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NOMENCLATURE

b particle width
CD drag coefficient
e~~ deviator of stretching tensor

E internal energy of particle
K kinetic energy of particle
2. particle height
9
~
o Initial particle heig~it, width, or length

particle mass
target mass removed by the Impact

R radius of curvature of the flowing shocked layer

s axial component of stress deviator

t time
V~ speed of particle front
Vcm speed of the particle ’s mass center

V
~ 

characteristic velocity of the target
y penetration depth

particle velocity
I stretching tensor

I p~, density of particle
- 

- 

Pt density of target
stress tensor

a1 strength of target normal to surface

02 strength of target parallel to surface

I yield strength of particle
incidence angle along surface of shocked layer

I ~~~~, 
,-

~ , r~ rectangular coordinates originating at particle ’s mass
center

p viscosity of liquid droplet

I y surface tension
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I INTRODUCTION

There is considerable current Interest in high—speed impact
I phenomena, and numerous studIes presently underway are being

reported . Generally , these studies follow one of two approaches:
on the one hand , experimental programs are conducted and data are
extrapolated empirically ; on the other hand , theoretical studies

I have led to the development and use of very detailed multi—element
computational codes. A third approac h - the development of an

I approximate theory — has received only minimal attention.
The development of a simple theory has been Initiated at

I A.R.A.P. The goal of this theory is to identify the way in which
the physical properties of the target and penetrator are related
to the Impact phenomena. Because it Is a simple theory , this

I approach makes It easy to focus one ’s attention on the Importance
of any one of the many physical phenomena that enter the problem ,

I such as the energy partition between particle and target . Numerical
computations are economical. Thus, parametric studies can be

I conducted reasonably and are useful for interpreting test observa-
tions in terms of the physical processes at work and for guiding

I the design of effective armor systems .
The integral theory bears a similar relationship to the multi-

element computational codes that the integral theory of boundary

I layers bears to finite difference solutions . It is a simplified
theory based on heuristic procedure. The development has followed
a step-by—step process, starting from a very simple form, and
further complexities have been added only as required to bring the

I predictions Into better agreement with experimental observations.
One aspect of the Impact phenomenon which has been addressed is
characterizing the state ~f the Impacting body . Previous studies
have shown surprisingly good correlation with available test data1

for two extreme representations of penetrator behavior — rigid and

I hydrodynamic . In the present study, other models of behavior are
introduced which include material strength and viscosity. Finally,
the results of a parametric study are presented which illustrate the
sensitivity of pertinent impact parameters to the behavior of the
impactor.

I 
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II. DEVELOPMENT OF INTEGRAL THEORY 
Ii

Particle Motion

We start with the global conservation equations for linear
momentum and kinetic energy of a fixed body, i.e., a material J

• volume

fajjnj da +fpfj dv = dv (1)

f
~jaijnjda +fp~jfj dv = p 1

2
1 dv + E (2)

represents the internal energy of the body, and its prescrip— .1
tion limits the energy transfer permitted In the theory . In the 

1present case, we assume the impact occurs adiabatically , and we
characterize the energy transfer totally In terms of the stress 

-

power and free surface energy . The latter is represented only In
terms of the equilibrium properties . Therefore,

p p _I__ -

~~

a z d v + I y d a  ( 3 )dt I J i ,j
• V

The above equations are complemented by the conservation of mass
i-I-

L. 

~~
— (p dv = 0 (~4)dt j  I:

V

arid a const i tut ive  law . Because elastic strains are so very small -

compared to strain associated with flow, they are neglected . The
constitutive law is represented by four ideal models of behavior :

Hydrodynamic model

= 0 
- 

(5a )

‘-V. 2 [
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• 

I 
Newtonian fluid model

I 
= 2p~1~ (Sb)

Rigid plastic model

I S
jj

S
jj 

= ~ a~ for 0

• Rigid model

I = 0

I The above equations represent the physics of part icle behav ior
In general form. Further development of the present theory Intro—

I duces no new physics. Rather, assumptions are introduced Into the

• above equations which reduce them to an approximate set of ordinary

differential equations , In the spirit of In tegra l boundary layer
theory and finite element analysis. In all of these approximations ,

we are careful to satisfy the global conservations laws for the

J particle.
Now consider the normal impact of the particle onto a semi—

• infinite target. We characterize the particle as a rectangular

• parallelepiped of square planform . For simplicity, the deformation

is constrained so that the particle remains a rectangular parallel—

1. epiped. Penetration Into a target Is schematIcally illustrated by

Figure 1. The only force acting on the particle is the contact

~
.. 

force with the target . Figure 2 illustrates a “free body ” diagram

of the particle with the resistive force acting to Impede penetra—
V 

- 
tion. Regarding the flow of material within the particle , we
assume that the ve loc ity varies linearly with position , and we
neglect compressibility. The situation is illustrated by Figure 3.

