

3.1 Comparisons of Single Plate Penetration Equations
3.2 Comparisons With Test Results
RECOMMENDATIONS/CONCLUSIONS

REFERENCES

o
Q
«Q
D

AP WWNEFPPEPPRP



LIST OF ILLUSTRATIONS

Figure Title Page

1. Penetration resistance (ballistic limit) of single wall
structure 6061-T6 aluminum with t = 0.040 in 7

2. Penetration resistance (spallation limit) of single wall
structure 6061-T6 aluminum with t = 0.040 in 7

3 .Penetration resistance (ballistic limit) of single wall
structure 2024-T3aluminum with t = 0.040 in 8

4. Penetration resistance (spallation limit) of single wall
structure 2024-T3 aluminum with t = 0.040 in 8

5. Penetration resistance (ballistic limit) of single wall

structure 6061-T6 aluminum with t = 0.050 in. Comparison
of aluminum alloy projectile densities with Fish-Summers
equation 10

6. Penetration resistance (ballistic limit) of single wall
structure 6061-T6 aluminum with t = 0.050 in. Comparison
of aluminum alloy projectile densities with Schmidt-Holsapple
equation 11

7. Penetration resistance (ballistic limit) of single wall
structure 6061-T6 aluminum with t = 0.050 in. Comparison
of aluminum alloy projectile densities with Rockwell
equation for Apollo 12

8. Pentration resistance (ballistic limit) of single wall
structure 6061-T6 aluminum with t = 0.050 in. Comparison
of aluminum alloy projectile densities with JSC equation for
Apollo 13



10.

12.

13.

Pentration resistance (ballistic limit) of single wall

structure 6061-T6 aluminum with t = 0.050 in. Comparison
of aluminum alloy projectile densities with JSC (Cour-Palais)
equation 14

Single wall penetration equations (ballistic limit) using
2024-T3 aluminum target with t = 0.040 in 17

Single wall penetration equations (ballistic limit) using
2024-T3 aluminum target with t = 0.063 in 18

Single wall penetration equations (ballistic limit) using
6061-T6 aluminum target with t = 0.080 in 19

Single wall penetration equations (ballistic limit) using
6061-T6 aluminum target with t = 0.050 in 20



LIST OF TABLES

Table Title Page
1. Calculations of projectile diameters and masses using
five single plate penetration equations 6

2. Test results from JSC for single plate 15



TECHNICAL MEMORANDUM

SINGLE WALL PENETRATION EQUATIONS

1. INTRODUCTION

Concern about the effects of orbital debris impacts on space
vehicles in low-Earth orbit has prompted a study of penetration
predictor equations for a single plate structure. Since the mid-60's,
many equations have been developed to predict penetration of a
single thin plate by a meteoroid or orbital debris projectile. This
document is a report of a comparison of five of these equations for
accuracy and effectiveness.

Each equation included in this study was developed with a unique
set of test parameters. Actual conditions under which a spacecraft
Is required to survive may or may not be within the parameter range
for an equation. Therefore, extreme care should be taken when using
any predictor equation since each can only be used to predict
penetration for a specific set of parameters. After some study of
test parameters, it will become obvious that the majority of
expected projectile velocities cannot be tested with current
technology. Theoretical predictions must be relied upon for these
occurrences until further advances can be made in hypervelocity
impact technology.

It is not the purpose of this report to recommend the correct
equations to use in analyzing a vehicle, but rather to compare the
equations and how they were developed to give the designer a better
feel for how the design will stand up to hypervelocity impacts of
orbital debris projectiles. Hypervelocity impact testing should
always be included in the design/verification schedule for any
vehicle which will be exposed to the orbital debris environment for
any length of time.

One should not neglect to analyze a vehicle which has potential
safety problems. Each component should be carefully evaluated to
discover possible dangerous effects of hypervelocity impacts. A



vehicle should have an acceptable reliability for astronaut safety as
well as an acceptable reliability for no functional failure.

2. SINGLE PLATE PENETRATION EQUATIONS

Two well-known equations (Fish-Summers and Schmidt-
Holsapple), two equations developed for the Apollo project
(Rockwell and Johnson Space Center (JSC)), and one recently revised
from JSC (Cour-Palais) are the five single plate penetration
equations compared in this section for accuracy and effectiveness.
The following subsections will discuss each of these empirical
equations.

