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PREFACE

This investigation was sponsored by the Defense Nuclear Agency
under Subtask Y99QAXSB21l, "Penetration," Work Unit 20, "Penetration
Support."” This study was conducted by perscnnel of the Structures
Laboratory (SL), U. S. Army Engineer Waterways Experiment Station (WES),
during October 1978 through May 1979, under the general supervision of
Mr. Bryant Mather, acting Chief, SL, and Dr. J. G. Jackson, Jr., Chief,
Geomechanics Division (GD), SL. Mr. R. S. Bernard formulated the
theory, and Mr. D. C. Creighton developed and implemented the computer
analysis, both under the technical guidance and direction of Dr. B. Rohani,
GD. Messrs. Bernard and Creighton prepared this report.

COL John L. Cannon, CE, and COL Nelson P, Conover, CE, were Command-
ers and Directors of WES during the periad of research and report prepara-

tion. Mr. F. R. Brown was Technical Director.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. S. customary units cf measurement used in this report can be con-

verted to metric (SI) units as follows:

Multiply By To Obtain
feet 0.30L8 metres
inches 0.0254 metres
feet per second 0.3048 metres per second
pounds (force) per foot 14.5939 newvtons per metre
pounds (force) per square inch 6894.757 pascals S
pounds (mass) 0.453592%  kilograms
pounds (mass) per cubic foot 16.01846 kilograms per cubic metre
pounds (mass) per inch 17.85797 kilograms per metre
pounds (mass)-square inches 0.0002926  kilograms-square metres
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PROJECTILE PENETRATION IN SOIL AND ROCK:

ANALYSIS FOR NON-NORMAL IMPACT

CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

In recent years, due to growth of the experimental data base,
development of empirical formulas, and implementation of new theoretical
and computational techniques, it has become possible to predict the
approximate motion of stable earth penetrators after normal impact in
many types of geological targets {(Reference 1-L}., Results of some non=-
normal (yawed/oblique) impact tests have also been predicted success-
fully, although the data base is small compared to that for normal impact
(References 5 through 7).

Previous analyses by the U. S. Army Engineer Waterways Experiment
Station (WES) of non-normal impact have used the Cavity Expansion Theory
(CET) for rock, and an empirical rormulation similar to Young's equation
for soil (References 5 and 8). These analyses were considered prelimi-
nary when they were first developed, and it was hoped that more credible

analyses would arise in the future.

1.2 PURPOSE AND SCOPE

The present investigation concerns the development of a generalized
analysis for oblique/yawed impact and penetration in soil and rock {or
rock-like) targets, based on the modification of previous analyses and
the interpretation of recent test data. The obJectives are (a) to
obtain external load-time histories surficiently accurate for structural
response calculations and (b} to calculate postimpact trajectories well
enough to predict the terradynamic performance and stability of a given
projectile.

The two-dimensional (2-D) penetration theory, including equation of
motion, stress distribution, and free-surface and wake separation=-

reattachment effects, was developed. The penetration theory was computer

-1
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coded into PENCO2D to make comparison calculations with experimental
data from both reverse ballistic and conventional penetration tests.
Using PENCO2D, the effects of initial impact conditions, projectile
geometry, and soil penetrability were examined in a brief parameter

study.
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CHAPTER 2

PENETRATION ANALYSIS FOR MOTION IN TWO DIMENSIONS

2.1 PROJECTILE MOTION IN TWC DIMENSIONS

Consider a rigid, deeply buried projectile (no free-surface effects),
whose motion lies in the XZ-plane,1 as shown in Figure 2.1. The rota-
tion is described by the angular velocity ) , and the translation by
X . 1 Z , the X- and Z-velocity components of the center of gravity
(CG).Z’3 For analysis, it is convenient to express the CG velocity in
terms of its lateral and axial (x- and z~) components v, and v, o

respectively:b
V. =2Xcos 8 -2 sin @ (2.1)

cos 9§ (2.2)

e

V = X sin 6 +
z

For purely axial motion (Vx =0, 6 =0), the stress distribution on
the projectile is symmetric, and the net force is in the axial direc-
tion, producing no pitch (turning) moment. The introduction of rotation
(8 # 0) or lateral motion (Vx # 0) destroys this symmetry, and it is
necessary to specify the asymmetric stress distribution in order to
calculate the resulting force and moment.

