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I. INTRODUCTION

A need exists for improved capabilityv to predict the performance
of vehicle armor attacked by kinetic energy projectiles. To this end,
the Ballistic Research Laboratories (BRL) have been engaged in experi-
mental work, including a large number of test firings under the Vehicle
Armor Technology Project. Full scale firings of anti-tank rounds are
extremely costly compared to small-caliber firings, so scaled-down
firings present the possibility of great savings. The detailed analy-
sis involved in modeling the perforation of multiple plate targets, in-
cluding back--face spall and projectile breakup, has not bcen attempted,
and no sub-scale experinents have been performed to date to ascertain
the range of validity of scaling laws so derived.

To study problems of scaling and experimental design related to
high velocity impact of kinetic energy projectiles againet multiple
plate targets, BRI has contracted with SwRI, The objectives of this
contract are to derive sceling relationships and design experiments to
demonstrate whether or not modeling methods will permit prediction of
terminal ballistics effects in prototype firings of high length-to-
diamerer ratio (10/1 to 20/1) rods of two typez of projectile moterials
against oblique, parallel, spaced steel agrmor targets, based on experi-
mental data from similar models atr different scales., Thls report pre-
sents the results of the study.

The prototype (full-scale) conditions which are to be modeled are
typified by the penetration of long rods into spaced steel armor tar-
gets at ordnance velocities up to 1830 m/s (6000 ft/sec) at various
obliquities and various combinations of armor thicknesses and spacing.
A typical projectile geometry is a right circular cylinder with a heni-
spherical nose having length-to-diameter (L/D) ratio between 10 and 20
and a mass of 3 kg. 1t can bhave an attached windscreen of 2 different
material and tins of a differert material. Projectile penetrator ma-
terials are materials of high density and high strength, such as a heat
trecated tool steel, a heat treated uranium alloy. or a sintered tung-
sten alloy. Prototype targets usually consist of parallel, spaced
arrays of flat steel armor plates of high strength, high elongation
alloys. The armor material may either be essentially homogeneous and
Ilsotropic or have significant inhomogeneity and anisotropy.

For the types of projectilies, targets, and impact conditions con-—
sidered in this study, a large number of physical, material and geo-
metric parameters are needed to completely characterize the processes
of interaction of projectile and target. In general, both target and

projectile erode, deform elastically and plastically, and/or break up.
Tn at least part of the nenetraticen process, both projeetile and tar

get materials are subjected to stresses far exceeding vield and behave
hydrodynamically. 1Intense plastic or elastic waves are generated in
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penetrator and target, and gross deformations and breakup can occur
during the penetration of successive plates in the spaced armor targets.
Many more geometric parameters are needed to define impact conditions
for these relatively complex projectiles and targeis than for armor-
piercing projectiles of older design versus monolithic armor. These
and other parameters are considered in the model analysis.

A basic question in experimental validation of any physical the-
ory of penetration and breakup, or in validation of a model analysis
and inferences drawn from the analysis, is, "How can I prove the theory
or model analysis by experiment?" To answer this question, one must
invoke statistical methods because there is always scatter or variation
in the results of experiments, whatever the scale of the experiments.

As applied to modeling projectile penetration, an example is the experi-~

mental determination of curves of striking velocity versus limit ve-
locity.*

A model law can usually be phrased as a prediction that some di-~
mensionless parameter related to striking velocity determines another
dimensionless parameter related fo limit velocity, provided a host of
still other dimensionless parameters are held constant. Statistical
testing of appropriately scaled model and prototype test data can be
used to validate the model law or determine the range of scaled param-
eters over which it is valid. Such statistical methods of comparison
are discussed in this report.

The following section presents the background of this problem and
covers past work in modeling in penetration mechanics. Then, in Sec~-
tion IIT we give a thorough model analysis of the problem outlined in
this section, an extended discussion of physical parameters chosen as
significant, and of the implications of the simiiarity (model) analyses.

Section 1V covers a discussion of the results of the model analy-
sis and statistical techniques. Design of experiments which we believe
necessary to test the model law or laws is covered in Saction V. A
list of references complctes the report.

*
Limit velocity is the velocity for threshold of complete penetration
of armor by a projectile.




I7, BACKGROUND

Studies of penetration mechanics, both experimental and theoreti-
cal, are numerous and ancient. They cover a wide spectrum of types of
penetrator, impact conditicns, and targets. Penetrators can be jagged
fragments, cubes, spheres, 'conventional" cylindrical projectiles with
L/D ratios of 3 or less and various nose shapes, or slender projectiles
of L/D greater than 10. Impact velocities can range from less than
100 m/s to over 1500 m/s, depending on type of penetrator and target.
Targets can be very '"soft" (human beings or thin sheet metal), of medium
"harduess" (earthworks or reinforced concrete bunkers), or very "hard"
(monolithic or spaced tank armor). Because the physical processes gov-
erning penetration for almost any combination of penetrator and target
are very complex, most theoretical and many experimental studies are
limited to specific penetrator-target combinations and velocity regimes.
The state of the art of even the most sophisticated computer programs
for prediction of high velocity penetration is still limited to axisym~
metric projectiles impacting monolithic targets at normal obliquity.l’2

Because accurate theoretical studies are difficult, most of pene~
tration mechanics is based on experiment. The number of terminal bal-
listic tests conducted over the years, with different combinjytions of
projectiles, impact conditions, and targets is probably beyond counting--
and they still continue as '"new" combinations are conceived and tested
by ordnance specialists. Many of these tests have been conducted full
scale, at great expense in money and time, for large caliber projectiles.
All too often, the tools of model analysis have been ignored in compar-
ing tests at different calibers, or as a design tool to predict perfor-
mance by sub-scale testing prior to full-scale testing.

. y )

There appears to have been little application of scaling principles
to penetration mechanics prior to World War II. But, terminal ballis-
tic studies of penetrations into steel plate and reinforced concrete
slabs sponsored by National Defense Research Council (NDRC) during that
war were obviously guided by scaling considerations. Curtis3 stated
that dimensional analysis indicaied perforation formulas for armor-
piercing projectiles against plate should have the alternate forms:

. :
—']3*=Cf(%,9) (1a)
d

or
o
i)



where
c=2g r

In these equations,

el = limit enevgy = minimum energy required for
perforation

W = projectile weight

Vz = 1limit velocity .

d = maximum projectile diameter (caliber)

t = plate thickness

c = measure of strength of plate material expressed

as force per unit area

g = acceleration due to gravity
t P

f(z . 6) = a general function of 1 and 8

) = angle of incidence

Curtis called the parameter (WV%/d3) the specific limit energy. His

analysis was limited to non-deforming projectiles, and it therefore in-
cluded no strength properties of the projectile. An empirical plot from
Reference 3 shows some data for small caliber projectiles fired versus
various scaled thickness of armor (Figure 1). Curtis notes that there
is a minor "scale effect,” i.e., a contradiction to Eq. (1), with a
slight tendency for specific limit energy to decrease as projectile
caliber increases. He suggests that this deviation from scaling may

be connected with the occurrence of inclusions in the armor. He dis-
counts strain rate effects and differences in basic strength properties
of thick and thin plates as explanations of the "scale effect."