• Coordinates ~~ , , ç are measured from the mass cen ter , and the
• material velocity is denoted by V,~ , V , V~ . The veloc ity field

is written simply in terms of the front face velocity (V~ ) and the

mass center velocity (Vcm ):

3

—--

~
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Figure i. Schematic of Impact model
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• = ( _ .L.) !1 (6 a)

v = v + ( -_IL~~ (v  — V (6b )
• y cm ~~~~~~~ J. cm ,’

• = 
(
_.i....)1~~ (6c )

wher e

— V =

and

av
+ 

_~1. + —~~. = o ( 8 )
ax ay

The conservation equations can be simplified by substItuting

(6) and (3) into (1) and (2): 
—

— DRA G = rnpvcm 
- :.(9 )

DRA G V~~~~ K + E

where

K = ~~~.[V
2 +~~.(b

2 +~~~~2)]

• 
E = ~~ b

2s~ + 2y (i - b~ (10)

- 2
~~~~~~~~~~

and substituting (6) and (7) into (8) gives the following:

2 + f = 0 (11)

6

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
•
~~~~~~

-
~ ~~~~-



W”~ 
-

~ 

- - - - — 
~——- ‘~~~ —- - - - - ---  ~~~~~ -- — ~ -.--~~~~~~~~~~ - -- 

- - .~~~~~~ .- -- —
V.- -- • — -

The system of equa tions composed of ( 7 ) , (9) ,  (10) , ( 11), and
V one of the models represented by ( 5)  is a closed system representing

the equations governing the motion of the particle . The drag force

represents the resistance the target offers to penetration. As

prev iously ,  we assume the particle penetrates as long as the

• 1 NewtonIan pressure at the front face Is greater than the target
V 

strength (called ox ). While penetration continues , the drag is

I assume d pro portional to the Newtonian pressure :

I DRA G = (
~

) 
~
‘t”~~

2 (12)

I 1f Pt VI > ( 13)

Consistent with (13), a characteristic velocity can be defined for a

I target , below which penetration ceases.

I v~ Iai/~~ 
(114 )

The equations for penetration are now complete . Next we address

mass removal.

I Cavity Formation

We visual ize the flow of target mater ial aroun d the part icle
as illustrated by Figure 14~ There is a disturbed layer of target
material in front of the particle. Fixing ourselves to the front

V 
face, we see t he target approac h at veloc ity V~ (see the figure),

and we assume the material flows laterally, leaving the particle

I edge at the same ve loc ity V~ . Neglecting compressibility, the
mass flowing into balances that flowing out of the disturbed region

If the thickness is b/14 as illustrated .
The two layers (particle and disturbed target) possess signl—

ficant lateral momentum in their flow outward . It is this momentum

I that cuts a wide cavity in the target . The flow does not continue

flat; it Is turned upward by the target pressure acting on It from

F 1 below . At a particular section , we can estimate the curvature .

I
3- ., 7

I
d

5 — - 
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Figure 14 . Model of cavity formation
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i Cons ider the moment um del ivered to the disturbed layer; the
• I :‘:‘t~ssure equals the net moment .

I = 
~~~~~~~ 

(15)

But this pressure Is what produces the rate of change of momentum :

I ~~~~ 
~~~ 2 

= f Q!-~ dz (16)

I
I If we assume the lateral velocity Is constant through the thickness

I 
of eac h layer inde penden tly ,  the integral has the following approxi-

mate solution :

I R 
2 

/ 1 4 R  / 1 4 R \f ~~ dz = p (V )2 tri (
~i~i — ~~)+ 

~~~~ 
Ui ~~ ) (17)

- I R-~~-~ 
\b b / \b /

I When this result is used In (16), the following solution can be

derived :

I
cos 
]

2 

= (p )(v )

2 

(
~ 

~~~~ : + tn 
(z4lk~~ ) 

(18)

We use the value at the particle edge for V1/V~ , and

I 
(

~~~

)

2 
= (vi) everywhere (19)

I because both V~ and V~ vary linearly with distance from the

center. Finally, t he equa tion for the radius of curvature becomes

cos2

~ 

= (~)(~) tn (
~ 

~~~~~
1
4)~~~ + Ln (

~
) (20)

9
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To cons ider the flow of disturbed target layer outside of the
particle edge , one needs to neglec t the latera l momentum of the
particle in the above equations .

cos2~ = tn 
(hR 

1) 

(2 ~ )

The lateral momentum of the flow will continue to cut a wider

cavity until the transverse strength of the target is great enough

to stop the flow . To analyze this situation , we assume the flow

will be turned up at an angle 0 by a rigid wall arid illustrate 
~

by Figure 5. The Newtonian pressure in the flowing layer
(produced by the momentum flux from the undisturbed region) at the [

• angle 0 is

2 2
= cos e (22)

Tc turn the flow vertical requires a pressure increase equal to theV horizontal momentum flux of both layers :

tp (6/2)2 + (b/h)p 2
- - ~

p = P cos o ( 23)
(t  + h/h )

There fore , the wall must sustain a pressur: of

= + ~r = [(i + ~~ l 
~~~~~ 

+ 
(
~~~~~~LI)~~~~ 

~~(~~~

]

cos2e

(

or it cannot turn the flow. If we equate this pressure to the

transverse strength of the target (02), we can solve for 01 , the

angle at which the flow will be turned

- 

V 

1/2- l r ° 2 10 = C05 2 (25)

‘-V.
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Figure 5. Effect of transverse strength on cavity formatIon
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The ~-hape of the cavity that is created by the flow at a

typical instant during the penetration is illustrated by Figure
• 6a. The final shape of the cavity is shown by Figure 6b. As

suggested by the figure , it Is determined by superposing all the

shapes computed at many tIme steps during the penetration and

using their envelope.

