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ABSTRACT

Strain wave propagation in metal cones with a compressive pulse
applied at the base has been investigated experimentally and theoreti-
cally. This study was motivated by the need for design information
for gun-launched models used in aerophysics research. The results
are also directly applicable to the design of ordinary gun-launched
munitions or to any other cases of impulsive loading on conical bars.
The effect of the following parameters was considered: (1) cone angle,
(2) cone tip joint (threaded connection), and (3) cone tip material vari-
ation (7075-T6 base with 7075-T6, beryllium-copper, and Fansteel 60®
tips). Transient strains were measured with strain gages mounted at
critical locations on the specimen. It was found that increasing the
cone half-angle from 2 to 10 deg reduced the level of strain amplifica-
tion for both solid and jointed cones. The effect of a threaded junction
between the model base and the tip is to increase the strain (or stress)
level in the exterior section because of (1) cross-sectional area de-
crease at the bottom of the threaded hole and (2) reflected strain from
the visible tip junction. Tips of heavier, denser material than the
base further intensified the strain in the exterior threaded section be-
cause of greatly increased strain reflection at the forward junction.
The measured strain amplification at the cone surface was compared
with predictions based on one-dimensional strain propagation theory.
In general, the theoretical predictions were good enough for use (with
reasonable discretion) in model designs.
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NOMENCLATURE

Base area of cone, ﬂd%/4, in. 2

The nt!! Fourier cosine series coefficient,
t
1 "1 nzt
[t—lc{ € paselt) cos (Tf)dt]
. . . . 1 "1
Fourier series coefficient, t [ "€pagelt) dt
o)

Thread cross-sectional area, wdf/4, in, 2

Cross-sectional area of cone at x, 7rd>2{/ 4, in. 2

Effective cross-sectional area in the threaded section,

Ay - Ag, in.

Theoretical length of cone along the centerline, in.
(Fig. 3)

The nth Fourier sine series coefficient,

t
1 1 . {nmt
— [ € (t) sin (—) d{‘
[tl 4 base t1
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Strain wave propagation velocity, \/E, in, usec or
ft/sec P

™/t

Compressive strain amplification factor, exlebas g
Diameter of cone base, in.

Diameter of thread, 0,212 in,

Diameter of cone at x, in,

Diameter of cone at x; and xg, in.

Material modulus of elasticity, 1b/in. 2

Strain-gage circuit voltages (Fig. 9), v

Constant of integration defined by Eq. (14)
True length of cone, in.

Length of cylindrical portion of specimen, in.
Reflectivity coefficient defined by Eq. (21)
Time, sec or usec

a/C, sec or psec

Particle displacement, in.

Variable defined by Ct - x, in.

Specific weight of material, lb/ft3

Position coordinate, measured from cone base
(Fig. 3), in.

Location of first discontinuity at bottom of thread hole,
in.

~

Location of discontinuity at cone tip junction, in.

clt,x) = -%, strain, pMin./in.,

€(t) = strain applied to base of cone, uin./in,
Maximum compressive strain at x, Min./in,

Strain transmitted across discontinuity at Station x;,
pin, fin,

Strain reflected at x5, in./in,
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€Xpefl Strain in threaded section reflected from xy
(Eq. (24))

€
X

- Ratio of maximum compressive strain at x to maximum
base compressive strain applied to the base, C. A.F.

Cone tip half-angle (Fig. 3), deg

Mass density of material, 1b-sec?/ft4
Longitudinal stress (Eq. (4)), 1b/in. 2
Arbitrary function of Ct - x (see Eq. (3))

< & 9 °v o

Arbitrary function of Ct + x (see Eq. (3))



AEDC-TR-73-94

SECTION |
INTRODUCTION

Light gas gun technology has been developed to the point where cer-
tain sabot-model combinations can be accelerated to extremely high ve-
locities (Ref, 1). As a result of aerophysics research programs, small
conical models as illustrated in Fig. 1 (Appendix I) are often launched
from light gas guns into free flight aeroballistic ranges. The models
are subjected to high level impulsive loads on their base during the
initial phases of the gun launch cycle.

Typical muzzle velocity for a conical model is up to 20, 000 ft/sec,
Any permanent deformation of the model caused by the launch cycle can
_adversely affect model dynamics and invalidate the test data. Large
plastic deformations have been observed in photographs of models in
free flight (Fig. 2). Joint upset, tip bending, and tip fracture have been
the predominant type of failure,

It is evident, then, that thelaunch cycle stresses on the model-sabot
combination must be kept below the elastic limit of the material (Ref. 2).
Because of the highly transient nature of the initially applied stresses,
the effects of stresses that are applied for a very short time and propa-
gate very rapidly must be considered, In other words, the model de-
signer must be concerned with the effects of stress and strain wave
propagation in conical projectiles.

An experimental program was initiated to study the effects of strain-
stress wave propagation in single and bimetal cones that were designed
and fabricated similar to the conical models used in hypervelocity aero-
ballistic range work (Refs., 3 and 4). Stress-strain pulses were input to
the base of conical specimens, which were machined on the end of a
cylindrical rod.

Specifically, such parameters as cone angle, with and without a
jointed tip, and tip material were systematically varied and their effect
recorded. Electric resistance strain gages were used to record tran-
sient strains at strategic external locations on the test specimen. The
experimental equipment and procedure will be described in detail later,
Experimental data are compared with theoretical predictions where it
is feasible to do so.
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There is a voluminous amount of literature associated with stress
wave propagation in solid cylindrical rods. In contrast, information
concerning stress propagation in conical rods has been rather limited,
The earliest work on this subject is apparently that of Liandon and
Quinney which was done during World War I (Ref. 5), and the next in-
vestigator was Donnell about 10 years later (Ref. 6).

Interest in stress wave propagation for cones then lay dormant for
about twenty years until Kolsky (Ref. 7) commented on the earlier works
and presented additional experimental evidence of the peculiar stress
wave phenomena associated with cones, Within the last decade interest
in conical stress wave behavior has been rekindled. Some theoretical
results of recent origin are contained in Refs, 8, 9, and 10, Experi-
mental results are reported in Refs. 11, 12, 13, 14, and 15,

The work reported in Ref, 12 closely parallels some of the results
for single-material solid cones that were found early in the present in-
vestigation (Ref. 3). Recent theoretical and experimental results pre-
sented in Ref, 14 may be applied to the analysis of cones with various
discontinuities, including tip joints.