Following the World War II work, it apparently became common prac-
tice to report penetration and perforation data for armor-piercing pro-
jectiles in terms of projectile calibers, as typified by an extensive
compilation by Killian.4 Separate plots are provided in Reference 4
for each type of projectile and impact obliquity, for homologous pro-
jectiles. Killian defines homologous projectiles as ones with weights
varying as the third power of their diameters and lengths varying as
the first power of their diameters. He apparently tacitly assumes nose
shapes to be similar. (We would use the term "geometrically similar"

4
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rather than "homologous" in this context because homology can apply to
variables other than geometric ones.) A typical plot from Reference 4
is shown in Figure 2. The abscissa is identical to that in Figure 1,
but tho ordinate is now simply the limit velocity, which can be obtained

from the term (wvi/d3) under the assumption that W is proportional to

d3 and by taking the square root.

A rather comprehensive discussion of modeling in penetration me-
chanics is given by Baker, Westine and Dodge in Chapter 8 of Reference 5.
These authors use the definition of regions of impact of Summers and
Charters,® as follows:

(1) Low velocity region - undeformed projectile,

(2) Transition region - significant to great projectile
deformation,

(3) Fluid impact region - projectile completely melted
and/or vaporized.

They then present model analyses for projectile impacts as typified by
the geometry and properties of Figure 3, for all three impact regions.
As an example, Table 1 is a list of physical parameters which were con-
sidered important in the transitional regior, and Table 2 is a resulting

set of dimensionless parameters from the model analysis. Term ﬂ14 is

the dimensionless equivalent of a limit velocity, while term "15 is the

projectile penetration or perforation in calibers. A number of constitu-
tive properties for both projectile and target enter the similitude anal-
ysis, and these in turn appear in many pi terms in Table 2. A type of
shorthand notation is also used in terms such as ci and Si’ implying

ratios of components of stress tensors to a basic quantity with dimen-
sions of stress. This in turn implies complete constitutive similarity.
By contrast, Curtis's model law in Eq. (la) or (1b) includes a single
constitutive property for the target materlal, so that his parameter

C is probably the counterpart of S in the analysis of Baker, et al.>
Note also that projectile weight W and acceleration of gravity g do not
appear explicitly in Table 1 or Table 2. Instead, enough geometric
parameters are included to completely define projectile volume, and
projectile density is also listed. The projectile mass M is scaled in
Table 2, where®

*
The insertion of g by Curtis in Eq. (1b) introduces a parameter which

should not enter this scaling law. Projectile mass is important in
this problem, not welght, and the acceleration of gravity has no bear-
fny, on this problem,

f
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TABLE I. LIST OF PARAMETERS FOR PROJECTILE IMPACT--

TRANSITIONAL REGION

Variable

Caliber of bullet

Length of bullet

Nose radius of projectile
Angle of projectile nose
Angle of obliguity

Density of projectile
Velocity of projectile
Thickness of target

Density of target
Temperature of target
Specific heat of target

Heat of fusion of target
Temperature of projectile
Specific heat of projectile
Heat of fusion of projectiie
Ultimate stress of target
Cltimate stress of projectile

Other =tress or strength rates
of target

Other stress or strength rates
of projectile

Strain

(5)

Fundamental
Symbol Dimensions
4 L
L L
r L
a —
8 -
2,.4
FT°/L
Dp /
A" L/T
h L
2, 4
Py FT°/L
6 fa)

t 2 3
c L~/eT°
nt L2/T2

t
6 6

P 2,..2
c L.°/8T

p )
np L°/T
s F/L*
G F/L2
s, F/L*

bR
o F/L°

4 et o el ot e

e
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TABLE 2. PI TERMS--PROJECTILE IMPACT IN THE
TRANSITIONAL REGION(S)

= o

= 8

= L/d
= r/d
= h/d
= pp/pt
= £

= G/S

= Si/S
= Ojlls'

= ep/et
= np/nt
= cp/ct

- pl_/zv/sl/z
t
= Dtetct/s

= ptnt/s

10

Geometric
similarity

bl n,m-:.n;‘l...L.*L..‘.m.J:.‘A-‘HMﬁhmlum.‘r‘;ﬁmmm;&MM.@E&MHMWMW oo 5 e B it o el s

Similar density
ratios

wb dibidatdne diise

Constitutive
similarity

Similar
temperature

Similar heats
of fusion

Similar specific
heats

Energy ratios
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M=H' ' (2)
4

Baker, et al.,5 note that a replica model law is consistent with Table 2,
implying that all material properties must be kept identical and all
geometries must be scaled by the geometric scale factor in model and
prototype. If this is done, scale factors for all physical parameters
in Table 1 are as shown ir Table 3.

Baker, et al.,5 note that the law given by Table 2 is a rather
general one snd includes model laws for the low velocity region and the
high velocity fluid impact region as special cases. In the high veloc-
ity region, they note that alternate forms of the last three pi terms
in Table 2 are

2
. _ v
14-a n,
0, ¢
1 T
ﬂlS—a - n T (3
t
l = 2
16-a ptnt
J

and that ﬂlS-a is essentially a constant for all metals, and so can be
dropped from the analysis. The Si’ Oi and S/ptnt are dropped from the
general soulution because mechanical strength 1s unimportant for high
velocity impacts. This procedure gives Table 4.

Subsequently, it is demonstrated that ctei

for most metals, making T15-q DO problem. Finally, data are used to

/nt is almoust constant

show V2/nt is Vz/az, or the square of the Mach Number. Data from the

literature are given in Reference 5 to show the validity of this law.
The authors of Reference 5 also show that many of the low velvucity em~
pirical penetration equations available in the 1literature are of the
form

01./2 v P
t S

i/ = f { veometric similarity, =, =& (4)
s 9Py

As an example, the left hand side of Eq. (1b) can be written

11
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TABLE 3. REPLICA MODELING LAW IN

TRANSITION RANGE ") |

|

Variable Symbol Scale Factor B
Geometric lengths a,L,r,h A E
Angles o B 1.0 5
Stress o,8 1.0 §
Strain € 1.0 j
<3 9 I
Density 7 pt,pp 1.0 ]
Velocity v 1.0 %
] i
Temperature et,ep 1.0 ]
Specific heats ct,cp 1.0 i
Heats of fusion ne/M 1.0 ]
i

TABLE 4, PI TERMS--HIGH VELOCITY IMPACTS

of metal relative to energy
to cause ligqucfaction

i

B ]

o= a I |

n = B

LA = L/d r Geometric similarity :

ﬂ4 = r/qd

L ‘ = h/d )

e = pp/pt Similar density ratios ;

, i

™ = ep/et Similar temperatures ;

]

C

L = np/nt Similar heats of fusion ;

Ty = cp/ct Similar specific heats . :

|

i

Tgeg = \Y /nt Normalized velocity of impact i

i

Mgey = etct/"t Energy to raise temperature 2

|

i

1

!

12
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Wy MV PV Py
3, - 3,— 3. s ©)
d”2gc d”2c da’s v

This is the square of the left hand side of Eq. (4).

References on scaling of penetration mechanics in the transition
and fluid impact regions, other than the few cited in Reference 5, are
scarce. Dienes and Walsh/ use dimensional analysis to reduce the set
of differential equations governing hypervelocity impact phenomena to a
smaller set before computer solution. Some data on small-scale Bearcat®*
steel penetrators with (L/D) 10 against single and triple aluminum
plate targets are reported by Wenzel and Hokanson,8 but no model proto-
type cowparisons are made.