Suppose that the compressive resisting stress o 1is always normal
to the projectile surface {no tangential stresses). On any surface area

element dA , the x- and z-components of o are, respectively,

The XZ-coordinate system is fixed in the target (Fipure 2.1).

A dot above any quantity indicates differentiation with respect to
time.

For convenience, symbols and abbreviations used in this report are
I listed and defined in the Notation, Appendix C.

The xz-coordinate system is fixed on the projectile axis, with its
origin at the CG (Fipure 2.1). Equations 2.1 and 2.2 represent
the projections of the absolute velocity vector along the x- and
z-axes,

iR




o, = 0 cos n cos y 2.3)

o, =0 sin n (2.4)
&
where
v = azimuthal angle (Figure »,2)
tan n = plope of prolectile surface at a given point, with respect
to axis of symmetry (Figurea 2.1 and 2.3)
The lateral and axial force components (Flgure 2.2) acting on surface
element dA are, resecctively,
dF_ = g dA (2.5)
X x
dF_ =~ JA (2.6) :
2 % g

where dA is the differential clement of surface area. The lateral

and axial net force components acting on the entire projectile are then

- N
Fo= =l o, dA 7)
Fo= =/ a_ dA (2.8)
\
where the integral i{s cvaluated over the entire prolectile aurface.
The translationnl (CG) equations of motion are
MX = F‘ con 0 + F_ afn 0 (:.9)
Moo= -F‘ atn 0 + F_ con 0 (o010
where M i the projectile masa and X and 00 ave the components of ‘
acceleration fn the X- and U-directiona, reapectively. 'The prolectile .
fa assumed to be rigid, so the rotational equation of motion i=n ‘
“ t
0= [ 2 aF - [ x ¥, (ea11) |

10
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{a the tranaverne mazr moment of {nertia about the G, 6
the anpular acceleration, and x and 2

where [ ia

nre the lateral and axial

distances, respectively, from the G (Figure 2.1). The right-hand aide

of Fquation 2.11 ia the total moment exerted on the projectile about

ita CG, and the integraln are evaluated over the entire avea of the
proJectile aurface.

N

@ OTREXS DISTRINMITION FOR
ROCK AND CONCHETE

For penetration {nto concrete and intact rock (Appendix A), the

net force on the pruolectile can be caleulated approximately from the
following normal stresa distribution:

i
1JW30W *}vﬂw) T “‘;(\

(2

= uneenfined comprearfive strength of intact target materinl oo~
p = target mara denaity

<
i

abaolute loeal velocity of a glven point on projectile surtace
{Figure 2. 3)

vn outward normal component of v (Figare S0 D)

Pefined in terms of V‘ o Vo p v and 2, the quantitien v and

v Ri'e
n

N YA
=V + 20) SRR
v [7. (Vx () l (a11)

11 necenaary, minor corvectionz to Y enn be made for the quality
off the rock or for the maximum ngereeate 2ize in the conerete

(Appendix AY. Ay set of unita can be uzed in FBquat fon 010 bat

they muat be dimensionally compatible (eog., alugn, feet,
aeconday,
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v, " Vz sin n + (Vx + 28) cos n cos ¥ {2.14)

It is assumed that a given surface element must have a net motion into
the target material to produce a resisting stress; hence, ¢ vanishes

vhen Vo < 0 in Fquation 2.12.

