
P A R T I C L E  S P R E A D I N G  D U R I N G  

A N D  P E N E T R A T I O N  

]~. I .  A n d r i a n k i n  a n d  V. V. 

A C C E L E R A T I O N  

B a t i i  UDC 539.31 

On the basis  of models of viscous incompress ib le  and ideal fluids as well as an elast ic  medium, the de-  
s t ruct ion of spheroidal  par t ic les  under the unilateral  effect of high p r e s s u r e  corresponding to accelerat ion 
o r  penetration conditions is considered herein.  The p re s su re  and velocity fields here  are  found, the cha r -  
ac te r i s t ic  angles of spreading and the size of the nondestructive compact  zones are determined,  es t imates  
are  given of the specific impulse resul t ing in complete spreading of the par t ic les ,  etc. 

A theoret ical  solution is obtained in Legendre polynomials by separat ion of variables by using the 
Laplace t rans form (for the nonstat ionary problem).  The experiments  conducted herein agree with theory.  

Investigations on the destruct ion of solid par t ic les  during collisions with obstacles  and during acce l e r a -  
tion were s tar ted at the beginning of the nineteenth century [1] and are  intensively conducted at present  
[2-5]~ 

The destruction of spheroidal particles under the unilateral effect of high pressure corresponding to 
acceleration or penetration conditions is examined herein onthe basis of models of a viscous incompres- 
sible and ideal fluid and also an elastic medium. These question are of interest for the punch-through 
problem since the interaction parameters [5] as well as the maximum velocity which can be obtained dur- 
ing particle acceleration depend on the degree of particle destruction, The experiments conducted agree 
with theory.  

1~ Quasis ta t ionary Spreading of Spherical  Par t i c les .  Let us examine the problem of slow quasis ta t ion-  
ary spreading of a viscous spher ical  par t ic le  of d iameter  d o = 2r 0 subjected to a unilateral  p r e s s u r e  (Fig. 
1) corresponding to accelera t ion o r  penetration.  

Let us consider  the par t ic le  ma te r i a l  to behave as a viscous incompress ib le  fluid under conditions 
of high compress ions  on the o rde r  of 10 ~l bar .  This approach has been developed in [2] in descr ibing the 
process  of cumulative jet penetrat ion in metals  by the hydrodynamics  equations of an incompress ib le  fluid. 
At such p r e s s u r e s  the metal  compress ib i l i ty  is severa l  percent  and the viscous s t r e s se s  P08Vz/SZ (P0 = 10s 
P) exceed the yield point ~T [6-9] although the Reynolds number remains  low (Re = P0Ur0/P0 < 1). 

For  a quasis tat ic  analysis it is necessa ry  that the dece le ra -  I 

tion (acceleration) t ime t o be g rea t e r  than the charac te r i s t i c  wave 
7* t ime t w = d0/c 0 and the p re s su re  should vary smoothly on the p a r -  

causing spalling. 

Neglecting quadratic iner t ia  t e rms  and dV/dt  in the hydro-  
let us write them as 

grad p -- P,i -I- ,.0aV, div V = 0, j = -- F/m o 

(8) posite to the resul tant  of all the surface forces  in a moving spher i -  

�9 t icle,  without 

dynamics  equations, 

mo = ,/3nro3po (1.1) 

where F is the principal  vector  of the surface forces .  

Let us d i rec t  the inert ial  force  vector  J along the z axis op- 

ca1 coordinate sys tem coupled to the center  of the part icle.  
Fig. 1 
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Applying the ope ra t ion  div V = 0 to (1.1), we obtain  the Lap lace  equat ion Ap = 0 for  the hyd ros t a t i c  
p r e s s u r e .  

The  condi t ions  of  equal i ty  of  s t r e s s e s  on the bal l  s u r f a c e  

~ ,  (ro, 05 = - - p  -4- 21~oav./Or = - - P o /  (0) 

CrrO (to, 0) == IXo (llrOV~/O0 q- OVolOr - -  "go~r) = ToO (0) (1.2) 

are  the boundary conditions for  (1.1)o 

The solutions should sat isfy the continuity equation since the o r d e r  of the s y s t e m  is r a i s ed  by one 
af ter  the opera t ion  div has  been applied to (1.1) to der ive  the equation Ap = 0. Let  us seek  the solution by 
sepa ra t ion  o f  v a r i a b l e s :  

oc co 

Vr --= ~ ~' 0"5 P,, (cos 0), Ve = ~ (p (r) OP= (cos 0) / a0 
~1~0 ~ t ~  0 

cc 

p = ~ N,rnP,~(cos  0) 

