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Impact  at high velocity (5-10 km/see)  in the case in which the density of the medium ("target") is 
much less  than that of the impacting body has not been examined in the l i t e ra ture  [1]. In the following we 
present  resul ts  of an experimental  investigation of the charac te r i s t i cs  of this p rocess .  

In the experiments  we used steel spheres  of dimensions of the order  of a few mi l l imeters ,  accelera ted  
to a speed v0 = 5-10 k m / s e c  by expolsive charges [2]. The targets  were blocks of s tyrofoam, polyurethane 
foam (poroplast), porous rubber ,  and fibrous mater ia ls .  The density of these mater ia ls  lies in the range 
f rom 0.06 to 0.35 g / cm 3. As a rule, the pore dimension and distance between pores  is much less  than the 
sphere diameter  do. 

For  all the impact  velocit ies in the experiments  the initial embedding stage is a hypersonic  p rocess ,  
since the sound wave propagation velocity in porous media is low [3]. 

The experiments  dislcosed several  basic  reg imes  of the body embedding p rocess .  

lo The s t r e s ses  which ar ise  in the body are  less  than the body mater ia l  strength.  This is obviously 
possible for sufficiently small  values of PiV02 (here Pl is the density of the target  mater ia l ) .  The following 
experiment  can serve  as an example: for Pl = 0.11 g / cm 3 (styrofoam), v0 = 5.1 k m / s e c ,  the sphere d o = 
3.35 mm does not f rac ture ,  covering the distance p = 780 mm ~230 d o before stopping. Thefinal body mass  
amounts to 0.85 t imes the initial mass ,  which permits  considering the dimensions at the beginning of 
penetration unchanged. We compare the embedding process  with supersonic gas flow over a sphere .  In 
this case the force acting on the sphere is 

F = --k  (v)plro~v 2 (]) 

where Pi and v are  the flow density and velocity, and r0 is the sphere radius.  We note that k(v) = const = 1.44 
for values of the Mach number M - 4 [4]. F rom (1) for v = v0 and s = 0 (s is the body travel  distance) we 
obtain the decelerat ion law 

/ - -  kplro~s \ ( s 3 pl ,~ (2) 
. : v o e x p \ ~ ) ,  or v = v o  e-~x s'~--d"[- o, x = ~ - ~ o  s ) 

Here m is the sphere mass ,  and P0 is the body mater ia l  density: 

Recording of the body motion in the ta rge t  mater ia l  was per formed with the SFR photorecorder .  
Gaps of 1-1o5 mm were left between the 20-30 mm thick mater ia l  l aye r s :  Scanning of the embedding 
process  makes it possible to establish body passage through the gap and determine the average velocity 
of the body in a given segment.  The measurements  were  made up to s = 50-60 do, resul ts  are  shown in 
Fig. 1o Comparison with the curve f(x)  = e -2x shows that k ~ 2 for the mater ia ls  studied. In o rder  of 
magnitude this is close to the data of [4] for a gas (the difference of up to a factor  of 1.5 is obviously 
re la ted with the change of the nature of the flow). 

In the study we did not investigate the decelerat ion near  the stopping point. There are  indications 
[5] of an abrupt change of the decelerat ion law and drag coefficient for small motion velocit ies in the case 
of impact  in sand (v0 = 0.7 km/see)o 
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Fig.  1. Dece le ra t ion  of s teel  sphere  in ma te r i a l :  d o = 3.35 ram, v0 = (5.1 • 0.15) 
k m / s e c .  1) Styrofoam with Pl = 0.06 g/cm3; 2) s ty ro foam with Pl = 0.11 g/em~; 
3) porous  rubber  with Pl = 0.15 g / c m  3. 

Fig.  2. Breakup of steel  sphere :  1) region of re tent ion  of integri ty;  2) region of 
body breakup;  3) region of body ma te r i a l  flow. 

Fig .  3. Impac t  in porop las t  (polyurethane foam): d o = 1.7 ram; 
v 0 = 7.35 k m / s e c ,  Pl = 0.28 g / c m  3, 

In the cons idered  embedding mechan i sm the maximal  penet ra t ion  depth co r r e sponds  to the maximal  
veloci ty  for  which breakup  is stil l  absent .  The actual  p r o c e s s  is compl ica ted  by change of the body 
dimension as a r e su l t  of m a s s  e ros ion  f rom the su r face .  