SECTION 11
THEORETICAL ANALYSIS

2.1 ONE-DIMENSIONAL WAVE PROPAGATION IN A SOLID CONICAL ROD

The following theory for one dimensional wave propagation in coni-
cal bars is similar to that mentioned in Refs, 5, 6, and 7, Consider a
solid cone as shown in Fig, 3a with impulse strain, €(t), uniformly
applied at the base, The wave caused by the impulse load propagates in
a direction of increasing x. For small cone angles, it is assumed that
no wave reflections occur at the lateral surfaces of the cone and that
there is no variation of the strain in a cross section perpendicular to
the direction of propagation. By considering an element at a distance x
from the base with thickness dx, the equation of motion for equilibrium
of the element may be written as follows:

% _ g2 9% 2__ Ou

at2 ax2 T la-n dx (1)
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where C is the velocity with which a wave propagates along a rod and is

defined as
E
C- \/p_ (2)

Equation (1) is a spherical wave equation whose general solution is

_ pCt=x) + Y(Ci+x)

“F [l —(x-a)] (3)

where ¢ (Ct - x) and y(Ct + x) represent waves traveling in opposite
directions and ¢ and +y are arbitrary functions which must fit the condi-
tions that pertain to the solution of the problem, Since a plane elastic
wave with no variation in strain in the radial and tangential direction of
the cone element is being considered, Hooke's law may be used for the
stresses at any location as

dx (4)

Consider the wave propagating in the direction of increasing x repre-
sented by

T

“ti-wa ¢ ¥=0 (5)

The compressive strain is given as

du _ _gCt-x)  ¢(Cr-x)
_8x =T a(]_x/a)2 (l—x/a) (6)
where
d(Ct = x)
’t -_— = ———
A N

Equation (6) gives the relationship necessary to calculate the strain
at any location (x) and time (t) provided ¢(Ct - x) is known, Therefore,
the strain at some particular time and location is required to solve the
equation. For the impulse load applied at the cone base (x=0), a rather
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general relationship for the strain as a result of the applied impulse
force may'be defined in the form of a Fourier series as

A

Ju - To + 2 [A,Cos(C,0 + B, Sin (C,0)]

9x

“€hase 0
=

(8)

It may be schematically represented as shown in Fig. 4. The boundary
conditions at x = 0 are

du

—— = 0 H t = 0

ox (9)
E]

a_‘;=-c(t) ;i 0ty (10)

By letting v = Ct - x and equating Eq. (6) with Eq. (8), an expression
for ¢(v) for the case at x = 0 may be obtained:

du . 1. A n 5) _{Ca
_a—x=<p(\)-;¢(\)=?+nz.l['\nCos(Ev + B, Sin =

Since at x =0, v is a function of t alone, the general solution to
Eq. (11) is given as follows:

~[dv/n -dv/al A C C
Blv)e e fe {T s % [An Cos (t"v) + B, Sin (:’_‘ \):l}dv - K
. n=) C " (12)

where K is a constant of integration.

(11)

Equation (12) yields an expression for ¢(v), which is given as
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By substituting Eq. (13) for é(v) into Eq. (5) for the displacement (u)
and applying the initial condition that there is no displacement at x =0
when t = 0, the constant of integration (K) may be obtained:

Aa n|A/a + B _C/C
K- sf=-T 22
=11(1/a)* + (C,/C)

(14)

With the determination of (K), the expression for ¢(v) is fully defined.
Substituting ¢(v) and its derivative into Eq. (6) yields the expression
for the strain, which may be written as follows:

2 s=l(1/a)? + (C /02

A C C '
a—“: 1 -;. z — lCos(—_Ev)-;Sin(c—_nv)
0% a1-x/a)? e=1}(1/0)? + (C/O?|® ¢ c c
B Cc C c
+ - — Sin (:n \.) + —= Cos (4\)
(/a2 + (€ /0% |® c c ¢
ev/a Aya N ;: A!l/=l + Bncn'/_c
2 7 e=l(/e? 4 (cyT)2
A C C C
] n n “n 1 .. n n n
- ——— - S —_ —= C _
a(l-x/a) + (a-’c)nz:l{“/a)z . (Cn/E)z [a m (C ) + = [} (C )]
B_C C C C
- nn_ lCos(:tl\)--—_-Sin(:)
(a2 + (€ /O c c C

Since a plane wave is assumed, the stress may be obtained from
Egs. (4) and (15).

Yt

(15)

@)

=]
=]

By using Eq. (15), the strain magnitude as a function of time at any
location x may be obtained by allowing t to vary fromt =0tot =ty. It
is meaningless to consider times for t greater than t], since t; is de-
fined as being the time required for the wave to completely propagate
through the cone. The quotient given by the length of the cone (a)
divided by the wave propagation speed (C) defines t; for any given
length of cone, Therefore, the applied strain at the base described by

~
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the Fourier series will need Fourier coefficients Ay, Ap, Bp, and Cp
determined only for the periodt =0tot =tj.

A compression wave propagating from the base to the apex of a
cone will develop a tensile tail so that momentum in the rod will be
conserved (Ref. 7). Equation (15) predicts such a wave shape change.

Donnell (Ref. 6) has treated the wave propagation condition for the
case of a gradual, arbitrary cross-sectional area variation. By con-
sidering that the gradual area change was brought about by n successive
sudden changes and then letting n approach infinity, Donnell has shown
that the strain transmitted forward at any station x is given by

Abase db

x = Ay €hase = d, €hase (16)

No wave shape change is predicted by Eq. (16); therefore, it is
only used herein to predict the maximum strain transmitted. For the
conditions of the present tests, Eq. (16) predicts somewhat greater
strain amplification than normalized results from Eq. (15).

2.2 WAVE PROPAGATION IN A BIMETALLIC CONICAL BAR WITH THREADED JOINTS

The preceding analysis is applicable to elastic stress wave propa-
gation in a single-material, homogeneous, isotropic cone. However,
many conical models are constructed of two or more materials. The
schematic of a typical bimetal model is shown in Fig. 3b.

This model has two major discontinuities so far as one-dimensional
stress wave propagation is concerned. The first discontinuity occurs at
X1, and this discontinuity is the bottom of the hole for the nose tip screw.
Because the end of the threaded section does not contact the bottom of
the hole, the bottom of the hole acts as a free surface to part of the ad-
vancing stress wave. Thus, the portion of the incoming stress wave
that impinges on the bottom of the hole is completely reflected. This
essentially insulates the threaded section of the tip from the stress
wave as it propagates toward the tip, Consequently, only the threaded
portion of the base section between x7 and xg is actively carrying the
stress wave, That is, there is an abrupt area change effect at x; and a
gradual area change effect from x; to x3. At x9, where the external
portion of the tip begins, there is generally both an abrupt area change
and a material difference.
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The following analysis of stress wave transmission and reflection
at a cross-section discontinuity has been used by various investigators
(Refs. 6, 16, and 17), Consider the situation depicted schematically
in Fig, 5. It has been shown that the stress magnitude of the incident
wave, which is transmitted from A to B, is

" _ [ ZaB\ A4
trans rap+ 1) Ag o 1
The strain transmitted from A to B is
(2’AB ) Ay Eq
€ = [——)— = ¢
wans — \np+ Y Ap Ep (18)
Also, the stress and strain reflected at the discontinuity are, respec-
tively,
4 = rAB -1 g
refl ragt 1] (19)
rAB -1
€ = €
refl Tap+ 1 (20)
where
] Agpp Cp
AB &~ =
ApPa Ca
A = cross-sectional area
p = mass density
C = E/p = stress wave propagation velocity in a slender rod

Equation (18) may be used to compute the transmitted strain (e ltrans)
at point xq.

The analysis of Section 2.1 may be applied to the model base section
between x = 0 and x = x1. However, this analysis does not apply to the
model section from xj to x9. In this midsection, the effective cross-
sectional area is given by

off x t (22)
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where

A = (rr-"nl-)dg = cross-sectional area of cone at x

o
I

= (rr-’4)d? cross-sectional area of thread

Donnell's analysis (Ref. 6) may be applied to the threaded section be-
tween x; and xp. In this case, Donnel's result for the strain trans-
mitted forward at any station x is

X Ax - -At llrans (23)

where

(l .
trans

strain transmitted across discontinuity at station x,

<, = cross-sectional area of cone at x)
1

No change in wave shape is predicted by Eq. (23); therefore, it is only

used herein to compute the maximum strains transmitted forward in the
threaded region.