Dimensionless EquatIons

It is informative to define dimensionless parameters. In fact ,

that is an advantage of an approximat e theory . The problem is

reduced to a manageable form so that “key ” dimensionless parameters

can be identified. In this report , barred quantities will denote

dimensionless parameters whose definitIons are given In the nomen-

clature. When the governing equations are cast in dimensionless
- 

- 
erm s, they become the following:

Eenetration

—

‘ 

—

‘ 
—

K + E = — C p V~b

K = ~~
i2 + !.(~ 2 + 2 ~2 )

cm 6 (26)

= 6~~
2
~~ + 14 ( 1  —

- :  ~~~~~~~ 
~ ~~~~~~~~~~~~~~~~~~~~~ 

;
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Final
shape

(a) ( b )

Cavity shape

Figure 6.
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01 = cos ’ [ _  ]l/2

wher e
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III. RESULTS OF PARAMETRIC STUDY

I The results of a parametric investigation of impact cratering
by high—speed particles are presented in this chapter. The results

describe one particular class of impacts , namely , norma l Impact of
a single particle. An understanding of the impact process for this
class is a prime requisite for the more usual but more complicated

I classes which Include multiple and oblique impacts. Hence , the
resul ts which follow , aside from their obvious usefulness for data

I interpretation , parameter sensitivity studies , and test planning,
will be used to illustrate many of the basic physical mechanisms

I which control the impact process.

The impact conditions which were used for this study encompass

a wide range of particle and target density and impact velocity. 
—I Three values of the ratio of target density to particle density (p)

were considered : p = 0.1 (i.e., a “heavy ” particle), p = 1.0 ,

and p = 10.0 (i.e., a “light ” particle). For each value of p ,

the value of V (the ratio of particle Impact velocity to V

I the ve locity characterist ic of the target strength ) was varied from
slightly above 1.0 to approximately 50. In the integral theory ,

I V = 1.0 represents the velocity ratio for incipient target damage ;
impact velocities below this value produce elastic response In the

target but produce no penetration and are, therefore , excluded from

I this analysis.

Two mec hanisms are inclu ded in the In tegral theory to accoun t

I for energy dissipation within the particle , viscous dlssipation for

liquid particles and plastic dissipation for solid particles. Para—

I metr ic var iation of the interna l energy dissipation was achieved
using particle viscosity (or yield strength) values from zero

I (i.e., the hydrodynamic limit) to infinity (i.e., the rigid limit).

Many parameters are needed to describe the impact process;
four of these are given detailed consideration below. They include

I energy partitioning within the particle , particle deformation and

dept h of penetrat ion , and target mass removal.

I
I

15
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A. Energy Partitioning IPrior ’ to imp act , the to ta l  e rL er - p7y :~~ri

’
~ a~~ned In t h e  system -

comprising the particle and tar~ et the kinetic energy of the - 

-

partlcle* (K 0). During an Impact , work is done c-ri the target and

energy is transferred at the expense of K . In this study, four -

modes are accounted for: kinet tc energy of t~-e particle associated -
~~~ -

with mass center  mot ion ( K
cg)~ 

kineti c energy of’ the particle assoc-

iated with motion relative to the mass center (KR), energy that ~s j
dissipated by the resistance of t h e  p— irticle to flow (E’ , and work

done on the target (ED). Although the energy may be transferred 1]
from one mode to another, it must remain In the system c omewhere .

Its conservation requires that the energy compcr~ent~ obey the

following equation at any time :

~ = j~ ÷~~ +~~~~ ( 28) -
~~~~0 cg, R D 
j

A s tudy of how the energy p a r tt ~ io ns I’o r- v~ r i c ~:s impact  cases Is
very enlightening for the impact pr-ccess.

Rigid P a r t i c l e  - :

The rigid par ticle idealization Ir also p:-uached in the  l imi t
by very strong solid particles and very v~ scous liquid particles for

an appreciable range of Impact veloc~ t~~. By def inition , the rIgid

pa r t i c le  does not deform . Hence ~~t rms no ~‘e 1 ative kinetic energy
and d iss ipa tes  no energy ir i t ~~r na11~~. F~ r tA ,[s ( ;d 3 e , the energy
equa t ion  becomes 

- -

K = K~ g 4~ ( r i g i — 1  p a r t i c l e )  ( 2 9 )

S Ince  t h e  v e l o c i t y  is un i fo rm w i t h in  t h e  pa r t i c le , lt  follows that

— ~- � ~ 2
_~~ _ = ~~~ — = _! (3 0)

~~~ 

-

~~~~~~~~~~ ~2
0 0 0 0

.e. , the i~~ri~~t 1-i n of the i n i ti a l  k I n e t i c  energy w h i c h  remains in 
-