[

Bearcat is a registered iradewark of Dethlehem Steal fo

thelr patented formulation of AISI-~S7 tool steel.
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ITI. MODEL ANALYSIS

A. Choice of Physical Parameters

In conducting a model analysis of the penetration of spaced armor
by long rod penetrators, the first (and probably most important) step
is the choice of physical parameters which are felt to be important,
and the listing of their dimensions. Because the penetrator and target
are both of complex geometry and because the impacts are occurring in
the fluid flow and transition regions discussed earlier, a large number
of physical and geometric parameters are needed to characterize the
problem. Rather than simply listing the parameters we feel are impor-
tant, we present here our rationale for inclusion or omission of each
property or group of properties. (To keep the number of paraweters
within bouds for this complex problem, we wili freely employ the short-
hand notation of a symbol with a subscript "1" for similar physical
quantities having the same dimensions.) The fundamental dimensions used
for the various quantities are force (F), length (L), time (T), and
temperature (8). We conld just as e¢asily and accurately use mass (M)
in place of force, bui the (F, L, T, 8) set of dimensions will suffice.*

Let us first cover those quancities which describe the geometry
of the problem. Figure 4 shows the geometry of a typical long rod pro-
jectile just prior to impact on spaced armer. Let "d" mean "dimension-

ally equal" or "has the dimensions of," and (-) mean "dimensionless"
then the projectile is impacting w1th a striking velocity V (L/T),

whose direction makes an angle B (=) to the surface of the tirst plate
in the plane containing the target normal and velocity vector. The

projectile flies at some yaw angle component 61 = (-) in this piane

(pitch) and some¢ yaw angle component normal to this plane, 62 d (=),
with respect to the impact angle 8, Definitian of projectile geometry
geometry requlres a large number of lengths Q (I) and angles

a, * ( -), some of which are shown schematigally in Figure 4. We also

choose the diameter d (or caliber} of the main body of the finned pro-
jectile as a particular characteristic length. The geometry of the
target, which consists of parallel, flat armor plates of various thick-
nesses and spacings, 1s fixed by specifying a characteristic thickness
h of the first layer, thicknesses of other layers hi’ and spacings of

*

Tor reasons which will be discussed later, a dimensional constant such
as the mechanical equivalent of heat must appear in the list of param-
eters when O is listed as a fundamental dimension.

14
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layers x,, all with dimensions of length L. So, we list ten geometric

parameters. The important consideration is not the exact number of

such parameters which we include, but is instead the inclusion cof enough
lengths and angles, either explicitly or implicitly by the shorthand
subscript, to completely fix the geometyy of projectile, target, and
impact.

We are also interestad in some geometric parameters after impact,
and this geometry is almost certain to be very complex because the pro-
jectile can break up as it penetrates the spaced armor, and the armor
can spall, A number of jagped pieces will be flying about in various
directions, and exact description of this geometry does not seem possible.
Instead, we assume that enough detail can be given by inclusion of the
parameters r d (L) for characteristic mean (linear dimension) of pro-
jectile or spall particles, number of particles N g (-), distribution
functions fi d () for sizes or masses of fragments, and Yi 4 (-) for

fragment trajectory angles. The actual number of parameters included
in fi and Y, may be huge.

Let us next consider material properties. Tn the model analysis
of projectile impact in the transition regiond discussed in Sectiun 11,
a number of material properties for both projectile and target were in-
cluded. We must include at least as many parameters in this analysis
and may have to add more. The properties which we feel should be in-

cluded are:

(1) Dynamic constitutive properties, including wave
transmission properties

{2) Fracture toughness
(3) Hugoniot properties
(4) Other continuum properties

(a) Densities
(b) Heat capacities
(c) Heats of fusion

(d) Heats of wvaporization

(5 Microscopic properties

’ A
(a) Grain size

1)) Flaw size

(c) General microstructure, expressed as length ratios
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Dynamic constitutive properties of metals under rriaxial states
of stress, high strain rates, and for large plastic deformations up to
fracture, are all involved in this problem. Complete definition of
these parameters wnuld require a very large number of parameters because
nine components of stress tensors and strain tensors are required, as
well as yleld and rupture criteria involving invariants of stress ten-
sors, But, for the model analysis the real requirement is that stress
states and strain states be homologous at homologous locations and times.
We can assure this by choosing characteristic yield or failure stresses
. . . d 2 . d 2
for projectile mate.ial, o = (F/L°), and for target material, § = (F/L").
and by also indicating other components of the stress tensors as

d 2 d .

Oij = (F/L”) and Sij = (F/Lz). Included in these latter parameters by

inference are elastic moduli such as Young's modulus, bulk modulus, and
shear modulus for each material. Wave transmission velocities are in-

d
cluded in Loth projectile, Cp d (L/T), and target, e, = (L/T). We com-
plete our specification of dynamic c¢onstitutive properties by including
. . s , . d d ,
in our list of parameters characteristic strains, € = (-) and Ct = {-),

. . d d
and components of the strain tensors, Epij = (=) and Etij (-).

In listing dynamic constitutive properties, we have dJeliberately
omitted strain rates. This is done, not because knowledge of these
properties at high strain rates is not important in the phyc-ics of high
velocity penetration,? but because strain rates will only differ by at
most an order of magnitude betwcen model and prototype experiments.*
Stress-strain curves for many metals are indeed affected markedly when
one attempts to compare results at very slow rates to those encountered
in high velocity penetration. This is particularly true for low yield,
ductile materials. Figures 5 and 6, from Reference 9, indicate depen-
dence of yield stress on strain rate for mild steel and a soft aluminum
alloy.

However, high yield alloys, which are much more typical of the
materials used in high velocity penetrators and in armor, usually ex-
hibit minimal effect of strain rate on yield or ultimate stress. This
is evident in Figure 7 for 4340 steel and rigure 8 for 7075-T6 aluminum
alloy, from Reference 10. The yield stress for the high-strength steel
increases by only 4% over five decades of strain rates, and the increase
for the high-strength aluminum alloy is even less. Even assuming the
worst case, for high strain rates for mild steel (Figire 5), che ulti-
mate stress only increases by 10% over the single decade which is the
practical upper limit for change in strain rate between our model and

"We will show later that practical model scales for this problem are
A > 1/10.
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prototype penetration tests. Much more experimental evidence could be
cited to reinforce our decision to omit strain rate as a significant
parameter in the model analysis, but we believe that this discussion
should suffice.

A property which relates to fracture under impact, and which
probably involves both basic material properties and some aspects of
the tests used to measure the property, is frocture toughness, KC d
(F/L3/2). This property should be included in our analysis for both
projectile and target materials. It seems quite prc¢’' :"le that this
quantity is in reality

) 1/2
R, = 1 o

o (6)

where ﬁf d (L) is the length of a critical flaw in the projectile or

target material, and Af d (F/LZ) is fracture energy per unit volume.

The latter quantity is essentially the area under the stress-
strain curve for the material and has the dimensions of stress. Although
inclusion of these two parameters or the fracture toughness itself will
suffice, we choose the latter course.