The above analysis predicts the same level of maximum strain in
the threaded section (x1 to x9) regardless of the tip material, because
strain reflection from the xg junction has not been taken into account.
This discontinuity will reflect a portion of the incoming compression
strain back into the threaded section as a compression strain. This
reflected strain will combine with the incoming strain to intensify the
compression strain level. The apparent wave shape as sensed by the
gages will be a distorted one.

Because the gages in the threaded section are no more than 0. 32 in,
from xp, it requires no more than 1.6 usec, or less, for the reflected
wave to reach the gages. The duration of the maximum strain level of
the pulse is at least 3.5 usec or more (Figures 11 through 16). This
is ample time for a portion of the maximum strain to be reflected at xg
and reach the gages in the threaded section while the incoming strain
is still maximum or near maximum at those points. The following
analysis is made under the assumption that the maximum compressive
strain has been intensified by reflection of a portion of the maximum
compressive strain. However, in general, it must be noted that the
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amount of strain amplification caused by reflection is highly dependent
on the shape of the wave.

Equation (20) may be used to calculate the reflected strain at
xz(ezreﬂ). Donnell's theory applied to the amplification (or decrease)

of the reflected strain in the threaded section yields

A - A
X2 t

€ = -0 — €
Xrefl A - A 2ref1
X t (24)

The sum of the results from Eqs. {23) and (24) for the threaded section
predicts the total maximum compressive strain experienced by this
important part of the specimen.

The analysis of Section 2, 1 applies to the conical tip section of the
model from xg to the apex., The base input strain required is the strain
transmitted across the discontinuity at X, which may be computed by
Eq. (18).

Table I (Appendix II) lists the material properties of the specimens.
Tables II and I 1ist the strain transmission and reflectivity parameters
for the discontinuities at xj and x3, respectively, for all the specimens.
Table IV contains the cross-sectional area characteristics for each
specimen which are necessary for application of Donnell's analysis.
Tables V through VIII contain final results of the Donnell and the com-
bined Fourier-Donnell prediction of the compressive strain amplifica-
tion factors for each test specimen.

The foregoing comments concerning stress wave transmission and
reflection from Station X9 to the tip apply only to the case of a 90-deg
tip attachment angle (Fig. 3b)., When a stress wave impacts a boundary
(material change or free surface) at other than a normal incidence angle,
various other equations must be considered (Ref. 7). It has been shown
that when an elastic stress wave hits an interface at other than normal
incidence, then four stress waves are generated. Two of these stress
waves are transmitted into the second medium and two are reflected
back into the first medium. Even with radial symmetry existing, the
wave propagation geometry is two-dimensional, and the analysis is
rather complex. Consequently, no quantitative theoretical predictions
are made for the stress wave behavior of the model tip section with the
45-deg attachment angle. Some intuitive observations will be made in
Section IV,
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SECTION 11l
EXPERIMENTAL PROGRAM

3.1 SCOPE OF INVESTIGATION

- The initial experimental test program had four main objectives.
~ The first objective was to determine the effect that cone angle has on
strain wave propagation from the base to the apex of a solid cone with
no joints. Cone semi-angles of 2, 5, 7.5, and 10 deg were utilized.
These conical test specimens were constructed of 7075-T6 aluminum
alloy.

The second objective was to determine the effect of a typical
threaded joint on the strain wave propagation in a cone. For these tests,
the 7075-T6 aluminum alloy cone had a tip of the same material, These
test specimens had cone semi-angles of 2 and 10 deg. The effect of tip
attachment angle was investigated by testing tips with 0- and 45-deg
attachment angles,

The third objective was to ascertain the effect of a cone tip con-
structed from a different metal than the base of the cone (i.e., a so-
called bimetal cone). Jointed models were tested with beryllium-copper
and Fansteel 60~ tips., The cone base in all cases was 7075-T6 alumi-
num alloy. These models had cone semi-angles of 2 and 10 deg, Tip
attachment angles of 0 and 45 deg were also used in bimetal specimen
construction.

The fourth objective was to ascertain the applicability and limita-
tions of the one-dimensional theory described in Section II. In other
words, can this relatively simple theory be used in conical model de-
sign, and if so, what are its limitations? These questions are answered
by comparing the theoretical predictions with the data from the experi-
mental program.

3.2 TEST APPARATUS

Typical test bars used to determine the effects of cone angle on
longitudinal wave propagation from the base toward the cone tip are
shown in Fig., 6. The test bars were basically Hopkinson pressure
bars (Ref. 3) with a cone machined on one end. All of the test bars
used for this phase of the investigation were machined from a 7075-T6
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aluminum alloy bar that possessed a tensile yield strength of 74, 000
psi, a tensile ultimate strength of 81, 800 psi, and a tensile modulus of
elasticity of 10,400, 000 psi.

Strain magnitudes were measured using foil electric resistance
strain gages placed on the surface of the test bars. The gages had a
gage length of 0. 131 inches, a resistance of 120.0 ohms, and a gage
factor (G) of 1.96. The gages were bonded to the bar surface using a
room temperature curing epoxy cement.

Gages were placed on the cone and cylindrical section surfaces of
the solid test bars to measure strains in the longitudinal direction and
at 90 deg to the longitudinal direction for the 5-, 7.5-, and 10-deg
test cones. Only longitudinal strains were measured on the 2-deg test
cone. The location of the gages on a typical test bar is shown in Fig, 6,
The longitudinal gage locations have been numbered in numerical order
starting with the gage nearest the impact surface (flat end of cylindrical
section) as number one. Since lateral strains were measured at only
two locations, the gage on the cylinder is referred to as gage number
1.2, and the gage on the cone surface is referred to as gage number
1.3.

Two gages were placed at each location for measuring longitudinal
strains. They were placed on opposite sides of the bar, or 180 deg
apart, so that when connected into the Wheatstone bridge circuit, bend-
ing effects in the test bars would be nulled. Only one gage was used for
measuring lateral strains at each of the two points.

The test bars used to determine the effects of a typical thread joint
and bimetal cone construction are shown in Fig, 7. The cylindrical and
conical base sections were machined from a 7075-T6 aluminum bar.
The materials used for the nose tips were 7075-T6 aluminum,
beryllium-copper, and a tantalum-tungsten alloy (Fansteel 60), Perti-
nent properties of these materials are listed in Table 1.

The jointed cones were instrumented with two or three strain rosettes
and two or more longitudinal strain gages, as shown in Fig, 7 for both
the 2- and the 10-deg semi-angle test bars. The rosettes consisted of
three gages placed in a standard 45-deg orientation., All were 1/32-in.
gages except for the 1/8-in. longitudinal and transverse gages of
rosettes (1R) and (3R) on the 2-deg semi-angle cone specimen.

11
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The cylindrical section of each bar acted as a wave guide which
transmitted the wave to the cone base. The length of the cylindrical
section was six times the bar diameter, or greater, for all bars to
allow the impulse some opportunity for smoothing (by internal material
damping) before contacting the conical base. Also, the cylinder
allowed the wave to be monitored prior to its arrival at the cone base,
which will be discussed in more detail later,

A pulse was imparted to the flat end of the cylindrical section of
the test bar by the impact of a flat end solid projectile 1,0 in, long
and 1, 31 in, in diameter. The projectile was made of the same
material as the test bars,

An air-operated gun was used for launching the projectile and
supporting the test bar during the impact cycle. Figure 8 shows a
sectional view of the gun with the projectile and test bar installed in
position for a typical operation. The velocity of the projectile was
maintained at a low level such that the maximum observed stress on
the cylinder never exceeded 10,000 psi, Since the applied force was
not great enough to cause plastic deformation in either the projectile
or test bar impact surfaces, the only special consideration given to the
surfaces was to ensure that they were machined flat and perpendicular
to their longitudinal axis to within 0.001-in, total indicator reading.