* F hiV  in t ern-i e n e r g y  or b o t h  the  p a r t i c l e  and t - a r g e t  is t aken  to  be -

ze ’-  p r  -~ r to i m p a c t .  I n t e r n a l  en e rgIes  are t hen  measured re lat :  ly e
o t-Pis ~‘, r • a - I i~ ate.
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the particle at any Instant during impact Is simply the square of

the ratio of particle velocity to impact velocity. In particular ,

at the end of impact, V~ = 1 and, therefore ,

I J~-. = ._~ .& = -
~~~~

- (end of impact) (31)
K0 K0 V0

I Equa t ion  ( 2 8 )  requires that

I E
= 1 — (end of impact ) ( 3 2 )

K V2

I Note  that  the energy partitioning for a rigid particle is independent
of the  densi ty  rat io.

I Figure 7 shows the energy par t i t ioning for a rigid par t ic le
according to Eqs .  (3 1) and ( 3 2 ) .  ThIs f igure  and all subsequent ones

I of th i s  type show the energy par t i t ion  at the end of ’ Impact as a
f u n c t i o n  of the inItial  Impact veloci ty . The end of impact is
def ined as the instant when V~ = V ( i . e . ,  V~ = 1). A method forI *

J es t ima t ing  the character is t ic  veloci ty  V is described in Refer-
ence 1. Although the particle still has axial velocity at this

J ins tan t , the kinet ic  energy associated with further deceleration of
the par t ic le  is stored elastically in the target  and causes no

I addi t ional  penetrat ion of the ta rget .
Figure 7 shows a very rapid increase in the transfer of energy

I from that stored In elastic response to work done on the target as
the impact velocity is increased . The latter component dominates

for velocity ratios above 1.5. Note that nearly all of the particleI kinetic energy is used to damage the target when the velocity ratio

I 
is larger than 10.

Hy drodynamic Part icle

I The hydrodynamic particle is another useful idealization . By

definition , it Is a particle which deforms but which offers no

resistance to shearing flow. It Is a fairly good approximation for

17 
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I
I a low viscosi ty  l iquid such as water .  The hydrodynamIc par t ic le

introduces a third component into the energy par t i t ion, i. e . ,
the relative kinetic energy due to deformation. Thus,

Ko = K0g + KR 
4 ED (hydrodynamic ) (_33)

Figures 8 , 9, and 10 show the energy components as a function
of impact velocity for density ratios of 0.1, 1.0, and 10,

respectively . Several trends should be noted . First , for low

I impact veloci t ies, most of the energy is stored as elastic response
of the ta rget .  The l ighter the particle , the larger the velocity

I at which this component dominates.

Second, for very large velocities , the elastic energy is
Insignificant compared to both the lateral kinetic energy of the

J particle and the work performed on the target . For the heavy

part icle , 90% of the energy represents work done on the target and
10% represents the lateral kinetic energy in the particle . In

contrast , the light particle deforms more and does less work on the
— I target . As a result , the two component s are nearly equal .

Third, another differenc e between high and low p impacts

should be noted for velocity ratios above 10. When p < 1 , the
1 partIcle is fully embedded in the target (y/2~ > 1). Hence, all of

the energy Is expended on the target. In contrast , when p > 1 ,

the particle is only partially embedded In the target , and much of
V the energy accompanies the particle ejecta and is dissipated by the

air surrounding the target .

Transfer of energy between the var ious modes in the transI tion

r- I regime ( 2 ~ V < 10) is apparently a complicated process which a

study of Figures 8—10 indicates. A parameter which Is useful for

I an understanding of th is coup ling is the deformat ion parameter ~ -

It is defined as

i — 

=

where 2. represents the nondimensional thickness of the particle.
In the absence of any strong elast ic restor ing forces , the particle
Is compressed during imPact. Hence , ~ Is a negative quantity .

I 19
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I
In the follow ing discuss ion , it is convenIent to recast ~ in

terms of particle velocity and to work with positive numbers.

I It is easy to show that for a linear velocity field the deformation
parameter may be written

I _
~~~

_ V
cg

_ V .L

I I.e., it represents the rate at which the particle center of mass

approaches the impact surface.

i Figure 11 shows the deformation parameter as a f u n c t i o n  of
I time for p = 1.0 and for several values of Impact velocity. The

final point on each curve coincides with the end of impact. It is

I evident that the initial deformation rate Is greater for greater

impact velocity . However , during a given impact , the rate of

I deformation decreases; the particle , in ef fect , becomes “stiffer .”
Eventually, if the Impact velocity Is high enough , the deformation

I parameter reaches a peak value and then decays. For the case

p = 1.0, the peak is reached during impact for V > 3. This value

is t he same as the ve loc ity at which the su dd en trans ition occurs
In Figure 9. A similar study of deformation histories for p =

indicates flattening at V1 = 6.5, which also corresponds to the1 transition on Figure 10. For p = 0.1, the study shows the defornia-

tion history occurs even for the lowest impact velocities treated.