2.1 Fish-Summers Equation

The following equation was developed by Fish and Summers.* They
used test results with velocities which ranged from 0.5 to 8.5 km/s,
metallic targets which ranged in density from a magnesium-lithium
alloy to a beryllium-copper alloy, and with aluminum alloy
projectiles.? This equation was recommended for design to establish
the threshold penetration (ballistic limit) of thin, ductile, metal
plates.

1
t= Klm 0.352V 0.875 pe

where
t = target thickness (cm)
K, = a constant for target
m = projectile mass (gm)
p = projectile density (gm/cm?)
V = impact velocity (km/s)

and

K, = 0.57 for aluminum alloys such as 2024-T3, 2024-T4, 6061-T6,
and 7075-T6.

Additional values for K, are given in the reference.



The 0.70 factor was used to determine the plate thickness to
prevent a penetration from spalling (spallation limit), as
recommended by Coronado, Gibbins, Wright, and Stem.3

The Fish-Summers equation is the simplest of all the equations
presented here. Target material properties effects are taken care of
by the constant K.

2.2 Schmidt-Holsapple Equation

The following equation was developed by Holsapple and Schmidt,4
with test results obtained by many investigators such as Payne,
Gault, Wedekind, et al. Some tests done by Payne used projectiles of
tungsten, carbide, lead, copper, stainless steel, titanium, magnesium
and aluminum; targets of stainless steel and aluminum; and
velocities ranging from 4 to 8 km/s. Some tests done by Gault used
Pyrex spheres as the projectiles, water as the target, and velocities
ranging from 1.5 to 6.0 km/s.®

d - 206t %E—O.lSQ D268|:tu E0.236
Op, C DBppr C

where
d = projectile diameter (in)
t = target thickness (in)
p,= projectile density (Ib/in®)
p,= target density (Ib/in®)
F..,= ultimate tensile strength for target (Ib/in%)

u

V,= impact velocity (normal component of the projectile
relative velocity) (ft/s).

Again the 0.70 factor was used for the spallation limit.



The Schmidt-Holsapple equation involves the target material
strength and density as well as projectile density to better

characterize the material behavior of impact. This is the only
equation of those presented in this paper using English units.

2.3 Rockwell Equation for the Apollo Project

There were two independently developed empirical equations for
the Apollo project. One was developed by Rockwell and the other by
Burton Cour-Palais at JSC.®> The Rockwell equation shown below was
developed from test results using aluminum projectiles and targets

with impact velocities up to 8 km/s. The JSC (Cour-Palais) equation
will be discussed in subsection 2.4.

For crater depth:

p — 138d 1'1BH -0.25 pgs pt—0.167v 067

For ballistic limit:
t,=18p,

For spallation limit:
t, = 3.0p,

where:
p = crater depth on target (cm)

t, = target thickness for ballistic limit (cm)

t

S

target thickness for spallation limit (cm)
d = projectile diameter (cm)

p» = projectile density (gm/cm?)

p,= target density (gm/cm?)

BH = Brinnell hardness for target

V = impact velocity (km/s).



This equation involves target density and material hardness as
well as projectile density to characterize the behavior of impacts.

2.4 JSC (Cour-Palais) Equation for the Apollo Project

As mentioned in the previous section, NASA/JSC engineers
developed the equation shown below during the Apollo project,
independent of the Rockwell equation but in appearance very
similar.®

O C
For crater depth with projectile density %Z—P <1.5E:
t

p= 5.24d 1.056BH -0.25 pg5 pt—0-167E —0.33\/ 0.67

For ballistic limit:
t, = 2.0p.
For spallation limit:
t, = 3.0p,
where:
p = crater depth on target (cm)
t, = target thickness for ballistic limit (cm)
t, = target thickness for spallation limit (cm)
d = projectile diameter (cm)
p. = projectile density (gm/cm?)

p, = target density (gm/cm?)

BH = Brinnell hardness for target
E = Young's modulus for target (GPa)

V = impact velocity (km/s).



This equation involves target density, the modulus of
elasticity, and material hardness as well as projectile density to
characterize the behavior of impacts.

2.5 JSC (Modified Cour-Palais) Equation
The newest and recently distributed equation modified from the
Cour-Palais equation for the Apollo project by Burton Cour-Palais at

JSC is shown below.®

For crater depth'

2
— 18 -0.25 05 n

For ballistic limit
t, = 1.8p.

For spallation limit:
t, = 2.2p,

p=  crater depth on target (cm)

t,= target thickness for ballistic limit (cm)
t, = target thickness for spallation limit (cm)
d= projectile diameter (cm)

p, = projectile density (gm/cm?)

p,= target density (gm/cm?)