We obta in  the s y s t e m  of equat ions  

(L3) 

r l - 'h~"  --  2r- ~q~ ~ ' - -  [ n ( n -'- 1) -i- 2] r - ~ - 1 ~  -k 2n (n -4- 1) r-~-rtp~ -= nN.~ / po 

rl-~%," + 2r-'cp~' --  n ( n  + t) r-~-1% -4- 2r'~-h~. = N.] ,uo  

for  the functions ~(r) and ~0(r), and f r o m  thei r  solution we de t e rmine  the des i red  functions and find e x p r e s -  
sions for  the veloci ty  and p r e s s u r e  f i e lds :  

r 

Vr ~ - - -  /:]1 t - -  2 COS 0 + ~, r0 n+e A~ 4- B.  , - -  I r0 -~" P,, (cos O) 
n ~ 2  ' ~, r l / 

�9 co 
[ @ )  n + 2 [  a -'-- 3 r \ n + l  t f r \ n - I  _.l op. (cos O) 

v0 = - B ,  I - 2 / ' ] s i n  0 + ~] ro ~ An ("~-o) + ~ B,,/-7~-) ro "j a0 (1.4) 
rt----2 

o o  

p - -  Ao 4- (10poA~- 9j) rcos0 2_ ~ 21~o(2n "3 )  A . r " P . ( e o s O )  

To d e t e r m i n e  the cons tan t s  A n and Bn, we expand the ex te rna l  p r e s s u r e  P0f(O) in a s e r i e s  of  L e g e n d r e  
po lynomia l s  and the f r i c t ion  ~0q~(O) in a s soc i a t ed  po lynomia l s  in the in te rva l  (0, ~): 

c~ oc 
O P n (cos 0) 

l(0) = Y~/nPn(COS0), q)(0)= Y~ r  00 
n ~ O  r t ~  1 

r . .  2 

2n4-1 I /,, = ---w---2 / (0) sin OP,, (cos 05 dO (1.55 
0 

.-t 2 

(i)n ~--- 2n -i- t 2  (n(n--t)~- 1) ! I (l) (O) sin OO P,, (cos O) / 03 
0 

Upon pene t ra t ion  of  pa r t i c l e s  in a dense  med ium the s u r f a c e  f r i c t ion  f o r c e s  a re  p ropo r t i ona l  to the 
n o r m a l  p r e s s u r e  r = kP(r00).  F o r  m e t a l s  k is on the o r d e r  of  s e v e r a l  pe r cen t  so that  r << P in this  ca se .  
Le t  us examine  the case ,  of ten encounte red ,  in which r = 0 and the ex te rna l  p r e s s u r e  is e x p r e s s e d  by the 
Newton f o r m u l a  P ( r  0, O) = o l v o 2 f ( O ) ,  where  

/cos20, 0 ~ 0 ~ < a / 2  
I(0) ---- t0, a / 2 < O ~ < . ~  

The solut ion fo r  the ve loc i t ies  and the hyd ros t a t i c  p r e s s u r e  b e c o m e s  
clo 

Vr P .... 2 n[ n [ [ r 'n+l n ( , , -~2 )  [ r \ n - l ]  
= V:---~-- =2 212n(n+2)-i-3] (n --  |) ;,,-~'u ) ~ - - T  k-~'o) J Pn(c~ 

c~ 
Ve~--- Poro ~3, /n [ ,t r \n+l n(n-;-2)  I r " n - I  1 0 P n ( c 3 s O )  

'-~--~ ,,-'~-z 2[2n(n+2)+31 (n--  3) i, r-~ ) --  n~'l- '\~-oj J a0 

(1.6) 

(1.7) 
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c~ 
r q {n-: l)(2,z-3) in ~ r ' , .  P .... f0P0 i- , / l /0"~-o COS0,  / )0  ~_~ :2,~(t/--~)':-3 ' (, r,-~-) Pn(COS0) 