2.3 STRESS DISTRIBUTION FOR SOIL
For penetration into soil (Appendix B), the net force on the \
projectile can be calculated approximately from the following normal

stress distribution:6

S2 v n -

9= (2.15)

(
0.625 u /"_n*g.lgv 5 'nys9yzt
Sr v S PV '
P

wvhere

= 1.96 * 10° 1b/ft, constant'
6 ,.2 2,7

6.25 x 10" 1b"™-sec”/ft

1.56 x 10° 1b/1t3, constant

Young's S-number (Appendix B), soil penetrability index

local cylindrical radius at a given point on the projectile

surface

Z = vertical depth of a given point on the projectile surface,
measured from the target surface

s, constant

0N < o«
L I |

e ]
3
[ ]

The expressions for v and v, are 8till given by Fquations 2.13 and
2.1k, respectively; and the requirement that Va >0 for g >0 applies

in soil as well as in rock or concrete.
The quantities u , B8 , and y are constantsa, independent of soil

6 Any set of dimensionally compatible units can be used in Fquation 2,15,
7 as long as all quantities are converted to those units,
A table of factors for converting U. S, customary units of measurement
to metric (SI) units is presented on page 6.

- nn e e
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type and projectile characteristics. Thus, the only parameter charac-
terizing the soil is Young's empirical S-number, which can be obtained
for a given target from previous penetration data or from correlation ;
vith geological descriptions (Table B.1l).

2.4 WAKE SEPARATION AND REATTACHMENT

Flash X-ray photographs and two-dimensional (2-D) finite-difference
calculations have shown that loss of contact between target and projec-

tile occurs somewhere on the nose, while reattachment may or may not

occur on the aftbody. The current analysis is not sophisticated enough
to predict the actual onset of separation. Nevertheless, it is neces-
sary to include a simple model for the kinematics of wake separation,
especially when 2-D projectile motion in soil is investigated.

It is assumed that there is a minimum angle of approach, or wake

IR A R S :‘-‘?

separation angle, ¢min required between the target and the projectile

5

Bo

contact surface (Figure 2.4) in order for contact to be maintained.

For a given surface element, the local angle of approach ¢ 1is deter-

O e as

*

mined by the instantaneous orientation8 of the projectile such that

T

v
n

sin ¢ = 7~ (2.16)

where V 1is the CG velocity and Vn is its outward component normal
to the projectile surface, given by

LA DG TG UL

V. =V,sinn+ V cos ncos ¢ (2.17)

Thus, separation occurs whenever ¢ :-¢min s, i.e., whenever the local
angle of approach is less than the wake separation angle.9 ¥

Separation is only part of the problem; reattachment may or may

8 The rotational velocity 8 1is not considered in formulatirg the

criterion for wake separation. This quantity does, however, play
9 a strong role in wake reattachment.

For the case of no yaw (no angle of attack), Equation 2.16 reduces
to sin ¢ = sin n .,

13
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not occur, depending on the relative motion of the wake and the aftbody
downstream of the separation point. It is expected that the wake separa-
tion angle ‘min will generally be small (<1C degrees), in which case
the angle of attack a required to maintain contact will also be small.
In any case, reattachment will be analyzed based on three assumptions:

1. Constant axial velocity (Vz)

2. Constant angular velocity (8)

3. Constant angle of attack (a)

Obviously, these three quantities change as the projectile penetrates
into the target. Nevertheless, if the quantities do not vary rapidly,
the quasistatic approximation is adequate.

The cavity formed by the wake is a gently curved cylindrical tube
of increasing radius (with time), and the projectile rotates inside
this tube as it travels forward. The curved axis of the cavity is
fixed in the target, and aftbody reattachment occurs wherever the
projectile rotates into the cavity wall (Figure 2.5).