I Further illustration is contained in Figure 12 whIch shows the

deformation parameter for each density ratio at V = 3 . 3 2  . Three

f characteristics should be noted. First , the time scale of the impac t

process varies inversely as p , I.e., the heavier the particle , the

more time required to decelerate it. Second , the peak value for (—c)

has not been reached for the light particle , whereas It has been

passed for the heavy particle. Hence, the relative kinetic energy

is still increasing rapidly for the light particle (Fig. 10) whereas

it is approaching the high velocity limit for the heavy particle

I (Fig. 8) .  Finally , the value of (—c) at the end of impact increases

with p . The latter effect helps to explain the Kcg curves in
Figures 8 , 9, and 10. It is easy to show that , using Eq. (35 ) ,

~~~~~~ I 23
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— —
Keg = (V1 — ~) (~ 6)

Since V~• = 1 at the end of impac t , it fo l lows  that  as
Increases , Keg must Increase. Hence , the value of Keg (I.e., the-

elastic energy stored in the target) must increase with p and must

exhibit a rapid change In slope when (—E ) peaks .

Viscous and Plast ic Part icles

For the genera l case of a v iscous or p lastic par ticle , all of
the components in Eq. (28) must be considered . Two models were

considered for the internal energy dissipation: viscous and plasi~~c

deformation. Figures 13 through 23 show the energy partitioning for ’

a viscous particle; Figures 2k through 29 show corresponding resc1t~
for a plastic particle . Each figure shows the energy components for

a range of impact velocities and for a particular combination of

and p (or ~~) . 

— —
FIgures 13 through 16 are for p 1 and a range of p fr -~-~ .

V 0.01 to 10. The results for th i s  density ratio are typical of the
results shown for the other density ratios. As expected , for  low
viscosity (Fig. 13) the energy partitioning Is similar to the

hydrodynamic results of Figure 9. The internal energy dissipation

never excee ds 3% of the init ial par ticle kine tIc energy .
Figure l~4 shows the results for a larger value of viscosity

(~ = 0.1). For V ~4 , almost 20% of the particle energy is

dissipated as heat . Before proceeding fur ther , It should be noted J
that it is the ratio of E/K0 which has a maximum value as a

func t ion  of impact velocity. The energy dissipation itself is a

monotonically  increasing f u n c t i o n  of impact velocity. Hence , F

does not approach zero for large velocities. On the contrary , it

is growing quite large ; it Is j u s t  IncreasIng more s lowly than K ..
Both the maximum value for ElK0 and the veloci ty  at which  the

L maximum occurs increase directly with p . For example , when p =

(FIg.  15), the maximum value of E/K 0 is 2 5% and It occurs when

- : V = 35;and when p = 10 (Fig .  16) , the maximum has not been reached

26 
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f o r  V = 50. For both these condi t ions  of r e L d t r v e ly  h igh v i s c o s i t y ,
there is an i n s ign i f i can t  amount of r e l a t i ve  k i n e t i c  energy in the
particle; the particle has simply not deformed very much due to ‘he~
viscous stresses. These stresses not only generate !r:ore heat as

noted above , but the “sharper” particle Is able to peneti- ite deeper- - -

into the target and do more work on it. This additiona l work is

shown by the overshoot of the ED curv es in Figures 15 
and 16 

--

relative to the hydrodynamic limits.

FIgures 13 through 16 show that for sufficiently high veloci-

t ies , the energy partitioning approaches the hydrodynamic values of’

Figure 9. This is clearly evident in Figures 13 and 111. in Figure -.

15, 
~D 

is approaching the limiting value of 70%, but a transfer -
~~~~

between E and must still occur for larger impact ve-locities . - - -
‘

Still larger velocities are required before the limiting conditions -

are reached as In Figure 16.
Figures 17 through 20 are for p = 0.1 and Figures 21 through 

V.5 

-

23 are for p = 10. The results are similar qualitatively to those -

described above for p = 1.0.

Figures 2k through 29 show the energy partit ioning in ’-a 
-

plastic particle for all combinations of the three densit~’ ratios

and two values of particle yield strength. These results are

similar to the viscous results with one exception. A viscous —

particle deforms continuously under an applied stress; a plastic

particle deforms only when the applied stress exceeds the yield

strength of the particle material. It can be shown that the Impact

velocity for incipient par t i c l e  deformat ion  (V ) is related toy
particle yield strength by

~
y =

~~~~~~ ~~~

For Impact velocities below V~, , there  is no par t - Id e d e f o r m a t i o n , -

and the energy partitioning is that of a rigid particle which was

described earlier In Figure 7. - .  -

The constraint Imposed by Eq. (37) is evident in Figures 214 
-
~~~

through 29. For example , = 20 for Figure 25 and , therefore ,

1~ 14 14 -

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _ _ _ _  -



_ _ _ _

— —

~~ = 6.3. In the Interval 1.0 V < 6.3, Figure 25 is a replica
of’ Figure 7. Due to its rigidity, the particle d e s  n~re work ~r1

the target than a deforming particle as eviden-~e-J b : j  the o~’ersh-~c-t

of the ED curve. As the impact velocity In~ r-eas es abo’—e
the particle yields. It does less work on the t~~x-~ et as iaiger

percen tages  of the energy are expended laterally and dissipated

internally. Eventually, for high enough impact velocities , the

I p a r ti c l e  s t rength Is i n s i g n i f i c a n t , and the  energy partItioning
again approaches the  hydrodynamic  va lues .