The Wheatstone bridge circuits and means of amplifying and re-
cording the signal from the strain gages used to measure longitudinal
strains are schematically shown in Fig, 9. The circuit and recording
procedures for the individual gages in the rosettes were similar ex-
cept one gage was replaced with a 120-ohm resistor,

The electrical circuit was designed to eliminate electrical noise
in the bridge by sensing voltages e, and ep, and then feeding them
into a high gain differential amplifier which subtracted out voltages
common to each leg of the bridge. The voltage eqyt, fed out of the
differential amplifier to the oscilloscope represents the difference
between e and e and is the voltage across the bridge resulting from
strain-gage excitations.

The signal from the amplifier was fed to a dual-beam oscilloscope
and displayed on a cathode-ray tube (CRT). The output beam signal
trace was photographed using a Polaroid camera attached to the scope
face.

12
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3.3 EXPERIMENTAL PROCEDURE

During each test, the following sequence of events was performed.
First, the air gun was put in a prefire condition by replacing the dia-
phragm and positioning the projectile in the launch tube against the dia-
phragm holder. The test bar was then slipped into the opening provided
at the end of the launch tube until it was one-fourth of one inch from the
muzzle of the launch tube, The small rectangular transverse opening
through the launch tube wall enabled one to determine the location of the
test bar before each test.

After restoring the gun to prefire conditions, the strain gages were
connected into their individual bridge circuits as shown in Fig, 9. The
bridges were then balanced by adjusting the 0- to 50-ohm potentiometer
provided in each circuit until a zero voltage was indicated on the oscillo-
scope CRT. When the bridges were all balanced, the voltage output from
the strain gages displayed on the CRT was calibrated to represent strain
directly using standard techniques. After calibrating the strain-gage
output, the oscilloscopes were set to sweep at a rate that permitted re-
cording the initial forward propagation of the wave and its reflection.

In order to measure strains at the various locations along the bar
as the wave front made its initial pass, the oscilloscopes were triggered
to begin their sweep just prior to the arrival of the wave at the cone
base., The output of the first strain gage on the cylindrical section of
the bar that the wave encountered was utilized as the trigger voltage
for all oscilloscopes to simultaneously begin their sweep. No delayed
sweeps were necessary because of the relatively short transit time
between gages. Since the output voltage was a result of the unbalance
in the Wheatstone bridge circuit caused by the wave, it meant that the
leading edge of the wave at the first gage would be chopped off since
the sweep would not have started until the level of voltage required to
trigger the sweep circuits was reached. Consequently, the output
voltage required to trigger the sweep circuits was set as low as the
circuit would permit in order to obtain as much information as possible
about the strain magnitude at the first gage. Therefore, the first gages
to measure the full wave were the second set of gages located on the
cylindrical section of the test bar, This made it possible to obtain at
each gage point a complete time behavior of the strain as it passed.

After ensuring that the data recording equipment was properly set,

the gun driver gas chamber was charged to 14 psig. The charge line
valves were then closed, Immediately after closing the charge line
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valves, the solenoid valve used to open the air lines for actuating the
diaphragm breaker was opened., The diaphragm breaker punctured the
diaphragm, allowing the driver gas to expand by accelerating the pro-
jectile until impact between the projectile and test bar occurred. The
photographs of the oscilloscope traces were then collected, and all
necessary information was recorded.

An effort was made to impart a plane wave to the cones by main-
taining alignment of the projectile with the test bar when impact
occurred., Since it is difficult'to generate an absolutely plane impact
between the projectile and the test bar each time, it was decided to de-
termine by experiment approximately how much the direction of the
principal strains varied from the axis of symmetry of the test bars,
This was done by comparing strains obtained from two different sets
of gages placed on a cylinder that was one inch in diameter, twelve
inches long, and made of the same material as the test bars (Fig, 10).
One set of gages was placed on the cylinder to measure longitudinal and
normal strains in identically the same way as was done on the test
specimen. When gages are placed this way, it is assumed that the
principal strains occur along the axis of symmetry of the cylinder. The
second set of gages was a three-element rosette made up of strain gages
with the same gage length and gage electrical characteristics as was the
first set. The three-element rosette enables one to calculate the prin-
cipal strains and their direction. The location of the gages and their
orientation are shown in Fig, 10,

The directions of the principal strains determined from the three-
element rosette data indicated that the deviation of the direction of the
principal strains from the directions of symmetry for the test bars
ranged from two minutes to one degree, However, the variation in the
magnitude of the principal strains with that obtained from the gages
used for obtaining data for this research was negligible. Consequently,
essentially a plane wave was applied at the base of each cone, unless
explicitly stated otherwise,

3.4 DATA REDUCTION PROCEDURE

A Benson-Lehner film reading machine was used to read all of the
strain data from the Polaroid film., This particular film reader uses a
parallel beam of light to backlight the oscilloscope traces. The image
of the CRT traces and grid is in turn projected onto a light diffusion
board where vertical and horizontal crosshairs were positioned to define
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points on the trace, Since the film reader had the capability of giving
x and y locations of points, it was necessary to select a reference
point for referencing all data. Generally, the reference point was
taken at the extreme left of each trace where time (t) = 0,

The accuracy and repeatability of the film reading machine are
influenced by the operator to some extent. To determine the operator
influence on data repeatability, two sets of readings were obtained for
the 2- and 7, 5-deg cone data by two different, experienced operators.
The readings all fell within a range of 10, 5 percent of the mean read-
ing, Therefore, it is believed that the error introduced by the film
reader operator was within +0, 5 percent.

Data obtained from gages used for measuring strain in the longi-
tudinal and lateral directions were taken at face value and used as
received. For strain-gage rosettes, the data read from the photograph
were input to a 45-deg rosette data reduction program which calculated
the principal stresses, the direction of the principal stresses, and the
maximum shear stresses. Generally, the strain magnitude was great-
est when the wave made its initial pass through the cone. Consequently,
only that part of the trace was analyzed in detail,

3.5 ERROR ANALYSIS
An error analysis of the experimental apparatus and data reduction
procedure was presented in Ref, 4, The results of this analysis are

given below:

Experimental Error Summary

Calibration Resistor 1.0%
Oscilloscope Calibration 5.0%
Strain Distortion Caused by Dynamic <1, 0%

Environment (Ref. 18, pp. 225-227)
Film Reader Operator 0. 5%
Total <7.5%

The total error shown is conservative in that it is based on every
contributing factor being at either its plus or minus maximum deviation
simultaneously. This combination would seldom occur in practice, so
it is believed that the total precision error is less than 5 percent.
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SECTION 1V
DISCUSSION OF RESULTS

4.1 SOLID CONES

Typical examples of the experimental data obtained from the 2-,
5-, 7.5- and 10-deg semi-angle solid cones are presented in Figs, 11
through 16, These figures show strain variation with time at the vari-
ous observation points on the test bars as the wave made its initial
pass through the cone from the base to the apex. Zero time in these
figures corresponds to the wave leading edge arrival time at the base of
the cone. The time between strains at the various gage points repre-
sents the propagation time between points, The wave propagation ve-
locity (C) was observed to be 0. 193 in./usec (16, 100 ft/sec) which
agrees very closely with the theoretical value of 0. 198 in, usec (16, 600
ft/sec) from Eq, 2,

The applied wave shape and magnitude (shown in Fig. 11, for
example) was actually observed at Gage Number 2 on the cylindrical
section of the test specimen. In all cases, the peak magnitude is
greater than that observed at Gage Number 3 which was on the cone
surface near the base. The probable explanation for this apparent
strain reduction is that, when the wave arrives at the cone-cylinder
intersection, a portion of the wave is reflected because of the change
in cross section. This creates a reduction in the strain magnitude
which actually enters the cone.