When the impacts are at high enough velocity that all or part of
the material behavior lies in the fluid impact region, the description
of dynamic material properties becomes much simpler because the materials
behave as compressible, inviscid fluids. They do not support shear, and
one need only consider scalar pressures and their relation to shock ve-
locity, particle velocity, or volume change. The resulting Hugoniot
relations are completely defined for most metals, including steels,
tungsten and uranium alloys, through the empirical relationll,12

U = ¢ +su (7
o

where U is shock velocity, <, is sound velocity, s is a dimensionless

constant ranging between 1.0 and 1.7 for most materials, and u is par-
ticle velocity behind the shock front. If data from Reference 11 and
other sources are scaled, one can see that a mean value of s, say

s = 1.435 (8)

represents a wide variety of materials with little error (Figure 9).
We have already included <, in our list of parameters, and so need only

add s d (=) to complete the Hugoniot description.
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A number of more mundane continuum or state properties are needed
to complete our list of material proparties. These are, in general,
easily measured or are available from handbooks. They include densities

d d
of projectile pp = (FTZ/LA) and target pt = (FTZ/LA), initial tempera-

(8), and melting tempera-
(8). A number of thermal

tures of projectile Gp (9) and target et

o, 1o
o e

tures of projectile ¢p (8) and target ¢t

or thermodynamic energy parameters must also be included. We choosc to
include the list in Table 5.

TABLE 5., THERMAL PROPERTIrS FOR MODEL ANALYSTS

v Aot 4 o bt i ok G o ot b i

d
"Specific heat of projectile material Cp = (8)
] o d 2 2 :
i Heat of fusion for projectile n, = (L°/T%) 3
: | d 45
} Internal (thermal)energy in target E, = (L°/T7) :
k
i d :
L Nondimensional (thermal)material a, = (=)
; coefficients in target
d L]
Specific heat of target C, = (8)
d22
Heat of fusion for target n, = (L°/T7)
. o | d 2 2
Internal (thermal) energy in projectile Ep = (L™/T7)
d
Nondimensicnal (thermal) material ap = (=)
coefficients in projectile
d
Mechanical equivalent of heat J = (-)

VL e, LT

23




e s s

JR L

If one needs other specific energles, they can be included in ap or a,

by makirg ratios with Ep or Et' Phase changes are included with the
quantities np and nt. The quantities Cp and Ct may be superfluous, but
will te ins Luled for completeness. The reason for inclusion of J is
best stated by the following quote from page 285 of Reference 5.

"Thermal modeling involves at least one more dimension-~tempera-
ture—~than the purely mechanical problems emphasized so far in this book.
In Chapter 1 it was brought out that, by considering the statistical
mechanics of small particles, the temperature can be expressed in dimen-
sions of energy; however, this forces us to treat one of the constants
of statistical mechanics (say Boltzmann's constant or the gas constant)
as an abstract number in our list of relevant parameters for every
thermal wmodeling problem. Rather than do this, we follow the customary
practice of introducing temperature 6 as a fourtbh fundamental dimension.
Thus, four dimensions are necessary in thermal wodelirg, mass M, length
L, time T, and temperaturec 0.

"Thermal energy (heat) is usually measured in nonmechanical energy
units such as British Thermal Units (BTY) or calories, which appears
then as a fifth fundamental dimension. Tf heat ic measured in thesc
thermal units (say BIU's), and mechaniral energy is measured in mechani-
cal wnits (say foot-pounds), we must include the 'mechanical equivalent
of heat' in cur lists of relevant parameters. Again, rather than intro-
duce another constant, we will measure heat in mechanical units, or con—
vert it to mechanical units, for the purposes of conducting a dimensional
analysis, The reader is cautioned, however, that most tabulated values
of thermal quantities are given in thermal units so that a conversion
of units with the aid of the mechanical equivalent of heat (for example,
1 BTU = 772.28 ft-1b) is needed to make actual calculations. In the
system of dimensions used in this book, all quantities tnat customarily
have the units of BTU's or calories will have dimensions of FI. in an F,
L, T, 8 system or ML2T"2 ip an M, L, T, O system."

Note that there are no parameters defining heat conduction pro-
cesses in either target or projectile, As is true for strain-rate
effects, we feel that heat conduction need not be scaled, but for dif-
ferent reasons. The basic reason is that the process of high-velocity
penetration is much too rapid for significant conductive heat transfer
to occur. Local heating can occur and will probably be very important,
but conduction from regions at high temperature to those at low tempera-
ture is a relatively slow process, even for good heat conductors like
metals. In rapid processes such as this, it is no accident that a pre-
dominant fajlure mechanism is postulated to be adilabatic shear. This
implies a process occurring so rapidly that there i1s no time for heat
to transfer awav from areas which have heen heated by the mechanical
work they have undergoune.
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Generally, in this problem, we are concerned with continuum proper-
ties of the projectile materials. Typical interatomic distances in
metals are 3 x 10~7 mm, while our smallest caliber model penetrator or
thinnest model armor will be about 6 mm. Grain sizes for high-strength
metal alloys are, however, about 0.03 mm, which can be of the order of
size of some small spall particles. We have already mentioned that <
Lypical 1Ildaw size is included in K.- To include other microscopic (but

not submicroscopic) properties such as grain size and shape in the analy-
sis, we need list only a few more lengths 21 and angles oy -

To complete our list of parameters, we must include ones which
describe the results or response in either model or prototype tests.
Strains cr displacements, either transient or permanent, are already
included. We are interested in the time sequence or history of events,

30 we now add time t (T). Projectile residual velocity Vr 4 (L/T)

o, e

and residual mass Mr (FTZ/L) must be recorded. We wish also to charac-

terize back surface spall, but this has already been covered in our dis-
cussion of geometric parameters. We add only the total mass of spall

fragments m d (FT2/L).

Our ccmplete list of 48 physical parameters is given in Table 6.
Even though we have attempted to reduce the number of parameters by use
of shorthand notation, the list is still formidable. Some quantities
are redundant, but are included for convenience. As an example, we list
wave transmission velncities for‘projectile and target, even though
these parameters are implied by the inclusion of elastic and plasiic
moduli and densities through the relation

1/2
o [3 () |

The inclusion of redundant parameters will not affect the validity of
the model analysis, but will result ipn more dimensionless pi terms than
the minimum necessary. Parameters specifically omitted include strain
rates, heat conductivities, and gravity.

B. Model Analysis

The next step 1n a model aualysis 1s to create nondimensional pre-
ducts or pl terms from the list of parameters in Table 6, Many texts
exist describing various mathematical procedures for creating pi terms
from a list of parameters.5 Because no new assumptions are involved
and the mathematics, unless pi terms are written by inspection (the pro-
cedure used lieieluy, are tedious, only the results will be presented.

In making this step, no assumptions are introauced into the analysis.