BH = Brinnell hardness for target

V,= impact velocity (normal component of the projectile
relative velocity) (km/s).

C = speed of sound for target (km/s)



_ F
P
This equation uses dimensionless quantities by making ratios of
target and projectile densities and velocities.

3. COMPARISONS OF FIVE SINGLE PLATE PENETRATION
EQUATIONS AND TEST RESULTS

The comparison of the five equations discussed in section 2 will
be discussed in subsection 3.1. Then the comparison of these
equations with test results will be discussed in subsection 3.2.

3.1 Comparisons of Single Plate Penetration Equations

Microsoft Excel software was used to construct a spreadsheet to
calculate the diameters and masses of projectiles for various
velocities, varying the material properties of both the projectile and
target for the five single plate penetration equations. The calculated
results for a 2017 aluminum projectile and a 2024-T3 aluminum
target are shown on table 1. The results were plotted on diameter
versus velocity graphs for ballistic and spallation limits using
Cricket Graph software, for velocities ranging from 2 to 15 km/s (as
defined for orbital debris in reference 7) with several different
thicknesses, i.e., 0.040 in (0. 106 cm), 0.050 in (0. 127 cm), 0.080 in
(0.203 cm), and 0. 1 00 in (0.254 cm) for 2024-T3 and 6061-T6
aluminum targets. Figures | and 2 show the results for ballistic and
spallation limits for a 6061-T6 target 0.040-in (0.106-cm) thick. To
show the variation with target density, figures 3 and 4 show the
results for ballistic and spallation limits for a 2024-T3 aluminum
target.

As discussed before, these five equations were derived from test
results, with velocities ranging up to 8 km/s. Therefore, the
predicted values for the projectile's mass and diameter above 8
km/s are currently impossible to verify by experiment.
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Figure 1. Penetration resistance (ballistic limit) of single wall structure 6061-T6
aluminum with ¢ = 0,040 in.
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Figurc 2. Penetration resistance {spellation limit) of single wall structure 6061-T5
aluminum with ¢ = 0.040 in.
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Figure 3. Penetration resistance (ballistic limit) of single wall structure 2024-T3
aluminum with ¢ = 0.049 in.
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Figure 4. Penstration resistance {spallation limit) of single wall structure 2024-T3
aluminum with 7 = 0.040 in.




Figure 1 shows the penetration resistance (ballistic limit) of a
single-wall structure for the five penetration equations. The
Schmidt-Holsapple equation appears to predict the largest values
for particle diameters, given an impact velocity. The JSC equation
for the Apollo project appears to predict the lowest values for
particle diameters, for velocities below 7.5 km/s. Then the Fish-
Summers equation predicts the lowest critical diameters for
velocities above 7.5 km/s. For the spallation limit (fig. 2), these
predictions are nearly the same as for the ballistic limit, except the
JSC equation for the Apollo project predicts the lowest critical
diameters up to about 9.5 km/s; the Fish-Summers equation yields
the lowest values above 9.5 km/s (fig. 2). This behavior is the same
for different thicknesses of the same material (6061-T6 Al). In the
case of 2024-T6 aluminum for the ballistic limit, figure 3 shows
that the Schmidt-Holsapple equation predicts the largest critical
diameters; the lowest critical diameters are predicted by the JSC
equation for the Apollo project for velocities up to 5 km/s, and by
the Fish-Summers equation above 5 km/s. For the spallation limit,
as can be seen on figure 4, the JSC equation for the Apollo project
predicts the lowest critical diameter up to 6.5 km/s, and the Fish-
Summers equation predicts the lowest critical diameter above 6.5
km/s. The other two equations (Rockwell for Apollo and JSC
modified Cour-Palais) predict values between the values predicted
by these equations. The diameters predicted by the Schmidt-
Holsapple are between 1.5 to 2 times larger than the ones predicted
by the JSC equation for the Apollo project or Fish-Summers for the
2024-T3 aluminum. Therefore, based on spherical projectiles, the
masses predicted by the Schmidt-Holsapple equation are 4 to 7
times larger than predicted by the JSC equation for the Apollo
project or the Fish-Summers equation.