The 2-deg semi-angle cone data for a wave propagating from the
base to the apex exhibits a behavior similar to a spherical converging
wave (Refs, 5, 7, and 12). As the wave traveled from the base toward
the apex, the initially fully compressive shape was transformed into
one with a leading compressive component and a trailing tensile com-
ponent. The compressive component is shortened in width and in-
creased in height as the apex is approached. The magnitude of the
trailing tensile strain component increased as the apex was approached
and was observed to exceed the compressive strains near the cone apex.
The one-dimensional theory also predicts these characteristics as shown
in Fig, 12, After it reaches the apex, the pulse then travels back to-
ward the base as a tensile wave (with a trailing compressive portion).

If these tensile stresses exceed the elastic limit of the material, total
deformation or even tip separation may occur. These same phenomena
have also been observed experimentally by Kolsky (Ref. 7), Goldsmith
(Ref., 12), and Sharpe (Ref. 15).
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Stress-strain pulses with long wave lengths in large semi-angle
cones (10 deg) exhibit reflection characteristics similar to those of
flat-ended cylindrical rods. It is well known, both theoretically and
experimentally, that plane dilatational waves traveling in cylindrical
rods will be reflected at the flat end with a change in phase only (sign
reversal). Except for perhaps small effects of internal solid damping,
the absolute value of the reflected wave will be unchanged. This type
of reflection pattern was observed in the 10-deg semi-angle cone.
However, the magnitude of the tensile and compressive components
decreased as the apex was approached, which indicated that the sloping
lateral surface of the cone was causing a noticeable portion of the wave
to be reflected at each point. Consequently, the absolute value of the
strain (both compressive and tensile) did not greatly exceed, or were
actually less) than the input to the base. This feature of the large
angle cones is dependent on the pulse length, but it does enable the
large angle cones to sustain greater transient loads than the sharper
cones. This is fortunate and of practical importance in model design.
The two intermediate cone specimen (5- and 7. 5-deg semi-angle)
exhibited propagation characteristics somewhat between the 2- and the
10-deg specimens.

Three of the test specimens (5, 7.5, and 10 deg) had gages placed
90 deg to the longitudinal gages at positions 2 and 3 (Fig. 6). The strains
measured by these gages were ratioed with the longitudinal strains mea-
sured at these same locations. These ratios varied from 0, 28 to 0. 33,
which is basically the range of values found in the literature for Poisson's
ratio. These results tend to confirm the basic theoretical assumption
that the wave was essentially one dimensional at least during its first
trip from the base to the apex.

Figures 17 to 20 contain a comparison of the experimental data with
results from one-dimensional theory (Section 2.1). This comparison is
based on normalized values defined as compressive strain amplification
factors. Mathematically this is stated as follows:

C.AF. = ‘x/‘base (25)

where €, is the maximum compressive strain observed at a particular
location and €y, is the maximum compressive strain applied at the
cone base. In reality €y, Was observed at gage number 2 on the
cylindrical portion of the test specimen unless noted otherwise.
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Two different theoretical predictions are shown on each figure.
These are: (1) Donnell's Analysis (Eq. (16)), and (2) Fourier Analysis
(Eq. (15)). The Donnell theory predicts greater strain amplification
than the Fourier analysis. The difference is large near the cone tip,
even for the 5-deg semi-angle cone. The discrepancy becomes larger
as the cone angle is increased. The Donnell analysis does not take the
wave shape change into account, and this is believed to be a primary
reason for the discrepancy in the two theoretical results. Wave shape
(and/or duration) affects strain amplification more for the large angle
cones than it does for slender cones.

The Fourier theory predicts both the trend and magnitude of the
compressive stress amplification for the 2-deg half-angle cone very
well indeed (Fig. 17). The Fourier theory also predicts the trend of
the strain amplification for 5-, 7.5-, and 10-deg half-angle cones.
However, the predicted magnitude is somewhat larger than the experi-
mental data indicate.

It is believed that a portion of this discrepancy in magnitude is
created by using the output from gage 2 on the cylinder as the input
forcing function to the theoretical calculation (Eq. (8)). Actually a
gage should have been placed on the conical surface immediately adja-
cent to the cylinder-cone junction. The output from this gage would
then be used to represent the forcing function and to normalize the
experimental data, There is a reflection at this junction so that the
complete wave amplitude in the cylindrical section did not enter the
cone, Consequently, this makes the predicted values high and the
experimental normalized data low by comparison. This effect is par-
ticularly noticeable for the large angle cones (Figs. 18, 19, and 20),
Later tests were conducted with a 10-deg half-angle jointed cone which
had a gage just forward of the cone cylinder junction (gage 1, Fig. 7).
These data, when normalized by the gage 1 output, gave amplification
factors higher than predicted by theory (see Section 4.2, experimental
data, for 10-deg half-angle cones, just forward of gage 1). From the
above arguments then, it is believed that the theory predicts both the
trend and magnitude of the compressive strain amplification very well
for the small angle cone and reasonably well for the large angle cone.

No results are presented for the tensile strain amplification factors,

but the data trends and amplitudes are very similar to those shown for
the compressive strains,
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4.2 JOINTED CONES

Experimental and theoretical results for compressive stress ampli-
fication factors are shown in Figs. 21 to 25 for the cones with tip joints.
The tip attachment angle was 90 deg (Fig. 3) for these specimens., Two
different theoretical predictions are shown in each figure:

1. Donnell's Analysis applied to both the solid cross sections
and the threaded section (Tables V and VI).

2. Combined Fourier-Donnell Analysis. The present Fourier
solution is applied to the solid cross sections (base and tip)
and Donnell's theory is applied to the threaded section
(Tables VII and VIII),

The appropriate strain transmission and reflection factors at a disconti-
nuity are included in the theoretical predictions.

The effect of a threaded juncture alone without different tip materials
is shown in Fig. 21 for the-2-deg half-angle cone. Although it may be
somewhat fortuitous, the agreement between theory and experiment for
this specimen is considered very good, particularly the transmitted
strain to the tip from x9 compared with the combined Fourier-Donnell
Analysis. It is believed that a very good joint contact at xg existed for
this model. The reflected strain at xg also depends on the joint contact.
Theory predicts that about 28 percent of the strain at x3 is reflected back
into the threaded section. The experimental results substantiate this
amount of strain reflection,

The effect of heavy metal tips is to intensify the strain in the
threaded section because of increased strain reflection at x5 (Figs. 22
and 23), The theoretical prediction of the total amplification in the
threaded section is quite good for the beryllium-copper tip (Fig, 22) but
is about 30 percent low for Fansteel 60 tip (Fig. 23). In contrast, the
strain transmitted across x9 to the tip for the beryllium-copper model is
somewhat higher than predicted, while the transmitted strain for the
Fansteel 60 tip agrees reasonably well with theory.