B. Pa r t i c l e  Shape

I Figures 30 , 31, and 32 show p a r t i c l e  w i d t h  at the end -~~~~

impact as a function of impact velocity and particle viscosity

I for  three  values 01’ densIty ratio. The most strik ing feature of

these curves is the ( apparent ) t r a n s i t i o n  of’ b e h a v i o r  be tween  low
and high velocity impacts. The transItion , wh~ cL is ncst apparent

for p = 1 and 10 and for small  va lues  of p , corresponds to the

stiffening of the particle which was discussed in  Section III.A.

I It is also interesting that the sharpness of the transition is —

blunted by increasing viscosity.
V WIth the exception of impact velocities below the transition

velocity, the hydrodynamic solution provides an upper limit for

the lateral growth of the particle. At large impact velocities

(depending on the value of u), the width of each particle

approaches -he hydrodynami c limit closely.

Figures 30 through 32 show that for a given particle density

and impact velocity, viscosity has a larger effect on particle
— j shape as the target density increases. For exam~:-1e , for u = 1

and V = 10, the width of the particle is within 15% ot  the hydr o—

I dynamic value when p 0.1 , but the width is less than h a l f  t h e

hydrodynamic value when p = 10. The implicat ions of  the result-

I as regards mass erosion are noted later.

-: Figures 33, 314, and 35 show an analogous set of ~artic1e-

width curves for plastic particles. These curves exhibit t h e  same

-
‘ 

trend s as do Figures 30 through 32 for viscous particles - w lc h
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-n i e  e x c e p t i o n .  The p l a s t i c  p a L t i c i e  i c c :  aL -t~Io~-r u n c ~~l ~~~

y l e  t~i strennth Is exceed  ~1. A: ‘ - -  - s u I t  , olar’ I - “ ic~ es

~- o m i ~~C r i g id  for  the  o ’r r a t  ~c r ,  o ” Impa c t t - - r c s  v~-l oc ul ~-s . IVI
1 c i -  s omewha t  hi~- h r c i ’  ve~~u c l ti e: , t,ht- -c~ -a ct. - r ~s j i- ~ th c-s

e x c e ec  t h e  y i e l d  str-e rg’ h , arc s the  t t - c I c l ~ ~-s~~lr :  to  def  ors
However , the  p a r t i c l e  nay t *c o m o  r - i g i o  i~~t i c ~~ ~n p a c t *  as a
of ’ t h e  s t i ff e n i n g  t. en~i v : c r -  W~-~~~-i r ed ear  i i  ~:-

~ . The b eh a\

r e p r e s e n t e d  by Fc ~~~ er  33 t L r - : s~~n 35 t s -I i  f e r -e r :  , u e ; - e n d  ~r~~’- c r .  1
,