~=-2 

It  fo l lows  f r o m  (1.7) tha t  the  s p r e a d i n g  v e l o c i t i e s  d i m i n i s h  in the i n t e r i o r  d o m a i n s ,  r e a c h i n g  z e r o  
va lue s  at  the  c e n t e r ,  a l though  the  v e l o c i t y  g r a d i e n t s  i n c r e a s e  as  r ~ 0. O u t w a r d  s p r e a d i n g  of  i t s  m ~ t e r i a l  
i s  o b s e r v e d  in the  m a j o r i t y  o f  p a r t i c l e  d o m a i n s .  But a s o - c a l l e d  c o m p a c t  head  zone with i n w a r d  mo t ion  of  
the  m a t e r i a l  e x i s t s  in the  p a r t i c l e  f r o m  the s i de  of  the  a pp l i e d  p r e s s u r e .  Th i s  d o m a i n  i s  in the f o r w a r d  
s e c t o r  wi th  a c e n t r a l  ang le  of  54 ~ (F ig .  1). 

The  p a r t i c l e  i s  d e f o r m e d  d u r i n g  s p r e a d i n g .  

It can  be c o n s i d e r e d  tha t  the  p a r t i c l e  i s  d e s t r o y e d  c o m p l e t e l y  when the r a d i a l  d i s p l a c e m e n t s  

t 

U~ : :  i V~dt 
0 

m e r g e  at  0 = 0 and rr. The  e x p r e s s i o n  to d e t e r m i n e  t h e s e  t o t a l  d i s p l a c e m e n t s  i s  found f r o m  (1.7) and i s  

(} u (% o) { + { u ,  (%, ~,) l) 
A ----- .- 0.18I/lao, FU 

" (1.8) 
I = ~. P (ro, O, t) d t  

0 

F o r  A = 2 we f ind the c r i t i c a l  va lue  o f  the  s p e c i f i c  i m p u l s e  I c = 12# 0. E x p e r i m e n t s  show tha t  m e t a l  
p a r t i c l e s  a r e  d e s t r o y e d  at  the  r a d i a l  d e f o r m a t i o n  A = 1, to which va lue  the  c r i t i c a l  i m p u l s e  I c = 6p 0 c o r -  

r e s p o n d s  f r o m  (1.8). 

The  m a x i m u m  v e l o c i t y  of  the  th rown  (or  d e c e l e r a t i n g  d u r i n g  p e n e t r a t i o n )  p a r t i c l e  can  be  e x p r e s s e d  in  

t e r m s  of  I c if the  i n t e r a c t i o n  cond i t i ons  P0 > CT r e s u l t  in v i s c o u s  f low.  

11Ic tL, / 4~ \ ' , ~  . 3 
Y c  ~ 9 rv p,/ .~ ~ :Jmj " 

. . . .  ] ~, a = 2 . 5 - - 5 ,  . f 1 = ' ~ -  

The  p a r t i c l e  i s  hea t ed  s t r o n g l y  b e c a u s e  of  i n t e r n a l  f r i c t i o n  d u r i n g  v i s c o u s  s p r e a d i n g .  

Le t  us  c o n s i d e r  the d e c e l e r a t i o n  ( a c c e l e r a t i o n )  t i m e  ~0 to be  much  l e s s  than  the c h a r a c t e r i s t i c  h e a t -  
ing  t i m e .  Then the  d i s s i p a t e d  e n e r g y  in L a g r a n g e  c o o r d i n a t e s  i s  c o n s e r v e d .  

The  E u l e r i a n  and L a g r a n g i a n  c o o r d i n a t e s  c o i n c i d e  as  r ~ 0 in a c o o r d i n a t e  s y s t e m  w h e r e  the  c e n t e r  
i s  f ixed ,  and the t e r m s  of  the e x p a n s i o n  (1.7) y i e l d  a c o n t r i b u t i o n  to the  t e m p e r a t u r e  only  fo r  n = 2, i . e . ,  

C tiT' t92 1 
P0 ~p -37- r-.0 = ~ (f~Po)" !~o (T), /~ -- 3 (1.9) 

The initial heating drops because of heat conduction and the temperature dependence of the viscosity 

so that (1.9) yields the upper bound of the temperature~ 

Not all the particle material goes over into the viscop1~stic state under unilateral loading. Hence, 
attempts to obtain an accurate picture of the stress state in the particle are fraught with great difficulties 
since solutions satisfying the viscoplastic and elastic states of the material must be joined on an unknown 
boundary. The stress state can be investigated qualitatively in the example of the exact solution of the elastic 
problem, which is also of independent interest since brittle materials, for example, arc destroyed at low 
deformations subject to Hooke's law. 