It was noted in Section 4, 1 that increasing the cone half-angle re-
duces the strain amplification for solid cones. This trend is also quite
evident for the 10-deg semi-angle jointed cones (Figs. 24 and 25) when
compared with the 2-deg semi-angle cones (Figs. 22 and 23), The com-
bined Fourier-Donnell Analysis (with reflection at x3) agrees reasonably
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well with the experimental results from the beryllium-copper specimen
(Fig. 24). This also applies to the Fansteel 60 model (Fig, 25) except
for the experimental data from gage 5 (forward gage) in the threaded
section. The strain at this point is double that predicted by the com-
bined Fourier-Donnell Analysis and nearly 50 percent more than pre-
dicted by Donnell's analysis, This is somewhat consistent with results
for the Fansteel 60 tip on the 2-deg cone (Fig. 23). Perhaps these dis-
crepancies between present theory and experiment could be explained

by a more refined analysis which took wave shape effects in the threaded
section into account,

The Donnell Analysis yields somewhat higher {(and hence more con-
servative) strain amplification factors than the Combined Fourier-
Donnell Analysis. The Donnell Analysis is not restricted to cones and is
relatively simple to apply since only the model cross-sectional dimen-
sions are required, As such, it should lend itself well to preliminary
model design investigations for jointed cones. It is obvious that strain
reflection at x9 type joints makes an important contribution to the com-
pressive strain amplification in the threaded region. Thus, a theoretical
investigation which takes wave shape effects in the threaded section into
account is highly justifiable. Additional experimental work on stress-
strain propagation in various other types of joints (i.e., bonded or glued)
would also be quite valuable for model design purposes. In particular,
various types of joint buffers should be investigated to see if the re-
flected and transmitted strains can be dissipated somewhat.

Tensile strain amplification factors for the jointed models are not
presented, but the amplitudes are similar to those presented for com-
pressive strains. Also experimental data were acquired for specimens
where the tip attachment angle was 45 deg. The general level and the
scatter of these data are essentially the same as that for the zero attach-
ment angle, Consequently, no discernible difference existed between data
for the two attachment angles.,

There are practical considerations which have led to the abandon-
ment of the 45-deg tip design, however, As the compressive wave
reaches the outer lip of the joint, Poisson's effect creates a radial ten-
sile strain in the material. This tensile strain tends to spread the tips
of the joint as illustrated in Fig. 26. Since the base portion cross-
sectional area approaches zero at the joint lip, stress can be very high
and permanent deformation may result. There were no strain gages
placed on the joint lip of the present models. If gages had been placed
there, no doubt they would have been subjected to rather large plastic
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strain. For the 90-deg tip attachment angle, no very small areas exist
at the joint, and permanent deformation is less likely.

The experimental results discussed up to this point have all been
for plane wave propagation in the test bar (see Section 3.3). A so-
called ''nearly perfect' plane wave is very difficult, if not impossible,
to generate even under controlled laboratory conditions. As such, it is
believed that non-planar stress-strain waves in the model occur during
the actual light gas gun launch cycle. This can easily occur because of
imperfect fits of sabot and/or model joints. For this reason, the un-
symmetrical load application is of practical importance. During planar
wave propagation, the initial compressive wave and tensile tail always
have the highest peak values of strain with each successive reflection
attenuated somewhat. In the case of non-planar waves, the highest peak
amplitude normally occurs on one of the successive reflections. That
is, the greatest stress (or strain) magnitude occurs during one of the
reflections as the wave travels back and forth along the model length.
Thus, model failure caused by unsymmetrical stresses may occur in
a random fashion,

These non-planar waves with their very high strain amplifications
frequently caused plastic deformations in the test specimen tips during
the experiments. These plastic deformations were large enough to be
observed without any visual magnification. FPlastic deformation of coni-
cal model tips has been observed during ballistic range testing (Fig. 2).
Thus it is evident that during design and manufacture of actual models,
reasonable effort should be made to ensure that the stress wave will
propagate symmetrically in the model. (Model-sabot contact areas and
model joints are critical items.) Consequently, it is strongly recom-
mended that experimental and theoretical investigations be conducted to
ascertain the effect of sabot geometry on stress-strain propagation in
the projectile.

SECTION V
CONCLUSIONS

An experimental and theoretical investigation of strain propagation
in solid and jointed conical rods which simulate actual gun-launched
models has been conducted. As a result of this investigation, the
following conclusions are drawn:
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Increasing the cone semi-angle from 2 to 10 deg reduces
the general level of strain (or stress) amplification in the
tip region, that is, the larger the cone angle, the less
likely it is to fail under launch conditions. This applies
to both solid and jointed cones.

The effect of a threaded joint is t6 increase the strain
(or stress) in the outer threaded section of the base be-
cause of (a) an area reduction and (b) reflected strain
from the tip junction back into the threaded section.

Tips made of heavier, denser metal than the base
greatly intensify the strain in the outer threaded base
section. This is because a large percentage of the
high level compressive stress is reflected back upon
itself and thus the total strain level is almost doubled.
It must be emphasized that the amount of amplification
from reflection is highly dependent on the strain pulse
shape and duration.

A solution (Eq. (15)) to the one~-dimensional wave equa-
tion for strain propagation in cones (Eq. (1)) was de-
veloped, based on a rather general Fourier series re-
presentation of the transient strain input to the cone
base (herein.called the Fourier solution). This solution
agreed very well with the experimental results for the
2-deg cones., When applied to the larger angle solid
cones, the general trend of strain amplitude was pre-
dicted quite well, but the strain magnitude prediction
can only be considered fair,

Donnell's solution for strain transmission in cones

(Eq. (16)) generally gave a somewhat larger strain
amplification factor than the Fourier solution, the differ-
ence being greater for the large cone angles. Donnell's
theory could also be applied to the threaded section
(Egs. (23) and (24)). When used for both solid and
threaded sections of the jointed cones, Donnell's theory
predicted strain amplification factors that were some-
what higher than predicted by a hybrid analysis called
the combined Fourier-Donnell method. This consisted
of the Fourier solution for the solid section combined
with Donnell's results for the threaded section.
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6. The general level of experimental strain amplification for
the important threaded region (x; to x2) of the jointed cones
(7075-T6 and Be-Cu) was estimated reasonably well by
either one or both of the analysis methods (Donnell or com-
bined Fourier-Donnell with strain reflection at x9 con-
sidered). The exception to this was the models with
Fansteel 60 tips. A more refined analysis (considering
wave shape effects and/or additional reflections) is re-
quired to account for the rather large discrepancy be-
tween present theory and experiment in the threaded sec-
tion for Fansteel 60 tip joints., Judicious application of the
Donnell theory should suffice for most model preliminary
design analysis. It has the advantage of being simple and
easy to apply, requiring only the model geometric charac-
teristics.

7. Joints with angles of 45 deg are not recommended for use
in model design, since excessive distortion takes place
at the important and critical joint lip area. This distor-
tion was visible to the unaided eye and would certainly
affect flight performance.