The current environment defines an average debris density as an
aluminum density, i.e.,2.8gm/cc. There are many people that believe
the use of different aluminum alloys as the projectile can cause a
big difference in the ballistic limit. Figures 5 through 9 show each
equation with various aluminum alloy projectile densities for the
ballistic limit, for a 6061-T6 aluminum target with 0.050-in
(0.127-cm) thickness. There is a significant difference in impact
effects by various projectile materials, but not by various alloys of



the same material. These figures show that using various aluminum
alloy densities will have about 2.6- to 3.5-percent difference in the
predicted projectile diameters. Each equation is affected very little
by changes in the projectile density, thus these equations predict
very little effect on impact damage for projectiles of these similar
materials. In fact, even the calculated differences may fall within
the scatter of the test data. Projectiles of dissimilar materials,
however, would be expected to show significant differences in the
predicted critical diameters.

3.2 Comparisons With Test Results

Nineteen hypervelocity impact tests of single plate aluminum
shields were performed at JSC for the Marshall Space Flight Center
(MSFC) (table 2).

Two out of 19 tests used 2017 aluminum alloy for the projectile,
and the rest used 1100 aluminum alloy. The projectile diameters
ranged from 0.0156 in (0.0396 cm) to 0.0625 in (0.1588 cm), and the
projectile velocities ranged from 5.20 to 7.48 km/s. Two materials
(2024-T3 and 6061-T6) were used for the single wall (target), with
thicknesses varying from 0.040 in (0.102 cm) to 0.190 in (0.483 cm).

Results from 14 of the tests (groups 1 through 4 from table 2)
were compared with the predicted values of the five single plate
penetration equations. These tests consisted of two alloys of
aluminum targets (2024-T3 and 6061-T6) and two different
thicknesses per alloy: 0.040 in (0.102 cm) and 0.063 in (0.160 cm)
for 2024-T3, and 0.050 in (0.127 cm) and 0.080 in (0.203 cm) for
6061-T6. Figures 10 through 13 show the test results for each
condition.
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Figure 7. Penetration resistance (ballistic limit} of single wall structure 6061-T6 aluminum with
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Figure 8. Penstraticn resislance (ballistic limit) of single wall structure 6061-T6 aluminum with
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All five equations predicted the penetration that resulted from
the tests using 2024-T3 aluminum targets with 0.040-in (0.102-cm)
thickness (fig. 10). Also, all five equations predicted the
nonpenetrations that resulted using 2024-T3 aluminum targets with
0.063-in (0.160-cm) thickness (fig. 11). For each of these two cases,
only two data points were available from the tests, and the
projectile’'s size used were too far away from the ballistic limit
curve to make any conclusions of the equations’ accuracies. Four of
the equations, all but the Schmidt-Holsapple equation, correctly
predicted the no penetration results of four tests which used 6061-
T6 aluminum targets with 0.080 in (0.203-cm) thickness (fig. 12)
and incorrectly predicted a penetration would occur for the fifth
test (No. 1203). The Schmidt-Holsapple equation correctly predicted
that all five of the tests would result in incomplete target
penetration. Again there is not enough test data to determine the
effectiveness of these equations.

Finally, as shown on figure 13, two equations (Rockwell for
Apollo and Schmidt-Holsapple) incorrectly predict five of the six
tests for the aluminum target 6061-T6 with 0.050-in (0. 127-cm)
plate thickness. The Fish-Summers equation and JSC (Apollo)
equation, on the other hand, correctly predict five of the six tests,
with test No. 1238 being the incorrectly predicted penetration. By
looking at figure 13, one can expect that the ballistic limit might
exist somewhere between the modified Cour-Palais and Fish-
Summers equations, but additional tests are required to verify this.

4. RECOMMENDATIONS/CONCLUSIONS

In the previous section, the five single plate penetration
equations were compared to each other and with test results. As
seen in section 3.1, these equations predict a wide range of
projectile diameters at a given velocity. Thus it is very difficult to
choose the "right" prediction equation. The thickness of the single
plate could have a large variation by choosing a different
penetration equation.

One can save much weight by choosing the most unconservative
equation, which underestimates the value for the penetrating
projectile diameter. Therefore, the cost can be reduced signifi-



cantly, but this choice could result in unforeseen critical damage to
the spacecraft or loss of the entire spacecraft. On the other hand,
one can design a conservative, well-protected spacecraft, but the
spacecraft could become very heavy. Thus, the launch and material
costs would be increased.

Even though all five equations are empirically developed with
various materials, and especially for aluminum alloys, one cannot be
confident in the shield design with the predictions obtained by the
penetration equations, without verifying by tests. Therefore, it is
recommended that designed shields should be tested with the actual
configuration, and realistic velocities and materials for projectiles,
to prove the design will act as predicted, when impacted by a
meteoroid or debris particle. Only then can the design be declared
acceptable for orbital operations.
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