General methods of solving the elasticity theory equations are known [10]. IIowever, the case of a 
unilateral load on the sphere according to the Next,ton formula is of special interest since it corresponds 
to the quasistationary penetration of solid particles or to their acceleration in a plasma stream. This prob- 
lem has been examined independently in [13] and by the authors. Hence, let us limit ourselves just to the 
main deductions of the theory~ 

Setting ~rr(r0, 0) = -P(r0, 0) and giving the boundary conditions in the form (1.6), applying separation 
of variables to the elasticity theory equations in displacements, we obtain the desired solutions for the 
s t r e s s  t e n s o r  c o m p o n e n t s -  
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c~ 
( { f r ,n n ( n + l ) z _ 2 n ( t _ T i ) ( ~ ) n - 9 } p n ( c o s O )  

�9 r "r ~ H In (n - -  l ) - - 2 ( l - b ~ l ) I  ~-~'o ] - -  X + t  z,~.= --/oPo - -  hPo "-~o ] 
oo 

?~=2 

X "~o n,-- 1 W P~ (cos O) + 

- t - H { n + 5 - - 4 n  ( r n + i  7o)" ( n+ i ) - -2 ( t - - q )  ( r n ~ _ _ ,  ~ ) " - ' }  X o~en(c~ 

X ~ n Z _ t  
{n - I -5 - -4"q  ( r ) n  (n ~ i ) -  2(1-- 'q)  ( r )n -~ :}  OP n (Cos0 )c tg0  

r 

z ~ =  t - -  -go H n + !  "~o 00 

(n + t) ]nPo 
H =  2n 2 + 2n (1 + 211) _,L 2 (t + ~1) 

where  ~ is the Poisson  ra t io .  

It is seen  f r o m  an analys is  of the s t r e s s  s ta te  that  it va r ies  along the par t ic le  volume and has a s in-  
ga la r i ty  in each zone. The m a x i m u m  tangential  s t r e s s e s  which or ig inate  init ially at the cen te r  and arc  
propagated  towards  the c i r c u m f e r e n c e  to r e su l t  in shea r  s t r a ins  as P0 grows a re  c h a r a c t e r i s t i c  for  the 
zone 0 = ~r/4. Along the radius ,O = 7raO0 = 0 and a~o(p = 0; hence,  one-d imens iona l  c o m p r e s s i o n  of the m a t e -  
r i a l  due to the effect  of iner t ia l  fo rces  is obse rved  in this domain.  

The zone 0 = ~/2 contains the tens i le  s t r e s s e s  a ~  which a re  governing during des t ruc t ion  of br i t t le  

pa r t i c l e s .  

Mul t i la te ra l  c o m p r e s s i o n  of the m a t e r i a l  holds in the neighborhood of the c r i t i ca l  point 0 = 0. This 

domain is "mos t  s tab le ."  

2. Nonsta t ionary  Spreading of Spheroidal  Pa r t i c l e s .  The solutions obtained in Sec. 1 can be consid-  
e red  valid on the expi ra t ion  of the t ime  t > t o when the product  of the Strouhal and Reynolds numbers  be -  
comes  much l e s s  than one. It is in te res t ing  to study the nature  of the e m e r g e n c e  of the flow into this quasi -  
s ta t ionary  mode under  the assumpt ion  of sma l lnes s  of the change in the par t i c le  outline during the t ime t o 

and of sma l lnes s  of Re.  

The solution of the p rob lem is valid for  nonstat ionary boundary conditions when the p r e s s u r e  applied 
to the par t ic le  depends on the t ime .  Since Re << 1 and t o >> r0/c ,  the equations of  mot ion in the moving co-  

ordinate  sy s t em a rc  

poOV/Ot--gradp = ,aoAV + pj, div V = O, j--- F/mo (2.1) 

we obtain 

with the boundary and init ial  conditions 

(~r(ro, O, t) = --Po(t)](O),  c% (ro, O, t) = 0 

Vr (r, 0,0) = 0  V0 (r, 0,0) = 0 

Applying to (2.1) and (2.2) the Laplace  t r a n s f o r m  

Ur-- ;Vr,  Ho_~Po(t) ,  H ~ p ,  

9 o S U + g r a d F I = p o A U + p j ,  d i v U = 0 ,  h I I = 0  
OUr ~ --  

- -  I! (r0,0) -t- 2~o----g7- ~ ] . . . .  [ Io (S ) / (0 )  

oc 

! (o) = ~, /nP~ (cos o) 
n~0 

- 7 - ~ 4 - '  Or r . . . .  = 0 ,  u~(r,O,O)=O u0(r,O,O)=O 

(2.2) 