8. Non-planar strain pulses caused higher strain amplifica-
tion factors in the models than planar pulses. The peak
amplification from the non-planar waves occurred on one
of the reflections as the wave traveled back and forth
along the length of the cone, whereas the plane waves had
the highest amplification during the initial forward travel,
The non-planar waves with their very high strain magnifi-
cation frequency caused visible plastic deformation
(bending) in the model tips. Reasonable effort should be
made to ensure symmetrical stress-strain propagation
in actual models.
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Fig. 1 A Typical 5-deg Semi-Angle Cone Model and Sabot
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Fig. 2 Gun-Launched Model with Bent Nose Tip
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b. Jointed Cone Geometry (Tip Attachment Angle is 90 deg to X-Axis)
Fig. 3 Sketch of Analytical Models
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Leyl - L
!
1.00-in. __(é) (é) -
Diameter m (1.2)
' .

Notes: (1), (2), (3), (4), and (5) Are Longitudinal Gages
(1.2) amd (1.3) Are Transverse Gages
Gage Location Dimensions Are Shown in Figs. 13

through 16
Cone Half-Angle, Cone Length, Cylinder Length,
8, deg L, in. Leyl, in.
2.0 14.04 7.00
5.0 5.61 6.39
7.5 3.73 8.27
10.0 2.79 9.21

Fig. 6 Dimensions of the Solid Cone Specimens
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45-deg rosette gages,

All dimensions are in inches.

Fig. 7 Jointed Cone Specimen Dimensions and Strain-Gage Locations

respectively.
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10,000-ohm e. = 6 volts Tektronix
Resistorsx in Type D Tektronix Type 555
:|||||||—— Differential Oscilloscope with
\ Amplifier Polaroid Camera
Strain Gages * o == e
(180 deg Apart) N 4 | | |
N /] o i i |
g o,
~ I | I° |
0 to 50-ohm e j | | i
r Potentiometer i I | I
: : ] €out | |
i i | [ ¢
s el ! [ i '
° o : —o :
| <
/i

e = e, - €
120-ohm / [ out A B
Resistors /_"\‘
Calibration Resistor

Fig. 9 Typical Bridge Circuit for Measuring and Recording Transient Strains

$6-€L-41-003v



LE

Longitudinal

Gages (2 Gages,
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Fig. 10 Detail of Test Cylinder Showing Gage Location and Orientation
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Fig. 11 Strain Pulse Applied to Base of 2-deg Semi-Angle Solid Cone
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,~
10.0 |- -1/
Strain at Observation Point (8) l
-~ (10.05 in. from Cone Base) l
— e e=Experimental
8.0 p~ . l
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[ (Eq. (15))
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4.0
2.0F
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-2.0 -
-4.0
-6.0 1
-8.0 | | ]
0 20 40 60 80 100

Time, Usec

120

Fig. 12 Experimental and Theoretical Strain at Gage No. 8 (10.05 in. from

Cone Base) for 2-deg Semi-Angle Solid Cone
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Fig. 13 Longitudinal Strain, as a Function of Time, Measured on the 2-deg
Semi-Angle Solid Cone as the Wave Propagated from the Base to the Apex
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Fig. 15 Longitudinal Strain, as a Function of Time, Measured on the 7.5-deg
Semi-Angle Solid Cone as the Wave Propagated from the Base to the Apex

42



Strain x 102 pin./in.

Tension

Compression

=3.

-4,

AEDC-TR-73-04

Observation Points

(2)

i \

L
;

3.500|

(1)

(3)

fe————9,212 ——»

Observation Point
Location - inches

— L‘—— 0.492
a7 . 50 0~—n

(4)

1,389

] |

(2)

x=
cone bhase.
| .

0 is defined as the

0 10 20

30 40

Time, psec

50

Fig. 16 Longitudinal Strain, as a Function of Time, Measured on the 10-deg
Semi-Angle Solid Cone as the Wave Propagated from the Base to the Apex
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Fig. 177 Comparison of Theoretical with Experimentally Determined Strain
Amplification in a 2-deg Semi-Angle Solid Cone
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Fig. 18 Comparison of Theoretical with Experimentally Determined Strain
Amplification in a 5-deg Semi-Angle Solid Cone
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Fig. 19 Comparison of Theoretical with Experimentally Determined Strain
Amplification in a 7.5-deg Semi-Angle Solid Cone
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Fig. 20 Comparison of Theoretical with Experimentally Determined Strain
Amplification in a 10-deg Semi-Angle Solid Cone
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r 4 dng
6.0 -
After'Reflection
5.0 r_ at Xy Joint
Before Reflection )
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0 ] | ) ] I Il | I
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Fig. 21 Theoretical and Experimental Strain Amplification in a Jointed

2-deg Semi-Angle Cone, 90-deg Attachment Angle, 7075-T6 Tip
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5.0 |- |
€:u: Before Reflection :
ebase from Xq Joint i
1.0 | 4
|

O Gage 2
1 Experimental Data
3.0  —=—=—Donnell Analysis

Combined Fourier-
Donnell Analysis

2.0
1.0
X; Xg Tip
0 | 1 ] | I Il ] I
0 2.0 4.0 6.0 8.0 10.0 12.0 13.9

X, inches from Cone Base

Fig. 22 Theoretical and Experimental Strain Amplification in a Bimetallic
2-deg Semi-Angle Cone, 90-deg Attachment Angle, Beryllium-Copper Tip
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Fig. 23 Theoretical and Experimental Strain Amplification in a Bimetallic
2-deg, Semi-Angle Cone, 90-deg Attachment Angle, Fansteel 60 Tip
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Fig. 24 Theoretical and Experimental Strain Amplification in a Bimetallic
10-deg Semi-Angle Cone, 90-deg Attachment Angle, Beryllium-Copper Tip
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Fig. 25 Theoretical and Experimental Strain Amplification in a Bimetallic
10-deg Semi-Angle Cone, 90-deg Attachment Angle, Fansteel 60 Tip
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Fig. 26 Typical Permanent Distortion at 45-deg Tip Joint
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TABLE |
MATERIAL PROPERTIES OF SPECIMENS
W ) E x 1076 C
Material .3 ccnn® ferd
1b/ft | 1b-sec®/ft 1b/in. 2 | 1b/£t2 |ft/sec |in.lusec
7075-T6 174,56 5,42 10.4 1498.0 | 16600 0.198
Beryllium-Copper | 513.0 15, 93 19.0 2735.0 | 13100 0,157
Fansteel 60 1050.0 32.6 21,0 3025.0 9160 0.110
TABLE Il
STRAIN TRANSMISSION AND REFLECTIVITY PARAMETERS AT X,
€ €
t
0 A’ A Az, ABz, T AR’ r:ns re:'l
deg in, in, Eq, (21) Eq. (18) Eq. (20)
2 0. 0975 0.0621 0,637 1,222 -0. 222
10 0.2198 0.2198 0. 840 1,087 -0, 087
TABLE 1ll
STRAIN TRANSMISSION AND REFLECTIVITY PARAMETERS AT X,
NE ltI;l :’ Aps Aps TaB’' | “trans €refl
eg in,2 in,2 Eq. (21) €
7075-T6 2 0.0455 0.0809 1,778 0.720 0. 280
10 0.0825 0.1178 1,427 0. 825 0.175
Be-Cu 2 0.0455 0,0809 4,170 0.497 0. 760
€ 10 0.0825 0,1178 3.345 0.591 0. 540
Fansteel 60 2 0.0455 0.0809 5, 940 0.4717 0,712
10 0.0825 0.1178 4,770 I 0.573 0. 653
AgpaC 2 A, E rag -1
thp = BPB_B Eq. (21) €trans _ ( TAB )_A _A Eq. (18) €refl = (AB ) Eq. (20)
AppaCy npt!l Ag Eg € tap+ !
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CROSS-SECTIONAL DIMENSIONS AND AREA RATIOS FOR