The breakup  condition for  a sphere  t rave l ing  at  hypersonic  veloci ty  v in a gas of density p~ has the 
fo rm [6] 

Pl@>~a~ (a~3.5) (3) 

Here  cr is the body ma te r i a l  s t rength  in tension or  shea r  (depending on the ma te r i a l  p rope r t i e s ) .  
Compar i son  of the dece lera t ion  p r o c e s s e s  makes  it poss ib le  to sugges t  an analogous fo rm of the breakup 
condition for  motion in a l ight  porous  med ium.  Then for  the s ame  s t rength  c h a r a c t e r i s t i c s  of the bodies  
used in the expe r imen t s  the breakup  (retention of integri ty)  boundary is r e p r e s e n t e d  in the plane of the 
v a r i a b l e s  V0 2, 1 / p  I by the r ay  cl = ply02. 

2. The s t r e s s e s  which a r i s e  in the body a re  g r e a t e r  than the s t rength  of the body m a t e r i a l .  F igure  
2 shows r e su l t s  of expe r imen t s  made in our  study in the plane of the va r i ab l e s  v02, km2/sec  2 and l/P1 
(g/cm3) -1. Region 1 co r r e sponds  to re tent ion  of body in tegr i ty  (points 1), region 2 co r responds  to breakup 
(points 2). We reca l l  t ha the r e  the bodies a r e  s teel  s p h e r e s .  The breakup  boundary is obviously close to 
OA. The d iag ram (Fig. 2) is ve ry  approx ima te ,  but it does make poss ib le  a p r e l i m i n a r y  e s t ima te  of the 
nature  of the in te rac t ion  with a given body for  a known body m a t e r i a l .  I n c a s e s  of prac t ica l  in te res t  the 
choice of the body ma te r i a l  is l imi ted:  m e t e o r i t e s  a re  stony and i ron-n icke l ;  the bodies acce l e r a t ed  in 
l a b r o a t o r y  conditions a re  made f rom steel ,  dura luminum,  s o m e t i m e s  p o l y m e r  m a t e r i a l s .  

The nature of the breakup  depends s t rongly on the quantity PlV02 and the body m a t e r i a l .  Spalling of 
the ma t e r i a l  at  the su r face  and fo rmat ion  of shor t  sp l in te r  t r acks  can be obse rved  (glass at  low impact  
velocity);  breakup with p las t ic  deformat ion  of the body is poss ib le  (here deformat ion  without b reakup  may 
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Fig.  4. Ta rge t  penet ra t ion  depth ve r s u s  
steel  sphere  impac t  veloci ty:  1) s t y r o -  
foam with Pi = 0.11 g/cm3; 2) dura luminum.  

also be obse rved  in the t ransi t ional  r eg ime) .  Typical  for  
sphe res  made f r o m  hardened s t e e l a t  v0 ~ 6-8 k m / s e c  will be 
breakup  into sp l in ters  (Fig. 3); the i r  number  inc reases  with 
inc rease  of the veloci ty .  X - r a y  photographs taken p r io r  to 
b reakup  r eco rd  marked  deformat ion  in the t r a n s v e r s e  d i r e c -  
tion (into the disk); this leads  to s t ronge r  dece lera t ion  than 
in the absence  of b reakup .  A finite t ime is r equ i red  for  
b reakup  and d i spers ion  of the f ragments ;  the re fo re  the 
entrance segment  is a b road  cyl indrical  channel (Fig. 3)~ 

3. The s t r e s s e s  which a r i s e  in the body a re  much 
g r e a t e r  than the body ma te r i a l  s t rength .  In this case flow 
of the mate r i a l  takes p lace .  In the l imi t ing  case  the ma te r i a l  
s t rength  can be neglected and it becomes  f lu id- l ike .  Such 
models  have been thoroughly studied for  h igh-veloci ty  impac t  
on meta l  [1] and in implos ion theory  [7]. The f r agmen t  
t r a ce s  d i sappear  and the impac t  c r a t e r  takes the fo rm of a 
re la t ive ly  b road  hollow. 