(2.a) 

(2.4) 
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The va r i ab les  in (2.3) s c p a r a t e  into L e g e n d r e  p o l y n o m i a l s :  
co 

H = Ko + Kl~  cos 0 + ~] K~r~P~ (cos O) 
n------'2 

oo 

u~ = ~] r (r) e .  (~os 0) 
n----0 

u e =  Y Jean(r) O0 ' r n ( n + l )  r + 2 , .  

Subst i tut ing (2.5) into (2.3), we obta in  equat ions  to d e t e r m i n e  Cn and qo n. 
the c o r r e s p o n d i n g  homogeneous  equat ions  a r e  

(2.5) 

The solu t ions  r  ~ and COn~ of  

%0 = Aox-',;I,:, (x), ~ o = A.x-'/'I~ (x) + B.x-',;I~ (x) 

r o = C.x-',',I~ (x) + D.x-':'Ir (x), x = r ] /poS  / ~to 
A B n - - ~  Cn ,~ ~ 3 t 

n + l  ' C n =  n ' a = n + - ~ - ,  ~ = n  2 

Le t  us seek p a r t i c u l a r  so lu t ions  of  the inhomogeneous  equat ions  in the f o r m  Cn* = n~n*" 

F o r  ~n* we obta in  the equat ion 

\ - ( n + l )  / 
x"- ---=~.. 2x d ~ *  - - [ x 2 + n ( n - - l ) ] ~ .  * = K , , ( V , , S  j ' x . . x  

for  which the se t  of  bounded solu t ions  has  the f o r m  

u .  ( p ~ s l ~ . + , , ; ,  _ , (2 .6 )  ~,,* = R,,z-",I~ (z) - -  ~ \ ~o / 

Let  us s e l ec t  the cons tan t  

K , t  ( pn,.~' ~ "~v*+l) / 2 
R,~ = 2z]" (~ + i )5~-  T T  / 

such  that as x ~ 0 the p r inc ipa l  t e r m s  p r o p o r t i o n a l  to x n-I  a r e  cance l l ed  in the expans ion  of  q~n* and the 
p a r t i c u l a r  so lu t ions  (2.6) go o v e r  into p a r t i c u l a r  solut ions  o f  (1.4). 

The cons tan t s  A n, B n and K n a re  d e t e r m i n e d  by subs t i tu t ing  the solut ions  Cn = ~bn~ + Cn* and ~o n = 
C~176 + q~n* into the boundary  condi t ions  (2.4), f r o m  which we find a f te r  man ipu la t ions  us ing  r e c u r s i o n  r e l a -  
t ions  for  the B e s s e l  funct ions  

2 n  (t~ ~ - -  i )  H o f n r 0 ~ o * "  
A m  = - -  ( 2 n  - -  I) p.oq n 

2'~ (n" -- l ) I]o/,~ro.%"" [ ~ 2~I'(~ + ') 0~ ] 
Bn ~" (2n + l)p.oq n 2(n~__t) ~o~ 

On = 2(n"--- t) l~ + 2n(n + 2 ) + 3  2n(n +2) . 
2n 4 .3  ZoI~+l (Zo) -4 ~ ~ XoJ~+s (Zo) 

[Iot,,x0~0n 
K= 

(2n  -~- I )  q n r o  n 

q~ = {2 (n --  t) [2n (n + 2) + 3J -i- Xo z (2n + 1)} I~ (xo) -4- [2 (2n + 1) (n --  1) + xo"-] xol~. l  (xo) 

n ~ 2  

Ao = A1 = Bx = K1 -" 0, Ko -= lqo]o 

The so lu t ions  fo r  the t r a n s f o r m s  a r e  
cr 

1] = .t'oIIo -i-/~Ho -~o cos 0 -.4- ~] K~r~t',: (cos 0) 
n ~2  

U, = ~ A,,x-'  'I~ (x) + B,,x-'.:lf, (x) + n K ~ F  (x) 
n ~ 2  (2~ 
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oc 