t h e  irt~ ac t  v e l o c i t y .  Th er -~- - I r e  t h r e e  r~~p~~rrc~~r-- . Ac lc ~ - 
—
.-

~~~~~l : - 
-

a p a r t i c l e  does  n-:- t defu riT ~; at h igh  -e~- l oc i  cy ce I ar~ cle ie~ -~~ 

I

- -~~nt  r u o us ly  t r i r - - -u~~h ou t t h e  p e r ;e t r a t . i - n ;  a~~1 tn er e  ~in  in ’ e r  -

i -~t e  “ og: r n€ -  fc~ - wh : - : h t h e  r a r r i c l e  ief ~- ’ ’ -  - a ‘ I n c  ar  t n o e
r - I z ~t d i z e s.  - .

D e p t h  of P en e t r a t  lc rc  -

~ ur’e s 36 t h r o u g h  h I  r h  -w th e  mac: i rr Srt . th n t h  o: ~- n e c r  a t  -

~: c ~~t 1p i~~ed by d en s it y  rat~~c as a r n - ~~ ~ uf l  of ni- s ot  ‘ o l c c ~~c - -
~

~~V r Vt i cle v i s c o s it y .  i n  r e r r - ~ ot t h e s e  t -~~~--~ ep s t - l : :- .i t~~ r - -

b e n av l or ’  p roduce :  a st r a i ght  L i n e  on r~~n. i_ I- :~~ r - e r -  a e c c r  c t r ~~ 
—

t~ce :elati-:-n

-~ sax -.

For this a n a l t o l s , a v a lu e  -if C J 2  = 1 sc- s use.t Th i . - ~~~~~~~~~

-described below are a p p l r c a b L e  t o  c - t h e r  v a l u er ,  of  t h e  - i r a g  c -~~~’ - -

d o n - Lf one considers the o r d I n a t e  of h l o t  S L~~- r e C~~~. 
- 

‘ - - V - -
i— ~~~ ‘.

i t  is i n t e r e s t  In g  t h a t pene t  r - n t  on d o- i  th  fer  h y J r - c -i: n ar d c  r-ehs~ 
-

~s a ~ower  bound  to  t h e  c~t h e~ cre d ict io rs . ‘-ioclc u~ ~he n~o - -

b ehav~~u i  ~s s l u i la r  f - c r  v i s c o u s  a : d  ~ i ast 1 c  ~.a r h I c l e : .  A~ i c r

t h e  t r r e e  v e l o c i t y  r -  l rc ,e~ - ar e a r - ~~ar ~- r t  in the  -j o t s .  A’ ~ -

-~e o c ~~ty  and h ig h  st r ~~~:t h  ( I . e . ,  r i  i l - e r  ~ or’ a ) , ‘ - i - e d  - -~~~~~

a t  ion  de l  h t a l l o w s  ( c lo s e l y  t o t  ‘~‘ s c cu s  b e h a v i o r  - i n n  -s .. -
~ 

- 
,-

r o e p i a s t lc  be~~~,’Io r i  the  r ig id  r : a r - * I c ~~ r - tT~~. c t ~~- -n ~~. ~c -

~The cr lu er c on b r  r isn c i lz at i o n  of a ~~~~~ ps~~~~ci~~ I s  -

This f~- i1 ows the requl r ’e rn en t  I Lo t. i t ’ erna  e-~~or - e~, ; -r r d : ct  ~ orc
• 

- p o s i t i v e , sh i ch  i s  viol at€ ’ci n the I;-I’csent a r a i y . r i c  I t  ( — i , - -

t rvni zero to a n e g a t i ve  V O i ~~c.1-
V 
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I v e l o c l t y ,  p r ed ic ted  penetra t i cn dep th  dppr’o 1oh~~s C l o se l y  t h e
hydrodynamic particle predictions . The transition !e-:m rh e rigid

I to the hydr ’od — rcunjc l i mi t s  o c c u r s  at i n t e r m e d i a t e  ~r : r ; a ~~t ve l o c it y .

The n a t u r e  of v i s c o s i ty  Is such tha t  the a b r u p tn e s s  of the  t r a n s l—

I t ion  e x h i b i t e d  by hydrodyriami c b e h a v i o r  is  e lu r t ed t a r -  ~-ar -~~e- r- 
~.i .

Higher for plastIc behavi or ’ tends to b lu n t the sane abruptness ,
h u t  t h e  n a tu r e  of p l a st i c i t y  also In t roduc e - s an a b r u p t n e s s  of’ i t s

own Into the graphs.

A very  i n t e r e st I ng  p h en om e n o n  t o  exposed  by Fi~~ur e s  38 and 111.

I Do~~t h  o r  penetrati on for p < 1 is b o u n d e d  from above by r i g i d
la:-ti c~ e predIctions . But this is not the sItuat~~-n when the

I t-a: ’tic ie I: less dense than  the target (i.e.- , o > 1) .  Pene t ra t ions
-as no -oh as 35% grea ter  are p r e d i c t e d , and the  cr 1 -ac t  v e l o c i t y  at
w h l  cI t  t o e  p aak  occios  depends on t oe  va lue  of ic or o~ - A l s o ,

I a p a r t i c l e  o r ’ y - e nt e r  s t r eng th  may p en e t r a t e  less thd : one of
lesser s~ rength. Furthermore , increasing the ir -~~:r-~ v e ic-~ ity of a

I given par 4 i d e  ~iesIgn may i’esult is! lower’ penet~-~ tioic . A l l  of
these - har’uct eris 4 Ics ar-c- s o me w h a t  sorprising an-c m otiva te Turther

I d I s - o~~~iu n of he - V.r ~d e r - i y l r c~ l - tcea ~
In the  co~,t ex t of the  p r e sen t  t hec - ry ,  the  dep th  c i  p en e t ra t i o n

I is the t tr ’r e in tegra l  of t h e  f r o n t  race  v e l o c i ty .  So it’ V1 is

pl o t t e d  as a i - a n - c t Ion ct  i I o n  a g iven  im p a c t , then. t he  area under

I t h e  curve  is numerically equal to t h e  dep th  o f  p e n e t r a t Ion . Detailed
s t ud i e s  of i nd iv idua l  cases show t h a t  the  V~ h i s - t o r y ,  h e n c e  also
t h e  d e pt h , is very s ens i t i ve  to the  p a r t i c l e  def -c-r ’ri - o -c ic- n h i s to ry

I which , in turn , is controlled by strength.

The abraptness ci’ the transition for p = 1G and h y dr o - dy n a m i c

I behavior may be viewed fur-tbcr ~n terms of the -  V~, — 
~~ t i -a c e s .

Traces for  th ree  va lues  of impac t ve loc i ty  are sh - -~-.r - by l’lg ure  142.

I Note that f o r  < 6, the  f ron t  t a- c e v e l o c i t y  d e c r e a s e s  ~- a p i d l y
to 1 and ceases p e n e t r a t i o n .  But at V~ = ~~~, t h e  t r ace  become s

I f i a t  at a value in excess  of 1, and the p e n e t r a t i t ~n p e r s i s t s  a
longer time . The depth of penetration (i.e., r u e  aLe a u n o e r -  the

trace) takes a sudden jump at- V1 7. That the t r : - n t  !ace  decel-

eratIon ceases or’ even reverses seems at t i r s t lrAccns istent with

I
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j cOnser’vat ~or~ principles. Several cases have been ckc~:cked and

no Incoi~c1s te ri~c1es were found. For example , Figure ~3 dentonstr’ates

I that the- mass center velocity ut-creases monotonically with time

even tt~u u gh the front face may speed up.

I D. Tar-get hi’osiun

I The couples effects of energy partitioning, particle defer-na-

t I o n , and depth of penetration yield the target—mas s erosion