Disregarding any stresses that may oppose the radial expansion of
the cavity, conservation of mass and incompressibility in the target

requires that

r r_ = constant (2.18)
¢ e

wvhere rc is the local cylindrical wake-cavity radius. Evaluating
Equation 2.18 at the separation point, it then follows that

' s
r T, *T, v, tan ¢ . (2.19)

vwhere ro is the projectile radius at the separation point. For small

values of ¢min
n= °min (Figure 2.4). Furthermore, for straight- and tapered-aftbody

projectiles, r, is approximately the radius at the base of the nose,

, ro is approximately the radius corresponding to

Denoting axial distance aft of the nose tip by ¢ , time deriva-

tives can be related to Vz and ¢ by the transformation

1k

s N a2k s

e "~ vaem e

5 S e e A
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and Equation 2.19 reduces to

drc
T T T tan ®in (2.21)
for which the solution is
2
J So) tam e s T 2T (2.22)

vhere C _is the value of § at the separation point. For [ < C .
the cavity radius is the same as the projectile radius, since no 1oss
of contact has occurred.

Using Equation 2.20 again, the differential equation for the
latersl displacement & of a point on the projectile axis, relative
to the cavity centerline (Figure 2.5), is

a8 _ .y 48 :
& - Vzdg -ty ¢ (2.23)
Treating Vz and 8 as constants, the solution for 4§ is
24
E-z,) AR (2.24)

The initial displacement 50 =7 sin a is the displacement due to the
angle of attack a (treated here as a constant),lo so Equation 2.2h is

replaced by

10 It is assumed that small attack angles do not significantly change

the cavity geometry. Thus, if 6 = 0 , the cavity centerline will
be straight; but if in addition a # O , the projectile axis will
be skewed relative to the cavity, producing displacements 6 =

; sin a between the projectile axis and the cavity centerline

15

Best Availabie o,

4

I

A A ek e ea

SOy




1 28
6§ = 2 (C - Co) Vz + 7 sina (2.25)

where

v
z

v ¥
a = -tan"t (-—’£> (2.26) '

At any point on the projectile surface aft of the separation point, the

eriterion for no contact isll

1 28 ‘f 2 _ 2 L] kL3
5 (c - zo) vz + 4 sina - rp cos ¢ < LA sin” v , IV
(2.27)
1. 28 2 2 2 T e Y
r, cos -3 (. - Co) v~ %8lnacx \lrc - sin” v ., -39 <3

Hence, if ¢ :-omin and Equation 2.27 are satisfied, there is no con-
tact, and ¢ = 0 ,

The foregoing analysis is only a rough method of accounting for
wake separation and reattachment using a single input parameter, the
vake separation angle ‘min . Nevertheless, this analysis does make
it possible to assess the relative effects of separation and reattach-

ment on projectile stability, as will be shown in Chapter 3.

2.5 FREE-SURFACE EFFECT

In brittle materials, such as rock and concrete, a crater is always
formed during (or just after) impact. Postimpact inspections in rock
(Reference 9) indicate that these craters may be as much as 10 projec=

tile diameters across at the target surface. The crater width decreases }

11 Figure 2.6 presents a rear axial view of the projectile and cavity

cross sections at an arbitrary location aft of the separation point.
The figure is valid only for small displacements, f.e. § << .

g ——— -
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rapidly with depth, however, approaching a value equal to (or slightly
less than) the projectile diameter after a few calibers of penetration.
The same phenomenon occurs in soil, though to a lesser extent than in
rock, since soils are more ductile than brittle in behavior.

For normal impact or for near-normal impact with slight yaw, it is
not necessary to account for the cratering phenomenon (i.e., free-
surface effect) in calculating the loads on the projectile with the
current analysis. On the other hand, for oblique impact with no initial
yaw, the free-surface effect is probably one of the dominant mechanisms
creating an unbalanced lateral force on the projectile, especially in
rock and concrete. Thus, for analyzing non-normal impact in general,
the presence of the free surface should be acknowledged, even if only
by a crude representation of its effect.