Uo = ~ --  An / (n + 1) x-', 'L, (x) + (B. / n) x- '  ,I~ (x) -'t- K . F  (x) 
~ t ~ 2  

t ( , ,  ~(-+~)' 
F ( x ) =  --~7-k~:s ] 212~F(~-~ - t ) x - " ' l , ~ - , , ( x ) - -  x'~-~l 

Using power  s e r i e s  expans ions  of  the B e s s e l  funct ions and keeping  only the p r inc ipa l  t e r m s ,  we can 
ver i fy  that  the e x p r e s s i o n s  (2.6) go o v e r  into the solut ion (1.7) fo r  the q u a s i s t a t i o n a r y  p r o b l e m  as S - -  0. 
The e x p r e s s i o n  qn(X) fo r  n _> 2 and x > 0 conta ins  only pos i t ive  t e r m s ,  and qn( -X)  = ( - 1 )  ce qn(X) for  x < 0. 
Hence,  the equat ion qn(X) = 0 has no r e a l  r oo t s  fo r  x < 0. It is  convenient  to seek the pure  i m a g i n a r y  roo t s  
qn(i)~k) by subs t i tu t ing  In(x) = i-aIce(~),  X = ix, i .e . ,  to d e t e r m i n e  them f r o m  the e x p r e s s i o n  

{2 (n --  I) I2n (n + 2) + 31 -- ~.k~ 2 (2n + 1)} I~ ().~,) --  Lk, [2 (2n + t) (n --  1) --  ~,"1 l~.x (~,k,) (2.8) 

The roo t s  7~kn m a y  not be complex .  The B e s s e l  funct ions  I a and In+  1 a re  r e p r e s e n t e d  as power  s e r i e s  
with r e a l  coef f ic ien ts ;  hence ,  if complex  roo t s  ~ and ~ w e r e  to ex is t  in (2.8), then they would be p a i r w i s e  
conjugate .  Using (2.8) and the r e c u r s i o n  re la t ion  XIce+l = ceIa - XdIa /d~  in the eva lua t ion  of  the in t eg ra l  

1 

o < i ~i.  (x~) i :  (~i) d~ -~ 
o 

I I:, (2~)I" 13 - -  (" - -  I )  (4,, 2 - -  l ) ]  

I 2 (n - -  1) (2., + ~) - -  ~.2 I" ( 2 . 9 )  

we a r r i v e  at a con t r ad ic t ion  s ince  the e x p r e s s i o n  in the r ight  s ide of  (2.9) is negat ive for  n _> 2 and the in-  
t e g r a l  is  a lways  pos i t ive .  This  con t rad ic t ion  p roves  the absence  of  complex  roo t s  in (2.8). The number  of  
r e a l  r o o t s  in (2.8) is infinite f o r  each  n. The ve loc i ty  of  e m e r g e n c e  into the s t a t i ona ry  mode  is d e t e r m i n e d  
by the r o o t s  c l o s e s t  to z e r o .  Computa t ions  by means  of  t ab les  [11] show that  the r o o t s  c l o s e s t  to z e r o  fo r  
n = 2 a r e  9~21 = 5.5 and 7~22 = 8.8 and the c o r r e c t i o n  to the s t a t i ona ry  mode  damps  out  rap id ly  in p r o p o r t i o n t o  

exp [-- (IXot/poro ') (5.5)21 

Going f r o m  the t r a n s f o r m s  to the o r ig ina l  in (2.7), we ob ta in  the exac t  solut ion of  a nons t a t iona ry  
p r o b l e m  with a fixed con tou r :  

c~ c~ ( - ) (  P = Pc + ~ ~] C~exp rt~ ~''~' t Pn(cosO) . ~ 2  K = I  po r,,. "7-0) 

C~: = ]nH~176 (xO~) dqn  (Xo) S=Sk 
(2n -~- l) qn '  ' q n '  - -  d ~  

r ~ . . . .  �9 q"(~') exp [ ~ ~'~" t]  (2.10) 
V,  = V ~  + ~. [ A ,  (Zoo) z~-'.',I,, (z~) -= B,, (Zo.~.) x,: , I~ (x,.) + n~,,  (Zoo) F (z~.)] - q,7~--- po ,'o~ j 

n = 2  k = l  

cc ov  

,, + t �9 ' n x ' , l ~  (x;,) + K,  (z0~) F (x,:) ~ exp g . . . . .  t ] 
= .= _ po r,,- j 

where  the s u b s c r i p t  c denotes  the p r e s s u r e  and veloci ty  componen t s  in the q u a s i s t a t i o n a r y  solut ion (1.7) 

c o r r e s p o n d i n g  to S = 0. 