TABLE 1V

SOLID AND JOINTED CONE SPECIMENS

2-degq Semi-Angle Solid and Jointed Cone

% [/a. -AN% | /A -a)\%
X, dp Ay AL - Ay Aiisa ot o ¢t
in, in, in,2 in3 A A <A “A_ A
x x t x
0 1. 000 0. 765 ~ 1. 000 ~ ~ B-deg Semi-Angle Cone
1.00 | 0.930 | 0.679 1,076
3.00 |0.79 | 0.480 1.267
5.00 |0.65 | 0.332 1. 540 i
7.00 |o0.510 | 0.205 1.960 x, de iﬂs
9.00 |0.370 | 0.108 2. 703 in. in, A,
9.26 |o0.352 | 0.097 0.062 2.841 1.000 0.656
9.30 | 0.349 | 0.096 0. 061 2. 665 1.013 0, 867
9.40 [o0.3¢3 [o0.002 | 0l0s7 | 2.m15 1.048 0. 695 % | i | Tan
9.50 0.335 0.088 0.053 3. 965 1,082 0. 927 3.0 0. 325 1.838
9.60 (0,326 | 0.065 | 0.049 3,040 1.121 0. 960 30l o2 | 2 108
9.71 0. 331 0.081 0.046 3,115 1.168 1.000 4'0 o' 150 3:333
10.00 | o0.300 | 0,071 ~ 3.333 ~ ~ so!| o o6 5. 000
11,00 | 0.230 | 0.042 ~ 4.346 ~ ~ i . .
12.00 | 0.161 | o.020 ~ 6.211 ~ ~
7 5-deg Sami-Angle Solid Cone
10-deg Semi-Angle Solid and Jointed Cone
0 0. 500 1. ogo
1.358
0 1. 000 0.785 -~ 1. 000 G - ;:g g: ::: 2,112
0.500 | 0.62¢ | 0.533 1.214 2s | o.1m 2. 926
0.750 | 0.735 | 0.425 1.360 N 30| o 108 4781
1.000 | 0.647 | 0,329 1.545 2 4
1.340 | 0.529 | 0.220 0.16% 1. 890 1.000 0. 669
1.400 | 0.506 | 0.201 0. 166 1,976 1.054 0. 703
1,500 | 0.471 | 0,174 0.139 2.1323 1.153 0.7M1 See
1.600 | 0.436 | 0.149 0.114 2,204 1.2714 0.651 Eq. (18
1.740 | 0,367 | 0,118 0.083 2.584 1.497 1. 000
1.900 | 0.330 | 0.085 ~ 3.030 ~ ~
2,000 | 0,295 | 0.068 ~ 3,390 ~ ~
2.25 | 0.208 | 0,083 ~ 4.654 ~ ~
dy =0.212 in. '
A =0.0351n.3 -y

Eq. (16)
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TABLE V
STRAIN AMPLIFICATION FACTORS FROM DONNELL'S ANALYSIS
FOR 2-DEG SEMI-ANGLE CONES

exlebase
x =
7075-T6 Tip Be-Cu Tip Fansteel 60 Tip
0 1. 00 1.00 1.00
1.00 1.08 S 1.08 59 1.08 5
3.00 1,217 5% || 1.27 | g% 1.27 g @
g I =] o o
5. 00 1,54 B9 1,54 89 1.54 89
2] wn g 0y
a9 QO ~ QO N QO
7.00 1,96 5 1. 96 8 1. 96 8
9.00 2,70 .z 2,170 e 2. 70 <
9. 26 2. 85 l 2.85 1 2,85 l
9. 26 3.48 4. 45 3.48 6.12 3.48 5. 95
9. 30 3.52 4.51 3.52 6.20 3.52 6.03
. 9,40 3.64 4.65 3. 64 6. 40 3. 64 6.22
9. 50 3.76 4,82 3.76 6. 62 3.76 6. 44
9. 60 3. 90 4.94 3. 90 6. 86 3.90 6.67
9.171 4,06 5, 20 4.06 7.15 4.06 8. 95
9.71 "2.92 2.02 1.94
10, 00 3.12 2. 15 2,07
11.00 4,07 2. 81 ' 2. 70
12.00 5.85 . 4,04 3. 87
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TABLE VI
STRAIN AMPLIFICATION FACTORS FROM DONNELL'S ANALYSIS
. FOR 10-DEG SEMI-ANGLE CONES

€xlebase
X
7075-T6 Tip Be-Cu Tip Fansteel 60 Tip

0 1,00 '§ 1.00 E 1. 00 '§

0. 50 1.21 é’ o .21 é’, 59 1.21 c&;’ &
0.75 1.36 e 1.36 |z @ 1.36 A
1.00 1,55 § § 1.55 § § 1.55 § g
1.34 1,89 da 1.89 | <& 1,89 <@
1.34 2,05 2.*41 2.05 3.*.17 2.05 3.'40
1.40 2,17 2. 55 2. 17 3.33 2,17 3.58
1.50 2,37 2.178 2,37 3,65 2.37 3.92
1.60 2.62 3.08 ) 2.62 4.03 2. 62 4.33
1,74 3.08 3.62 3.08 4.74 3.08 5.09
1. 74 2,54 1.82 1,76

1,90 2,98 2,13 2.07

2.00 3.34 2,39 2,32

2. 25 4,76 3.41 3.31
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TABLE Vil
STRAIN AMPLIFICATION FACTORS FROM THE COMBINED
FOURIER-DONNELL ANALYSIS FOR 2-DEG SEMI-ANGLE CONES

€xlebase
X
7075-T6 Tip Be-Cu Tip Fansteel 60 Tip
0 1.00 E, o 1.00 };, o9 1.00 g, o
3.00 1,24 o g 1.24 ® g 1.24 o g
= o = 2 = o
6. 60 1. 63 = § 1.63 e - 1. 63 = ..2
8. 62 2.23 b 2. 23 o 5 2.23 oo
& 5 & K & K
9. 26 2.45 < i 2.45 <:'m 2.45 < i
9. 26 3.00 3.84 3.00 5.29 3.00 5.*15
9. 30 3.04 3.89 3.04 5.36 3.04 5.21
9. 40 3,14 4.02 | 3.14 5. 53 3. 14 5.38
9. 50 3.25 4,16 3.25 5,72 3.25 5. 68
9. 60 3.36 4,31 3.36 5.93 3.36 5.77
9. 71 3.52 4,51 3.52 6. 20 3.52 6. 03
9.171 2.54 1.75 1,68
9.96 2.65 1.83 1. 717
10. 46 2.89 2.02 1. 96
11.00 3.19 2.25 2,22
12,00 3.90 2,85 2.93
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TABLE Vill
STRAIN AMPLIFICATION FACTORS FROM THE COMBINED
FOURIER-DONNELL ANALYSIS FOR 10-DEG SEMI-ANGLE CONES

€x/Ebase
X
7075-T6 Tip Be-Cu Tip Fansteel 60 Tip
o] o) o
0 1,00 2 g-? 1.00 8 >‘<\‘ 1.00 e Oy
0.09 1.02 g [ 1.02 @ g 1.02 ® g
| | 3 I -1 o)
0.50 1.09 g 1. 09 x 1.09 &
t 5 e 5 PO
1.00 1.18 8.3 1.18 3a 1.18 g
2 + 2 + 2 -
1.33 1.21 *fn 1.21 'w 1.21 0
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