TABLE 6. LIST OF PARAMETERS
Fundamental
Farameter Symbol units of Measure
I. penetrator Propertiecs
A Geonetric and Impact
{ caliner
— other geometric projectile lengths Ei L
- angle of impact B -
,m” . yaw angle at impact & -
ojive and other projectile angles oy -
velocity of impact Vs 1./T
inicial mass Ms .FTZ/L
. B. Material .
density of projectile °p Fr2/Ll
characteristic projectile stress or strength [} P/L2
other projectile strengths oij F/L2
characteristic strain in projectile tp -
other strains cpij N
internal energy in projectile E, vise?
nondimensional material coefficients in projectile ap,sp 2- )
speci fic heat of projectile Cp L/67
f1ignt temperature cf prejectile ep o
; melting temperature of projectile 4p 20 )
f heat of fusion for projectile ' np /T
! wave transmission velocities cp L/T
; fracrurc toughness xcp P/L3/2
g i1, Target Properties
é A. Geometric
ﬁ target thickness for principal armor plate . h L
@ thickness of other armor plates hy L
: space between armor plates *y
B. Material
depsity of target material 2y FT2/L4
characteristic strength of target S F/L2
ther target strengths or stressesd Sij F/L2
characteristic strain in target €y -
(';‘.uut. L1 wans Ltij 2' 2
internal epergy in target Et Lo/T
) nondimensional matertal coefficients for target a8, -
apecific heat of target plates Cy LZ/UTZ
injtial tempgrature of targets et [} 7
melting temperature of target materials °t [:} §
neat of fusion for target materials n LZ/TZ ‘i
wave transmigsion velocitlies e LT g
fracture toughness LY F/L3/2 k
111, Response Parameters j
time or duration of event t T 2
residual velocity of projectile v L/T f
residual mass of projectiie Hr FTZ/L ;
) number of spall fragments N - i
total mass ot sjall fragments r e %
velocities of spall fragments Uy L/T ?
subsequent reference angles for spall or H
projectile exit trajectories Yy - .
Aigtribution functions LOr maases oOr sizer of
spall fragments, velocities of spall :
fragments, etc. fi - N
resujting spall or projectile characterisatic 3
mean 21z2e T L
3 -
. ; 26
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Many sets of pi terms are possible. One such set that is complete is
given in Table 7. The pl terms in Table 7 are organized into groups

for purposes of discussion. Because we

have 48 physical parameters,

less 4 fundamental dimensions, there are 48 - 4 = 44 pi terms.

Similitude theory states that for two systems to be identical, the
pl terms in the model aud prototype systems must be identical. Note

that individual parameters or variables

can differ between both systems,

provided these differences are achieved while maintaining equality in

pi terms. This fact suggests that tests might be run on smaller and less
expensive systems than prototype or full-scale ones; however, pi terms
must be evaluated to determine 1f the equality between model and proto-

type systems can be maintained.

The first nine pi terms state that both model and prototype sys-
tems shall be geometrically similar. 1In other werds, all geometric di-
mensions in the model when divided by the corresponding dimensions in
the prototype shall have the same geometric scale factor A, and all cor-
responding angles in model and prototype systems shall be identical,
i.e., have a scale factor of one. If these two criteria are maintained,
geometric similarity is maintained and these nine pi terms are invariant.
Pi term 40 is a universal constant and can be dropped because it is in-
variant in any problem. All pi terms which include single parameters
represent quantities which are already dimensionless and must remain so

if the scaling law is to be valid.

The remainder of the pi terms can
between scale factors., For example, pi

In words, this equition states that the
spall fragments equals the scale factor
the cube of the geometric scale factor.
tions is given in Eq. (11).

~ A

Py pp

A’m = >\M = AM =

5 r

A = A = A =
Op Ot ¢t

A
T S 1

27

be used to establish relations
term 11 requires that;:

(10)

scale factor for total mass of
for projectile density times
The cowpleie set of such rela-

P t {continued)
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T
13

17

18

"19

20

21

Bulx °4r? niyﬁ [V

cure

-
geometric
? similarity
J
3
} 3imilar densities both
distributed and lumped
J
3
} gimilar temperatures
J
BN
r similar velocitien

similar heats of
fusion

TABLE 7.

"22

23

"
24

™
25

L3
26

"27
"28

L
29

T
35

37

38

39

T
40

36

41 "

LIST OF PI TERMS

similar 1
specific heats

similar

internal energies

similar
stress ratios

constitutive
T similarity

gpall sipilarity

kinematic similarity

ratio of mechanical energy
to thermal eneray R

ratioc of kinetic enorgy to
material specific cnergy

ratin of kinetic energy to
strain energy

tatio of enerqgy for phase change
to strain energy

ratio of encrgy ty raise material
temperature to strain eneryy
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Table 7 and the set of equations (11) constitute the results of
the similitude analysis. Thev are too general to be of much use, so we
must make further restrictions or assumptions to tell us where this
analysis leads us,

C. Implications of "Replica" Modeling

One choice which automatically satisfies many pi terms is to as-~
sume repllica modeling. In a replica mcdel, complete geometric similarity
is assumed, and all materials in homologous locations in model and proto-
type are assumed to be identical. Let us turn to Table 7 and follow
through the implications of this set of assumptions.

We have already noted that pi terms 1 through 9 are satisfied by
maintaining geometrlc similarity. This is true for a replica model
except in the microstructure of the projectiie and target materials.

By maintaining the same materials, grain sizes are the same rather than
scaled by A.

The next four pi terms, pi 10 through 13, state that similar den-
sity ratios should be maintained for both distributed and lumped masses
in model and prototyvpe systems, If model and prototype targets as well
as penetrators are made of the same material, then these ratios will be
the same in both systems provided geometric similarity Is also main-
tained. For a model made of the same material, the densities will be

29
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the same in homologous locations, and the total masses of a model rela-

tive to its prototype will scale as the cube of the geometric scale
factor A3.

Pi terms 14 through 16 state that similar temperatures and melting
points must be maintained between model and prototype systems. Once
again, 1f the same initial conditions are maintained and the same mater-
ial is used in homologous locations, melting points will be identical in
model and prototype systems, and these pi terms will be satisfied. These
terms imply that if a prototype penetrator undergoes significant heating
in launcl. or flight, a model projectile should also be exposed to this
heating, if a model is to be strictly correct.

Pi terms 17 through 20 say that all velocities will be scaled in
the same manner.

Similarities for various material properties are covered by pi
terms 21 through 36. If the same materials are used at homologous lo-
cations in model and prototype, all but two of these terms will be satis-
fied. Pi term 21 states that heats of fusion must be similar, pi term
11 requires similar specific heats, and pi terms 23 through 36 are state-
ments of constitutive similarity. All but pi terms 35 and 36 are satis-
tied by the use of identical materials. These terms require that { see
Eq. (11)],

_ _ 1/2

AK = AK = AOX (lla)
c c
P t

But, AO = 1 for a replica model, so

) 1/2 ;

Ag = AK = X (11b)
C C
P t

Comparing with Eq. (6), we sce that the replica modeling requires that

the length of critical flaw should scale as Allz because the fracture
energy Af is an intrinsic property of the material, which is unchanged.

Our assumption of complete geometric scaling would require that flaws
be scaled in the model by factor A, whereas in reality lf will be wm-

changed between model and prototype, and AK = 1, The dependence of
c
fracture toughness on scale factor in Eq. (llb) is weak, however, be-
1 A

ausc tha anAalA~ Cnr.'—nr i vad o~ o i A kAl £
Cays e wal SCaal IGLTo A L UA O tC il SnC—aaal POWLT.