As the ampl i tude  of  the p r e s s u r e  g rows ,  the pa r t i c l e  s t r a i n  r a t e  b e c o m e s  so g r e a t  that  it is imposs ib l e  
to c o n s i d e r  the n u m b e r  Re sma l l .  In this  c a s e  the  de fo rma t ion  is s i m i l a r  to the sp read ing  of  a drop  of  ideal  
fluid. If the t ime  of  e x t e r n a l - p r e s s u r e  ac t ion is sho r t  but the p r e s s u r e  ampl i tude  is l a r g e ,  then the p a r -  
t i c le  acqu i r e s  a finite impulse  dur ing  a s h o r t  t ime .  A ve loc i ty  field o r ig ina t e s  ins tan taneous ly  in the volume 
of  a p a r t i c l e  subjec ted  to impac t  and is d e s c r i b e d  by the h y d r o d y n a m i c  potent ia l  equat ions  

Acp ---- O, V = grad ~p (2.11) 

As the p a r t i c l e  s p r e a d s ,  i ts shape  changes  and should be d e t e r m i n e d  dur ing  the solut ion of  the p r o b -  
lem fo r  a r i g o r o u s  fo rmula t ion .  F o r  a qual i ta t ive  e s t ima te ,  it can  be c o n s i d e r e d  that  the p a r t i c l e  is c o n -  
ve r t ed  into an oblate  e l l ipsoid  of  r evo lu t ion  with e c c e n t r i c i t y  va ry ing  with t ime dur ing  sp read ing .  Let  us 
c o n s i d e r  the p rob l e m  in an e l l ipso ida l  coord ina te  s y s t e m  a , /3 ,  y by taking the p rev ious  loading s c h e m e  
(Fig.  1) and taking account  of  the impu l se  d i s t r ibu t ion  Iq3) on the e l l ipsoid  su r f ace  in c o n f o r m i t y  with the 
Newton d r a g  law 
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I~ = I o ctl z % cos 2 [},,'(clP ~,  - -  sill z ~), 0 ~ ~ ~ ~/2 

The  so lu t ion  of  the  L a p l a c e  equa t ion  for  the  i n -  
t e r n a l  e l l i p s o i d a l  d o m a i n  with the  b o u n d a r y  cond i t i on  

~!o~=- % = -Id(~)/po is 

(p .... 

oo  

Io ~ in Pn(iSh::t) 
p. - P (i sJ~ ~o) P ' '  (cos [3) ; 

n~O 

hence ,  we ob t a in  fo r  the  v e l o c i t y  c o m p o n e n t s  

c~ 

V= = --  Io .~ t., op,~(i sh ~) P,, (cos :3) 

I. ~ P'r,(~ sh ~) aP n (cos 3) 

h = (oh" ct - -  sin 2 ~)'", 

( 2 . 1 2 )  

s b a 0 - - b / c ,  c h ( z o = a / c  

F ig .  2 

w h e r e  c i s  the  foca l  l eng th ,  and a and b a r e  the  m a j o r  
and m i n o r  s e m i a x e s  of  the  e l l i p s o i d .  

I t  fo l lows  f r o m  an a n a l y s i s  of  (2.12) tha t  the 
n o r m a l  r a t e  o f  con tou r  d e f o r m a t i o n  d i m i n i s h e s  at /3 = 
rr/2 a s  the  r a t i o  a / b  g r o w s ,  whi le  the  t a n g e n t i a l  d e -  
formation remains constant. If a -- rt, b -- rt, c --  0, 
then the ellipsoid is converted into a sphere. The ini- 
tial velocity field will here be 

o e  

,,=~ " k ' , ]  P n ( c 0 s O )  

o~ 

v ,  = Zo y ,  /n I ~ ~n-~ oP,,(cos 01 
%-7 t77) 

(2.13) 

A n a l y s i s  of  (2.13) shows  tha t  the  m a i n  m a s s  o f  p a r t i c l e  m a t e r i a l  s p r e a d s  o u t w a r d l y  u n d e r  a p u l s e d  
e f fec t ,  wi th  the  e x c e p t i o n  of  a r e a r  c o m p a c t  zone wi th in  the  s e c t o r  0 : 160-200  ~ which  i s  i m p r e s s e d  in the 

p a r t i c l e  u n d e r  the e f f ec t  of  i n e r t i a l  f o r c e s .  