In a rough approximaelon we can a s us me  that the t rans i t ion  to this r eg ime  (zone 3 in Fig.  2) also 
takes  place along some  r a y  c2 = PlY02 in Fig.  2 (dashed curve OB); he re  definition of the exact  boundary is 
not poss ib le ,  which is a lso  demons t ra ted  exper imenta l ly .  We note that  OB fixes the beginning of the change 
of the nature  of body breakup  with r ega rd  to the res idual  effect  - the c r a t e r  and not the developed flow of 
the body m a t e r i a l .  The analogy with h igh-veloci ty  impac t  on a dense ma te r i a l  can ovbiously be ca r r i ed  out 
for  cons iderably  l a r g e r  va lues  of ply02. In this case  the lower  e s t ima te  of the penet ra t ion  depth (in o rde r  
of magnitude) can be made using the re la t ions  of shaped charge  theory ,  as  is f requent ly  done in studies on 
impac t  on dense m a t e r i a l s  [1]. 

The p r o c e s s  c h a r a c t e r i s t i c s  examined in sect ions 1-3 lead to reduct ion of the penetra t ion depth into 
the l ight  ma te r i a l  with inc rease  of impac t  veloci ty  for  v0 ~ 5-10 km/SeCo F igure  4 shows the re la t ion  
p '  = p/d0 = f(v0) (curve 1) for  s ty ro foam (Pl = 0oll  g/cm3)o Data for  impac t  on dura luminum (curve 2) a r e  
p re sen ted  for  compar i son .  With fu r the r  i nc rea se  of the veloci ty  v0 the penetra t ion depth begins to i nc rea se  
because  of i nc rea se  of the res idua l  deformat ion  of the ma te r i a l  as a r e su l t  of iner t ia l  motion.  

A physical  analogy to the cons idered  "anomalous"  nature  of the curve p'  = f(v0) can be obse rved  in 
the case  of impac t  on metal  with re la t ive ly  low veloci ty  of a body made f rom v e r y  s t rong ma te r i a l  [8]. 

The authors  wish to thank Yu. I. Fadeenko for  d iscuss ions  and V. P.  Urushkin for  a s s i s t a n c e  in the 
expe r imen t s  o 

l o  

2. 

3. 

4. 

5. 

6. 

7. 

8. 

L I T E R A T U R E  C I T E D  

High-Veloci ty  Impac t  (Bibliographical Index) [in Russian] ,  In - t  g idrodinamiki  SO AN SSSR, 
Novos ib i rsk  (1967). 
V. Mo Titov,  Yu. I. Fadeenko,  and N. S. Ti tova,  HAcceleration of solid pa r t i c l e s  by a cumulat ive 
explosion,"  Dokl. AN SSSR, Volo 180, No. 5 (1968). 
Din Yu Hsieh and Mo S. P l e s se t ,  "On the propagat ion of sound in a liquid containing gas bubbles,"  
Phys .  Fluids,  Volo 4, No. 8 (1967)o 
A. J .  Hodges, nThe d ras  coefficient  of ve ry  high veloci ty  sphe re s ,  N Jo Aeronaut .  Sci., Volo 24, No. 10 
(1957). 
W. A. Allen, E.  B. Mayfield, and K. L. Morr ison ,  "Dynamics  of a pro jec t i le  penet ra t ing  sand," J .  
Appl.  Phys . ,  Vol. 28, No. 3 (1957). 
Yu. I. Fadeenko,  "Des t ruc t ion  of Meteoroids  in the a tmosphe re , "  Fiz ika  goreniya i vz ryva  [Combusion 
Explosion,  and Shock Waves] ,  No. 2 (1967). 
M. A. L a v r e n t ' e v ,  "Cumulat ive  charge  and pr inc ip les  of its opera t ion,"  Usp. ma tem,  n. Vol. 12, N o  4 
(76) (1957). 
L. V. Belyakov, F.  Fo Vitman,  and N. A. Zlatin, "On the coll isonal  p r o c e s s  of de fo rmable  bodies and 
i ts  modeling,  II, " ZhTF,  Vol. 33, No. 8 (1963). 

788 