The influence of the free surface is modeled herein with an on-off
stress criterion, governed by the location of a given projectile surface
element dA with respect to the free surface (Figure 2.7). Whenever
the radial distance from the projectile axis (through JA) to the free
surface is less than some prescribed value rg ,12 then the stress on

dA 1is set equal to zero. Quantitatively, this condition is expressed
by setting o = 0 whenever

o]
ZCG +2cos 8 <r, sin @ cos ¢ (2.28)
vwhere ZCG is the vertical distance from the free surface to the CG.
Assuming ry to be directly proportional to the local projectile radius
rp , Equation 2.28 is replaced by the stipulation that o = 0 whenever

2.29
ZCG + 2z cos 6 < krp sin 8 cos ¢ ( 9)

where the free-surface parameter is

12 ry 1s the maximum perpendicular distance from projectile axis,

through dA , to target surface for which stress relief due to the
free surface can occur.
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r A}
k= _;3_ = constant (2.30)
P

This model for the free-surface effect produces a stress distribu-
tion that may be partially or completely turned off on the top side
(=*/2 < y < #/2) of the projectile, depending on the geometry, depth,
and orientation with respect to the target surface. The deeper the
penetration and the more vertical the orientation, the smaller the
influence of the free surface on the lateral loads.
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Figure 2.2 Three-dimensional view of projectile.
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Figure 2.7 Projectile orientation with respect
to free surface.
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CHAPTER 3

CALCULATIONS AND FXPERIMENTAL DATA

3.1 BACKGROUND

Detailed information concerning non-normal impact effects is scarce,
mainly because additional parameters that go beyond those important for
normal impact are involved. In the latter case, the important quantities
are the wveight, size, and geometry of the projectile; the impact veloc-
ity; the final depth; and the axial deceleration record. For non-normal
tests, however, the additional important parameters are the moment of
inertia and CG of the projectile, the lateral comporents of the impact
velocity, the 2- or 3-D trajJectory (including projectile orientation),
and the lateral components in the deceleration record.

Usually, the only way to obtain all this Information is by con-
ducting a reverse ballistic test (RBT). Still, if the projectile
parameters are known, much insight can be gained Frém knowing only the
impact conditions and the final position, particularly with regard to
stability.

" In this chapter, comparisons will be made between cn]culutions1 and
teat results for RBT's and conventional penctration testa. The main pur-
pose will be to investignte the general credibility of the analysis and
the parameters used therein. Although the data are too few to A;hieve
the degree of verification that can be obtained for normal impact, there
are st{ll enough benchmarks available to check for unreasonable predic-
tions. With this done, some credence can be given to the parameter

study in Chapter 4,

3.2 REVERSE BALLTSTIC TESTS IN SANDSTONE

Tn 1977, Sandia Laboratories conducted four DNA-sponsored RBTU''a (n

aandstone. A completc deascription of the tests la given in Reference 10,

> The PENCO2D computer code, which solves the penetration problem in two

dimensiona, using the analynis pregsented In Chapter 2, was used for
all calculationa reported herein.
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and the processed data are presented in References 11 and 12, Two of
the tests (Nos. 2 and 3) were done at a 3-degree attack angle, and one
(No. h) at 20 degrees obliquity (no angle of attack). The impact veloc-
ity was approximately 1500 ft/o in each case., Nominal target properties

are

o = 130 1b/rt3

Y = 3400 pai
Rock quality Jdesignation (RQD) = 100

A scale draving of the projectile {8 ahown i{n Figure 3.1; the projlectile

3
parameters are”

length (L) = 18.15 in
Weight (W) = 9.h8 1b
Diameter (D) = 1.9 in
Calider radiua head (CRH) = 6,00 (beveled tip)

I ® 21,9 1b=in®

For each case, the load distributfons on the prolectile, calculated

using the PENCOOD computer code (with ocutput modificationa), have been
used as input to a dynamic atructural-response code (WHAMY) ly

T. Belytnchko.3 Predictions were generated for accelerometer and strain-
gage outputa, samples of which are compared with teant results in

Figures 3.2 through 3.7. In the WHAMG calculationa, the accelerometers
indieated In Figurea 3.0 and 3,3 were located on the axia, 16.3% Inches

from the nore tip. The atrain gage wan on the cutatide

»