Pi terms 37 and 38 simply state that the same number of fragments
can be expected within the same scaled distributions. Pi term 39 tells
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us how to interpret time in a model relative to the prototype. This pi
term can be termed a statement of kinematic similarity. If time is
interpreted as required, At = A in a replica model, pi term 39 will

automatically be satisfied.

The last five pi terms are ratios of energy. They interrelate.
thermal effects, mechanical ones, inertial effects, energies for phase
changes, and specific energles for material states. It is these five
terms that determine scale factors for this modeling problem. Similarity
pi terms as discussed earlier only state that all lengths, velocities,
densities, stresses, temperatures, energies, heats of fusion, and spe-~
cific heats will be scaled in the same respective fashion. In this
problem, all of the pi terms representing energy ratios can be satisfied
if the same materials are used in homologous locations in the model as
in the prototype. Pi terms 41 and 42 then tell us that we want the same
velocities in the model as in the prototype at homologous locations and
times.

The assumptions inherent in replica modeling have reduced the re-
lations between scale factors in Eq. (11) to the point that scale fac-
tors for all physical parameters in the problem are either fixed, or can
be immediately expressed in terms of the geometric scale factor A. The
results are summarized in Table 8.

This particular reduction of the model law in Table 7 is a very
powerful one and has already been well validated for projectile impacts
in the low velocity and fluid impact regions (see Ref. 5 and Section II).
The distortions which occur (parameters which do not exactly scale) are
minor and relate entirely to the microstructure of projectiles and tar-
get materials. Adherence to replica modeling requires use of identical
materials in model and prototype, so lengths such as average grain size
and flaw size are unchanged rather than being proportionately smaller
in the model.

Effects which we omitted before conducting the model analysis are
strain rate effects, gravitational effects, and heat conduction effects.
We have given our reasons for omission of rate effects. Because armor
is so overstrength relative to dead weight effects, failure to model
gravity has no significant influence on spall or breakup. But, 'far-
field" fragment trajectories are incorrectly scaled. To scale gravita-
tional effects would require a force field in the model that was larger
than in the prototype by a factor of 1/A. Although localized heating
and material phase changes because of heating are being simulated, heat
transfer because of conduction is not being simulated. To model conduc-

kO d
tion would add a pi term —~%; to this analysis, and in a replica
ov
s

model would cause k to be scaled as 1/A. But k is a material property;
hence, 1t would be the rame in both model and prototype if a replica
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TABLE 8, LIST OF SCALE FACTORS FOR
REPLICA MODEL

1

Scale
Quantities Symbols Factors
lengths d,h,li,hi,x,r A
angles ai,B,x,G 1.0
densities P_+D 1.0
Pt 3
lunpel masses m,Ms,Mr A
tempe#a?ures ep'etr¢pr¢t 1.0
velocities Vr'ui’vs'cp'ct 1.0
heats of fusion nt'“p 1.0
specific heats Ct'cp 1.0
internal energies Et'Ep 1.0
stre§Ses Uij'o's’sij 1.0
strains ep'et’gpij'etij 1.0
nondimensional material 3
coefficients ap,at,sp,st 1.3 é
number of fragments N 1.0 k
time t 1
mechanical equivalent %
of heat J 1.0 3
fract hnesses %
racture toughnesses ch’Kct A %
distribution functions 4
for spall fragments £, 1.0 4
B

AR

whaal

i e L IR et w die

nodeling law 1s applied. Failure to scale k appropriately means that
heat 18 not carried away fast enough in the model system. Probably this
error is insignificant, as durations are so short in both model and
prototype systems that no energy can be dissipated through this trans- o

fer mechanism.

.l

We feel that these distortions should have little effect on scal-

ing of the penetration proucess, wave transmission effects, and even gross Y
plastic deformations aud phase changes. What may be affected is the

exact character of back surface spall or projectile breakup because LA

4

*
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these processes are probably a function of the material microstructure
and sizes of flaws. Experimental tests are required so comparisons can

be made to assess the importance of material microstructure on spall
and breakup.

D. Implications of Digsimilar Material Modeling

The general model law in Table 7 can perhaps be reduced tc s prac-
tical law by at least une other set of assumptions than those inherent
in replica modeling. This set of assumptions is termed 'dissimilar
material mcdeling" in Reference 5 and is discussed in some detail in
Chapter 7 of that reference. In a dissimilar material model, the nodel
materials are related to those in the prototype by requiring that they
have consvitutive similarity, or have similar dimensionless stress-strain
curves, at appropriate strain rates. This concept is shown schemati-
cally in Figure 10. For exact constitutive similarity, the entlire scaled
curves should match, up to ultimate stress and strain. But, for scaling
involving large plastic deformations, good correiations can be achieved
if one merely requires equivalence of the integrals of the scaled stress-
strain curves, or areas under these curves, The materials can be dis~
similar in densities, microstructure, and other properties as long as
they exhibit constitutive similarity.

1t we assume geometric similarity and constitutive similarity in
the sense justv discussed, then the feasibility of applicaticns of dis-
similar material modeling to high velocity penetration hinges on finding
whether there exist model materials, different from the prototype ma-~
terials, which satisfy the other significant scaling relationships in
Table 7 or Eq. (11). Therc are some approximate physical relationships
which can help in this search.

First, wany high strength metals have nearly the same sound veloci-
ties, defined hy

e, = E/H? ~ 5000 m/s 12)

Constitutive similarity then requires, through the relation (9), that
all waves at scaled stress levels will propagate at about tb~ same ve-
Jocities. 1In our model analysis, this trapslates to the rec - cement

A = A = A = 1 (13)

Second, the heats of fusion n cau be shown to be preoportional to
the square of tle sound velocity for most metals {(sece p. 192 of Ref. 5),
i.e.,
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FIGURE 10. STRESS-STRAIN CURVES FOR MATERIALS
POSSESSING CONSTITUTIVE SIMILARITY(5)

ci = (E/0) = ¢pn (14)

where Cl ie a constant which is independent of the metal. But, we have

just said that S is an invariant. So, Eqs. (14) and (13) require that

heats of fusion be invariant for high strength metals

A = A = 1 (15)

Third, it is shown on p. 191 of Reference 5 that the melting tem~
perature of metals ¢, the specific heat C, and the heat of fusion are
related so that

9 |

n 2 (16)
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where 02 is a constant, This then tells us that
= L
A¢ = 3 (17)

for either target or projectile material.,
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By inserting the restrictions of Egs. (13), (15), and (16) into
the relaticns in Eq. (11), we can construct Table 9 for scale factors
in djssimilar material modeling of the penetration process.