cur -yes sh~ wn in F igures  1 4 14 , 115, and ~6 for viscous particles and

In Fr~ ur’es 117, 148, and 119 for plastic particles. The ordinate of

each figure , which is denoted by rn , represents the ratio of targe~

I mass loss to particle mass. A cursory glance at these figures

reveals the strong influence of particle ~—‘iscosity (or yIeld

I strength) on target erosion.

Before examining these results in detail , it shoulci be noted

I 
that the details of the erosIon process are the weakest- link In the

- integra l theory at this time. in part this is due to a paucity of

the type of detailed data needed to develop a general model. But

I just as i c p L -r t a n t -  is the fact that most of the early effort in the

develo rn en t. or this theory has been devoted to the p red ict ion of

V 
penetr ation m O  particle deformati-0n. The theory has now reached

the sta~~e- where effort toward cavity predictions is warranted , and

I an tnprcved theory of mass loss is under development at present .
R Ma ss ic-so pr-edictions using the present theory are c ompared to

I e x p e r i m en t a l  o b s e r v a t i o n s  t a  gain ins igh t  i nt c  how to i n p r o v e  t h e
~ he-cr y

A crfT 1:-ar~ son of Figures 1411 thr’ough 149 shows certain common

I trerns . Fir s t , erosion varies inversely as the density ratio ;
t h e  heavier particle produces the most damage , all other conditi~ ns

I -r n hanged. Second , erosion increases with vIscos1t~ (or yield
stre n~th) t’or low impact velocities although the amount of mass

I r~~m - t-ed is ext :‘enely small. In contrast , erosion varies inversely

as vIscosity Icr high impact velocities ; the h y d i -  dynamic value is
t h e  ~pper I Imit for targe t e rosion .

I
I
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I These con t ras t ing  results reflect the complex coupling of

the particle deformation and penetration and the amount 01’ energy

I contained in each of the available modes. It, was shown earlier

that an increase in viscosity results ±n deeper’ penetration but a

I 
narrower particle and , for some velocities , less lateral kinetic

energy . But greater lateral kinetIc energy produces greater

cavi ty  w i d t h .  I t  fo l lows  that  c a v i t y  v o l u m e  is a very complex

I function of particle strength and Impact velocity .

The complexity of the phenomenon is Illustrated well by the

I predicted mass loss behavior In the intermediate velocity regime .

For exam ple , In the interval 6 < V < 15 , Figure 148 shows that it

is possible to decrease erosion by Increasing the impact velocity

when = 20 . In this velocity interva l, the width of the

I pa r t i c l e  has increased by 80% (see E~ig. 314) but the depth of the
cavity has decreased by nearly 25% (see Fig. 14 0) .  In addi t ion , the
increase in particle k ine t i c  energy associa ted  with higher impact

I velocities does not produce proportionate increases Inc lateral

kinetic energy of the particle or- in work done by the particle on

the target. Ra ’her , most of the additional energy Is used to heat

the partIcle Fig. 25). As a result , despite the fact tha t the

I width of t h e  particle has increased , the width of the cavity has

actually decreased. Figure 50 shows the final cavity shape for the

I 
two velcc1t~ es which bound the regime . The reason f’or the dip In

the eros ion curve Is evident from this figu-’e .

As the velocity is Increased beyond t~ is regime , more of the

I kinetic energy shows up as relative kine t ic  energy and , as a
result , the cavity becomes much wider. Her re , the erosion curve

I again increases with further increase of impact velocity.

In  summation , perhaps the most important point of these

I results is tre recognition of the uniqueness of’ each impact condi— —

tion. Blanket statements such as , “The stronge r’ the particle , the

-~ 

V 

i larger the erosion ,” or “Erosion increase-’ ‘ Ith impact velocity ”

I simply are riot always true . Data extrapolation or test planning

based on such statement s may he faulty and , when tn e u~ t imate

I-.
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I
I o b j e c t i v e  is hardware aes ign , even dangerous. Hopefully, anc4yses

such as this will be able to bc-und the problem and e l im ina t e  the

I need for all—encompassing b-ut unproven generalizations .

I
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IV. CONCLUSIONS

The first steps in the creation of an integral theory for

impact cratering by high—speed particles have been presented and

used to perform a parametric investigation of single particle ,

normal impact. Density ratIo , Impact velocity , and dissipation

parameter (particle viscosity or yield strength) were varied over

a wide range of values. The effects of the~ e variations on energy

partitioning, particle shape , depth of penetration , and target

erosion were determined . The predictions are presented by graphs

which may be used for test data interpretation and extrapolation ,

test planning, hardware design , etc. The graphs should prove

usefu l becau se one ’s intuitive ~tbIlIties are easily overwhelmed by

the complexity of the impact process.

72

_ _ _ _ _  .4



-V. ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~— - ~ - - - - 
_ _  _ _  

— __ •_ -_ .__i ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

I

REFERENCE S

1. Do naldson , Coleman du? . and Thomas B. McDonough , “A Simple
Integral Theory for Impact Crater’ing by High Speed Particles ,”
Defense Nuclear Agency Report DNA 323’4F, December 1973.

I
I
I
I
I
I
I
I
I
I
I
I
I

13

I
-- 

-———i ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ - 
- 

- -



£‘A~~~ LANK..NcYF FILO~’)