" The unita ahowm were chosen tor conventence of expreasion, In cal-
culationa they muat be converted te a compatible nyntem {(e.g., aluga,
feet, aeconda),

Personal communfeation, received March 1979, from T. Relytachko, Ine., 3
Chicago, 111,, to R, Rernard, Geomechanics Diviaston, Stracturea 3
Laboratory. \

oh

¢
i




EOmAA S, - Ot Fm

v e A A

e S e e -t

bottom (¢ = ), 9.6 inches from the nose tip. !
For the 3-degree attack angle calculation, there is clearly a
phase difference between the calculated and measured lateral accelern-
tions (Figure 3.2), the cause of which is not yet understood. Also, the
initial positive peaks in the calculated results are somewhat low, but

the later negative peaks are in fair agreement with the test data.
Better agreement exists for the axinl decelerations (Figure 3.3). Fair
agreement is obtained for the strain gage output (Figure 3.4}, although
the initial negative strains are somewhat underpredicted.

For the 20-degree obliquity calculation, the calculated results are
in much better agreement with the test data (Figures 3.5 through 3.7),
although the phase-difference problem is still apparent in the lateral
acceleration (Figure 3.5) data and the strain gage cutput (Figure 3.7).

In using the PENCO2D computer code to generate the input for

Belytschko's WHAMS calculations, the free-surface parameter was get at

e Ay ¥ T -] A TN <

k = 8 , and the wnke separation angle was set at °min = 0 ., These
values were chosen after examining the effect of varying k and ¢min
in WES predictions for total lateral force and pitch moment (Figures

3.8 through 3.13).h

tration-crater measurements in sandstone (Reference 9), and the ¢min = 0

The value k = 8 i3 reasonable in light of pene-

value is reasonable, since the wnke separation angle should be small in
hard targets.

In order to examine the effects of attack angle and obliquity on
lateral load and pitch moment in the WES theory, a series of c¢alculations
has been made using the 3= and 20-degree RBT's as bazeline cagses. The
results are shown in detail in Figures 3.1l through 3.17 and summarized
in Figures 3.18 and 3.19. A similar series of calculations was made,
varying the target strength for the 3-degrece KRT. The results, shown
in Figures 3.20 and 3.2, indicate that the {nitial peaks in the lateral
force (at 0.12 ms) are much more dependent on strength than are the

later peaks (at 0.7 to 0.8 ms). The reason for the simtlarity in the

Variation of k thas no discernible effect on the 3-degree RBT
calculation.

N
1




later peaks can be seen by examination of the lateral force distribution
(per unit length) at 0.7 ms (Figure 3.22). The amplitude of the force
distribution is a strong function of the atrength, but the positive and

negative contridut{ons are guch that there is little difference in the
net lateral force at 0.7 ms.

3.3 FULL-SCALE PENETRATION TESTS IN SOIL

Sandia Laboratories haa conducted at least four full-gcale soil
penetration tests that are suitable as benchmarks for the WES 2-D pene-
tration theory. Two of these tests, Nos. R800915 and R800916 (Refer-
ence 13), were conducted in the Pedro dry lake site on Tonopah Test
Range (TTR). The other tests, Nos. RU5U025-22 and RU5L025-23 (Refer-
ence 14), took place in the Antelope dry lake site on TTR. Pertinent
information for all four tests is summarized in Table 3.1, and Young's
S-number profile (Reference 1U) for the Antelope site is given in
Table 3.2.

Using the information given in Tables 3.1 and 3.2 as input,
calculations have been made for the penetrator trajectories. The re-
sults are compared with the Sandia test data in Figures 3.23 through
3.27.