TABLE 9. LIST OF SCALE FACTORS FOR DIS3IMILAR
MATERIAL MODELING

Scale

Quantities Sympo}; Factors
lengths ‘ a2 hoxr A
angles ui,B,Y,é 1.0
densities

ns Qp:Dt 3)\9
lumped masses m, MB,Mr A hp
tempefafures ep,et,¢p,¢t A&
velocities vr'ui'vs'cp'ct i.0
heats of fusion nt.np i.0
specific heats Ct,Cp l/lo
internal energies E /E 1.0
atreéses “’aij’s'bij Ap
strains cp’et'cpij'etij 1.0
nondimensional material

coefficients ap,at,sp,st 1.0
number of fragments N 1.0
time t A .
mechanical equivalent

of heat N 1.0
. _ _ . 1/2
fracture toughness Kup’xct ApA

distribution functions
for spall fragments

th
P
(=
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In Table 9, we see that three scale factors now appear, 2, kp,

and Ae, in contrast to only the geometric scale factor in Table 8. Let

us discuss some practical ranges for these factors. We have already
said that

0.1 < <1 (18)

Densities of prototype materials are very high, and we will probably
wish the models to be less dense. Assuming that the penetrator is tung-
sten and the lightest metal we are apt to use in the model is magnesium,

0.09 < A < 1 (19)

Critical temperatures are melting temperatures, ¢p and ¢t. For the

metals we wish to use, these range from 651 C for magnesium to 3370 C
for tungsten. So,

0.19 < Ag. < 1 (20)

To aid in choice of materials, a brief table of properties of some metals
we might use is included in Table 10. A few alloys are included in the
table--many have properties intermediate between those of the elements

in the table, except that sound velocities are often higher for the al-~
loys.

Without more exhaustive study, it appears feasible to use lighter
metals for model tests than for prototype tests. If the prototype situ-~
ation were a tungsten alloy penetrator impacting spaced steel armor, a
possible model combination would be a brass or steel penetrator impact-
ing titanium alloy targets, or a titanium penetrator impacting an alumi-
num alloy or magnesium alloy target. Although Table 9 shows that impact
velocities would be. identical to prototype velocities, cheaper or more
readily available materials could be used, and the lower densities would
mean lighter projectiles which could be more easily launched at high
velocity. Proportionately lower yield and ultimate stresses in the ma-
terials would ease machining problems. Scaling of melting temperatures
and specific heats is accomplished [see Eqs. (16) and (17)], wave trans-
mission effects scale, inertial effects scale, and times scale by the
geometric scale factor A as for replica modeling. Scaling of fracture
toughness per se 1s not accomplished, but perhaps one can come close by
adjusting grain size or flaw size in the model. It has already been
well documented® that dissimilar material modeling is possible in the
fluid impact region, but of course many fewer parameters are important
in this region.
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TABLE 10. SOME PROPERTIES OF METALS

o 3L e i e

Denstey  SPgSific | Melting  ylciey
e C ¢ co

Metal (Mg/ml)  (cal/g°C) (©) (/s)
Magnesium 1.74 0.243 651 5050 -
Aluminum 2.76 0.215 660 5000 E
High Strength Steel 7.85 0.017 1500 5100 E
Iron 7.85 0.017 1535 3800 E
304 Stainless Steel 7.90 0.037 1430 4570
Titanium 4.51 0.0540 1675 5100
Naval Brass 8.41 0,090 900 3750
Uranium 18.45 0.0278 1132 2570
Molybdenum 10.22 0.060 2610 5120
Tungsten 19.30 0.034 3370 4220
Tungsten Carbide (10~15.6)  =0.03 (2500-2800) 4920
Copper 8.93 0.092 1083 3940
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IV. DISCUSSION

A rather general similitude analysis is presented in Section III,
together with the implications of this analysis for replica and dissimi~
lar material modeling assumptions. Because a very large number of ma-~
terial parameters were included in the analysis, it is not possible to
simultaneously satisfy (keep invariant) all of the dimensionless param-
eters for sub-scale testing with either a replica or dissimilar material
model. But, the vast majority of the pi terms do remain invariant for
either set of assumptions, and sub-scale testing appears feasible.

The possible advantages of a replica model are:

(1) Exact matching of scaling requirements for most material
constitutive properties in both penetrator and target
materials,

e 1 A
Lkl

(2) Exact matching of thermal properties and phase change
properxties,

(3 A body of existing data for simpler penetrators versus
monolithic armor that demonstrates validity of the
replica mcdelir law,

Disadvantages of a replica model are:

{1 Microstructure of the materials and effects such as back-
surface spall, which are probably affected, do not scale.

(2) Fracture toughness does not strictly scale, although the
dependence on scale factor is small.

(3 Even on a model scale, costs of making penetrators of
exotic materials may be very expensive and time-consuming.

The possible advantages of a dissimilar material model are:

(1) Both penetrator and target can be made of relatively
cheap and available materials.

(2) Because the model materials will in general be lighter
and of lower strength than prototype materials, models
should be much less expensive to make and more easily
launched.

(3) 1t may be poseible, by proper choice of model materials,
to scale microstrusture and fracture toughness.
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Disadvantages of a dissimilar material model are:

(i) Constitutive properties are modeled approximatel:’, but
not exactly, so scaling is less exact.

(2) The concept of dissimilar material modeling may be more
difficult to "sell" to the uninitiated.

bt bl L e ik mﬂ'“as.m'::;mmﬁ;i.,ﬁumwﬁaﬁ

In the general model law (and hence, in either the replica or dis-
similar material laws), several physical processes which do not scale
are deliberately omitted. We feel that there is ample experimental evi-
dence for these omissions, and present that evidence in earlier sections.
Gravity effects are omitted as unimportant in high velocity impacts,
strain-rate effects on constitutive properties do not differ enough be-
tween modei and prototype to significantly affect scaling; and the pene- s
tration process is too rapid for significant conductive heat transfer to ,%
occur, 3

The similitude analysis includes more geometric parameters than
does the earliier one of Reference 5 and Table 2 because geometry of both
the projectile and the spaced armor target are more complex. But, the
scalins, of more lengthe and angles does not change the basic model law
one icta! One still has the requirement of absolute geometric similarity
between model and prototype. The inclusion of more geometric parameters
to completely define thirknesses and spacings in the spaced armor does
require much more testiug and/or calculation to evaluate the effect of
varying these dimensions on penetrators. Then, too, the second and later
layers in the spaced armor can he impacted by a cloud of armor spall par-
ticles and a deformed or shattered penetrator. Constitutive properties
for all materials are properly scaled through large deformations and may
affect the number and size of gpall particles. Possibly, penetration
through the first layer of spaced armor will be accurately modeled,
while penetration through later layers will not.

What ie the smallest practical scale for model testing? Conceptu-
ally, the lower limit on geometric scale is fixed by the necessity to
have the smallest linear dimension of either projectile or armor layers
significantly larger than mean grain size. We have said earlier that
average grain size for high yield alloys 1is about 0.03 mm, so we probably
want the minimum model dimension to be about ten times this value, or
0.3 mm. The necessity to maintain closer manufacturing tolerances on
the model than on the prototype (these scale by A like any other lengths)
introduces a more practical lower limit to size, An existing long-rod
penetrator has a caliber d = 20.65 + 0.25 mm. A model with a reasonably
small scale factor of A = 0.1 would have a caliber of d = 2.065 + 0.025 mm.
This increase in tolerance 1s possible to maintain, but another order of
magnitude decrease would be practically impossible, or at least very ex-
pensive.
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The model scale is probably best chosen to match existing gun sys-
tems capable of launching rounds with discarding sgbots. Returning to
Figure 4, we see a projectiie which in full scale is designed for launch-
ing from a barrel with a 75-mm bore. The projectile itself has a largest
lateral dimensicn 23 = 54.0 mm, a caliber d = 20.65 mm, and a length

14 = 305 mm. A popular launch tube for precision range testing is a

20-mm bore barrel. Using this cannon, we would suggest a scale factor
A =20 mm/75 mm = 0.267. Then, a model projectile could be launched
using geometrically similar sabuts and diwensions L4 = 54.0 X 0.267 =

14.4 mm, 4 = 20.65 X 0.267 - 5.51 mm, and 24 = 305 mu X 0.267 = 81.4 mm.