The  s p r e a d i n g  of  s p h e r i c a l  p a r t i c l e s  c o n s i s t i n g  of  a nuc l eus  with d e n s i t y  P2 and r a d i u s  r 2 and a s h e l l  
with d e n s i t y  pl  and o u t e r  r a d i u s  r t is  i n v e s t i g a t e d  a n a l o g o u s l y .  The so lu t ion  fo r  the  p o t e n t i a l s  in the  nu-  
c l e u s  ~2 and the s h e l l  has  the  f o r m  

% = ~ (A~r" + B~f -~-') P~, (cos(}), 
n.=o 

(2.14) 

~P2 = ~ D,~r'~l~,~ (cos 0) 
T~==O 

To determine the constants A n, Bn and Dn, the condition of equality of the velocities (&ol/hr)r=r2 = 
(~2/0r)r=r2 and the impulses pj~01(r2) = p2r at r = r 2 should bc used in the problem in addition to the 
conditions on the outer contour r 0) = -10f(0)/pl. For P2 = 0 (2.14) yields the solution of the problem 
of spreading of hollow particles. 

3. Experimental Results. The experiments were conducted by using a ballistic apparatus which per- 
mitted the firing of steel balls of 9-15-mm diameter (3-13 ginweight) at velocities up to 2.5 km/sec. Quasi 
static modes of particle loading were considered in the first series of tests, whereupon the particles were 
decelerated in aluminum blocks whose thickness exceeded the particle diameter many times. Annealed and 
incandescent particles, i.e., viscous and brittle, were examined. After penetration the balls were extracted 
from the blocks in each experiment and the mechanism of their destruction was investigated. Photographs 
of the incandescent balls from the rear surfaces ~re presented in Fig. 2a. It is seen from the photographs 
that discontinuities because of the tensile stress ~r originating in the "equatorial" region of the ball are 
the main kind of destruction. 
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Fig. 3 

Fig. 4 Fig. 5 

Radial c racks  are  c lear ly  expressed in the ellipsoidal par t ic les  (Fig. 2b), where they occupy a r e l a -  
tively large  volume as compared with the spher ica l  par t ic les .  The next se r i e s  of experiments  was con- 
ducted with annealed (viscous) par t ic les ,  whose main mechanism of destruct ion is a shear  mechanism.  
These experiments  conf i rm the presence  of a compact  head zone, which retains  its completeness  during 
par t ic le  destruct ion (Fig. 3). The compact  zones have the shape of cones with a ~ 90 ~ vertex angle. The 
r e s t  of the spheroid mater ia l  slides over  the genera tor  of this cone, being spread outward in conformity 
with the theory of  viscous outflow and the theory of elast ici ty.  

Presented in Fig. 4 is a photograph of a c r a t e r  in a section formed in the thick aluminum obstacle 
for a V = 2.105 c m / s e c  ball velocity. At the center  of the c ra t e r  there is a r i se  formed by the undestroyed 
compact  head zone of the par t ic le .  The c r ea t e r  is s imi lar  to a lunar cirque,  adding therefore  to the hy-  
pothesis [12] of the possible mechanism for their  formation.  

To est imate  the angles of d ispers ion of the secondary par t ic les  formed during destruct ion of the main 
par t ic le ,  lead balls were used which were completely dest royed in the velocity range mentioned. Their  
behavior is descr ibed well by viscous and ideal fluid models .  The obstacle was h / d  o = 0.6 thick. 

As the velocity grows,  the angle of d ispers ion of the secondary par t ic les  inc reases ,  tending to a finite 
value in conformity with the resu l t  of theory.  Presented in Fig. 5 is a photograph of a block located at 
some distance f rom a thin (h/d 0 = 0.5) obstacle punched through at a velocity V 0 = 5 k m / s e c  on which is 
seen the "ring ~ dispers ion of the secondary par t ic les ,  due to the intensive displacement  of the par t ic le  
mater ia l  to its per ipheral  regions,  as follows f rom theory.  

The authors are  grateful  to G. S. Shapiro for discussing the resu l t s  of the r e sea rch .  
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