Calculations for tests R800915 and R800916, presented respectively
in Figures 3.23 and 3.2h, show the effects of varying the wake separa-
tion angle. Here the experimental results are inconsistent. The tests
vere identical except for a 20 percent difference in impact velocity,
yet there was a 500 percent diffTerence in lateral (horizontal) displace-
ment.5 One of the reasons for the discrepancy may have been a differ-
ence in the amount of wake geparation in the two teats. Separation
alone, however, is not enough to account for the difference, since even
the calculation for Omin = 0 predicts 8 feoet of lateral displacement

for test R800015., In theme calculations the free-surface parameter was

-
’ The average vertical penetration resistance apparently was the same,
because the depths can be calculated with same S-number.
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set at k = 0 , due to its lack of influence on near-vertical impact
problems.

Test RL54025-23 is a good example for assessing the effects of the
free.-surface parameter independent of the wake separation angle effects.
Here the initial obliquity is large, and k and Omin both influence
the calculated trajectory (Figures 3.25 and 3.26). PFor this test the
best simulation of the observed trajectory is obtained for k = 4 and
¢min = 0 .6 Nevertheless, it is clear from the calculations that the
wake separation angle has a much stronger influence than the free-
surface parameter, even for large obliquity.

Test RU5L025-22 was conducted with a shorter projectile (L/D = 8)
than the other three tests (L/D = 10). In this case, the penetrator
impacted at 30 degrees and rotated 80 degrees before coming to rest 13.5
feet below the target surface, With the free-surface parameter set at
k = 4 , calculations made for different values of the wake separation
angle (Figure 3.27) indicate that a value of $rin = L4 degrees best
reproduces the observed final position of the penetrator.

In other (normal impact) tests! in the Antelope site, Sandia has
found L/D = 10 to be significantly more stable than L/D = 8 (Refer-
ence 14). For comparison of the two projectiles in this study, calcula-
tions were made for the shorter projectile {from test R4S5L025-22) using
the S-number and impact conditions of test R800916, setting k = 0 , and
varying $rin * The results (Figures 3.28-3.31) indicate that the
stability of either projectile is strongly dependent on the value

selected for the wake separation angle,

67To simulate the test conditions (Table 3.1), the calculation was
7 started with the nose tip at 2 = 8 inches .
8 = 2 degrees, a < 0.5 degrees,
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Table 3.2.

S-number profile for TTR
Antelope Dry Lake site.®

Depth, ft
From  To_
0 27
27 35
35 50
50 80
8o 85
85 109
109 1710
170 @

S-number

205
5.5

11.5
13-5

8 Prom Reference 1.
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Figure 3.8 Calculated lateral force for different values :
of free-surface parameter, Sandia/DNA RBT, i
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free-surface parameter, Sandia/DNA RBT, 20-
degree obliquity.
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degree obliquity.
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Figure 3.12 Calculated lateral force for different values

of wake separation angle for Sandia/DNA RBT,
3-degree attack angle.

WAKE SEPARATION ANGLE ¢, OEG

10 g

——— ()
sesosacoassaae 2
———
- — o )

[ ]

- Sk~

] ol

z ,’ ‘\

L /’ ./‘.\

e

Y .

z 0 ~

4

3

Q

3

p 4

3]

-

T sk

-10 | 1 L | 1 J
M) 0.2 0.4 [+X ] o.8 1.0 1.2
TIME, MS

Figure 3.13 Calculated pitch moment for different values of

wvake separation angle for Sandia/DN.: RBT, 3-
degree attack angle.
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Figure 3.14 Calculated lateral force for different values

of obliquity, Sandia/DNA RBT.
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Figure 3.15 Calculated lateral force for differ-
ent values of attack angle, Sandia/
DNA RBT.
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Figure 3.16 Calculated pitch moment for different values of
obliquity, Sandia/DNA RBT.
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Figure 3.17 Calculated pitch moment for different values of
attack angle, Sandia/DNA RBT.
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Figure 3.18 Variation of maximum
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Figure 3.20 Calculated lateral force for different values
of target strength, Sandia/DNA RBT, 3-degree
attack angle.
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Figure 3.22

Calculated lateral
force distribution
for different values
of target strength,
Sandia/DNA RBT, 3-
degree attack angle.
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