The minimum dimension for this projectile is the thickness of the alumi-
num fin material, 1.52 mm., In the model this thickness is 1.52 X 0.267
= 0.407 mm, which approaches the lower limit of ten times grain size.

A still smaller caliber model of this particular projectile might prove
difficult to hold within manufacturing tolerances, or have fins which
are below our somewhat arbitrary grain size limit.

How will one know that either the replica or dissimilar material
model laws suggested here are correct? This question cannot be answered
until comparisons can be made between tests conducted on different geome-
tric scales and/or with different materials. Even then, the answers can
be at best probabilities that the model data correlate with the proto-
type data, with some level of confidence.

Measured parameters which can conceivably be compared between model
and prototype are:

(1) Velocities VS, Vr’ u

(2) Dimensions and shapes of holes 1in armor, Ri’ ai'

(3 Characteristics of spall N, fi'

Test data for velocities VS and Vr are usually presented graphically as

in Figure 11 and fitted to empirical equations such as the one inset in
the figure, For residual velocity data for model-prototype comparison,
curves or data such as those in Figure 11 would first be rendered non-

dimensional by using appropriate pi terms and then would be analyzed
statistically.

Various methods of statistical comparison of scaled model and
prototype data are possible. Scaled data for residual velocity versus
impact velocity consist essentially of plots or tahles of ﬂ]7 ag a de-
pendent variable versus W42 (or 1ts square root) as the independent

variable, all other pi terms being held constant. If model tests are
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designed to reproduce, as closely as possible, prototype values of the
independent variable, then perfectly standard statistical tests can be
made to compare the values of the scaled dependent variables for identi-
cal values of scaled independent variable. The standard statistical
tests one would use are Students "T" test to compare means of the data,
and the F test to compare variances (standard deviations). If, on the
other hand, values of the scaled independent variable do not match, the
simple T and F tests are inapplicable. In this instance, one can still
use standard statistical methods for comparing multiple regression co-
efficients. following fitting of scaled prototype and model data to some
empirical equation, as in Figure 11. Reference 13 is a good source for
the standard statistical methods we have mentioned.

An alternative method for comparing scaled model and prototype
data is given on pp. 352-356 of Reference 5, This procedure involves

fitting model and prototype data individually to some appropriate empiri-

cal equation. normalizing each set of data, and computing a standard
deviation about each normalized curve. Then, one uses Students "T" test
to compute three probabilities, i.e.,

(1) Measured model results being within a specific tolerance
of other model results,

(2) Measured prototype results being within the same tolerance
for other prototype results,

(£3) Scaled prototype and model results being within the same
tolerance for other scaled results.

Finally, one computes a "degree of association" of model and prototype
scaled data. This percentage is the probability that all data (both
model and prototype) correlate, divided by the poorer of the probabili-
ties (1) and (2). A high percentage value for this last quantity indi-
cates good agreement between model. and prototype data.

To compare hole sizes in armor, various dimensions of the holes
woula be measured and scaled profiles compared. Hole volume, or suilt~
able lateral dimensions could then be plotted versus scaled impact ve~
locity, and statistical tests performed in much the same manner as for
residual velocity.

The number of spall fragments produced is postulated to be in-
variant with scalc of test, for the same scaled impact velocities, as
is some (as yet unknown) set of distribution functions for mass and
mean size. These, too, should be determined experimentally as a func-
tion of scaled dmpact veloelty for model and for prototype. The dis-
tribution funetions may be Gaussian or some other function. Their form
will determine *he specific statistical treatment which will be needed
to compare model and prototype data and complete the assessment of the
model law or Jaws.
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For both model and prototype tests, enough replications of a given
test must be run to obtaln reasonable confidence limits in the test data.
By fitting to empirical functions, exact replication 1s not required, and
is indeed quite difficult. For a given projectile-armor-obliquity combi-
nation, it seems from past experience8 that 8 to 15 model or prototype
tests over a range of impact velocities may be sufficient to acquire the
test data for validation of a model law. Only after reviewing existing
prototype data can one determine the nceded number of model tests more
exactly. -
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V. RECOMMENDATIONS

Two possible specific model laws evolved in our model analysis.
Both require complete geometric similavity and identity of all veloci-
ties. In the first, termed the "replica law," all penetrator and armor
materials are identical in homologous locations in model and prototype.
In the second, termed the 'dissimilar material law,'" model and prototype
materials must have constitutive similarity, but the model projeciile
and targets can bdoth be made of lighter ard weaker materials than in
the prototype. Both laws must rely on what we feel are minor distor-
tions for their validity, and both have their advantages and disadvan-
tages,

For reasons discussed above, we recommend two sets of model scale
experiments designed to medel existing test data for long rods panecrat-
ing spaced armor. Hopefully, there are sufficient full-scale dzta avail-
able to define the response parameters which should be measured in each
test {see Section LV). TIf this is not the case, additional full -scale
tests may have to be2 conducted, with careful attention to measurement
of velocities, holn sizes and dimensions, masses and sizes of ejecta,
etc. We recommend both replica model tests and dissimilar material model
tests, with 8 to 15 tests of each type with a single design of penetrator
and spaced target at a single impact obliquity.

If we are modeling the projectile discussed earlier, a gocd candi-
date for geometric model scale is A = 0.267, and a good candidate for a
launching gun is a 20~-mm smooth bore. A brass penetrator and titanium
alloy target material may be an acceptable combination to model U-(3/4)
Ti penetrators versus rolled homogeneous steel armor. Titanium alloy
sheet is readily available in many gages, and brass is a cheap. easily
machined material for a penetrator. All tests should be well instru-~
mented with velocity screens, flash x-ray equipment, and spall retrieval
systems .

A number of supporting test and material data should be obtained.
Complete dynamic material properties should be mearured, preferably at
strain rates 3_103/5. Each projectile should be accurately weighed and
x-rayed to detect flaws, Fracture toughness data should be reviewed,
and additional data obtained if tno little are availsble. Average grain
size and shape of virgin projectile and target material should be ob-
tained by mctallographic examination. Post—test metallographic exami-
nation of recovered projectile pieces and perforated targets may prove
desirable to detect regions of phase changes or adiabatic shear.

We recommend comparisen of model and prototype iest Jata on a sta-

tistical basis, using wmethods discussed earlier. Compatvisons should be
made on the dimensionless response parameters corresponding to residual
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velocity Vr’ spall velocities ugs dimensions and shapes of holes in
armor layers, and numbers N and distribution functions fi of spall frag-

ments. All of these parameters will be functions of scaled impact ve-

locity and the particular combination of penetrator, spaced armor, and
impact obliquity.

We believe that careful planning and executiou of the model test
will indeed validate both the replica and dissimilar material laws for
this complex problem, The terminal ballistician should then be able to
invoke some of the savings in money and time which are inherent in most
sub-scale testing to evaluate new concepts for high velocity kinetic

energy penetrators, or alternatively, to evaluate spaced armor concepts
to defeat such penetrators,
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