
Therefore ,  conductor shaping can substantially reduce the loss of flux by diffusion and considerably im-  
prove  the per formance  of a CM genera tor .  There  are  two reasons  for this: f i rs t ,  the shaped conductors allow 
one to provide a given X with a shor te r  genera to r ,  which reduces the working time and thus reduces the flux 
loss;  and secondly, the field in such a genera to r  is inhomogeneous: it is large nea r  the point where the con- 
ductors  meet  and weak in the res t  of the genera tor .  This field distribution means that the flux losses  in the 
wide par t  and in the load can be neglected for  almost  all the flux compress ion  t ime, with only a minor  c o r r e c -  
tion for the smal l  zone near  the junction and also for  the shor t  period required to compress  the field in this 
zone. Of course ,  the specif icat ions fo r  the contact in that case are  very much more  severe ,  since even minor  
i r regu la r i t i e s  on the conductors resul t  in trapping the s trong field and thus large contact losses .  
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DAMAGE PRODUCED IN GLASS BY METEORITE IMPACT 

V. M. Titov UDC 523.51 

The effects of meteor i tes  on t ransparent  bri t t le  mater ia l s  are  important  in long- te rm operation of optical 
sys tems  in space,  such as windows, so l a r -ba t t e ry  coatings, and so on. Since the mater ia l  is br i t t le ,  the dam-  
age on impact  differs f rom that for a plast ic metal .  

Exposure of specimens in space shows [1] that the surface damage is par t icular ly  important ,  since the 
probabili ty of encountering a large par t ic le  is low. Sometimes,  however,  in te res t  attaches to the possibil i ty 
that the specimen will be ent i re ly destroyed.  Studies have been made [2] of the effects of par t ic les  of micron  size 
on glass and quartz for  par t ic le  masses  m of approximately 10 -1 ~ -12 g traveling at speeds v of 2-14 km/sec .  Data 
a re  available only f rom isolated tests  [3] for  l a rge r  par t ic les ,  so it is desirable  to compare  [2] with a fa i r ly  wide 
range of evidence fo r  la rge  par t ic les  in o rde r  to elucidate the scope for  sca le  simulation and also to refine 
our  picture of the p roces s .  

The present  experiments  were per formed under  l abora tory  conditions by means of explosions [4]; we 
used spherical  steel  part2eles accelera ted to v = 5-12 km/sec  and having diameters  d = 0.7-2.3 mm (In --' 
10-3-5 ~ 10 -2 g). The specimens were glass  disks (optical crown glass) with polished surfaces;  a specimen 
was attached to a metal  holder  by a flat clamp at the edge acting via a damping ring; the side surface remained 
free,  while the d iamete r  was 115-255 mm, having a thickness 5 of 8-20 mm. F o r  comparison,  severa l  tests  
were per formed with quartz  specimens.  The sys tem prevented the explosion products  f rom affecting the speci-  
men; it was not neces sa ry  to ensure that the par t ic les  s t ruck the center  of the disk. A few experiments  were 
done with par t ic les  in the range d = 0.1-0.3 mm (m ~ 3 �9 10 -~- 10 -4 g), which were accelera ted in a vacuum 
chamber  to 5-13.5 krn /sec ,  the final s ize being determined within ~- 10%; In addition, measurements  were  
made with glass  par t ic les .  

Figure 1 shows a photograph of a specimen of d iameter  115 mm and 6 = 15 m m  after  the experiment  
(d = 0.75 mm and v = 10 km/sec  for  the particle).  A radial r inged s t r~cture  in the c racks  is c lear ,  and this 
is the same for  any speed of impact.  The d iameter  of this zone is D >>d, and is close to the s izes  observed 
on impact  on rocks [5, 6], but in the case of glass  the mater ia l  is ejected only f rom a central  par t  of size D i 
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Fig .  1 

T A B L E  1 
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(within  the l i g h t e r  p a r t  at  the c e n t e r  in  the pho tog raph ) ,  and i t  m a y  be that  th i s  even  t ends  to b e c o m e  s m a l l e r  
as  t h e  s p e e d  i n c r e a s e s  (Tab le  1). H i g h - s p e e d  c i n e p h o t o g r a p h y  ( S F R - L  c a m e r a )  showed  that  the n e t w o r k  of 
c r a c k s  a r i s e s  i m m e d i a t e l y  a f t e r  the  p a s s a g e  of  the s h o c k  wave ,  and then the m a t e r i a l  s h a t t e r s  and i s  e j e c t e d ,  
which  i s  a c c o m p a n i e d  by l o s s  of  t r a n s p a r e n c y  in the c o l l i s i o n  zone .  The  ang le  of  the cone  of  d a m a g e d  m a t e r i a l  
(in s ec t i on )  i s  about 140-150 ~ which  i s  c l o s e  to the  va lues  g iven  in  [610 T h e s e  r e s u l t s  a l so  a g r e e  q u a l i t a t i v e l y ,  
r e g a r d i n g  the n a t u r e  of the  d a m a g e ,  with t h o s e  of  [2]. T a b l e  1 g i v e s  the m e a n  va lue s  fo r  D and D 1 ( f rom 4 -6  e x -  
p e r i m e n t s ) ,  and a l so  f o r  the  dep th  p of  the  c r a t e r  in g l a s s .  I t  a l so  g i v e s  ( s e l ec t i ve ly )  the d a t a  [2] of r e s u l t s  f o r  
p a r t i c l e s  of  p o l y s t y r e n e  f r o m  an e l e c t r o s t a t i c  a c c e l e r a t o r  (p = 1.04 g / e r a 3 ) ,  and a l so  fo r  a l u m i n u m  and i r o n  
p a r t i c l e s ,  in e a c h  e a s e  s t r i k i n g  g l a s s  (crown g l a s s ,  Pl = 2.3 g / c m  3) o r  q u a r t z  (Pl = 2.2 g / cm3) .  The  d i m e n s i o n s  
of the  d a m a g e  zone  do not v a r y  in s t e p  with the p a r t i c l e  s i z e .  In [2], the p a r t i c l e  s i z e  was l e s s  by  a f a c t o r  
5" 102-103 than  the va lue s  used  h e r e ;  the d i m e n s i o n l e s s  s i z e  T) = D / d  was  r e d u c e d  by  a f a c t o r  of 4 - 6  (Table  1)o 
Within  the  e r r o r  of e x p e r i m e n t ,  r e s u l t s  fo r  p a r t i c l e s  ~4th d = 0 .1-0 .3  m m  a g r e e  with those  f o r  p a r t i c l e s  about  
1 m m  in s i z e .  T h e r e f o r e ,  i f  t h e r e  i s  a s c a l e  f a c t o r ,  i t  b e c o m e s  a p p r e c i a b l e  only f o r  d < 0.1 mmo 

In a l l  the e x p e r i m e n t s  with l a r g e  p a r t i c l e s  (d ~ 1 ram) ,  the d i a m e t e r s  w e r e  l e s s  by  2 - 2 . 5  o r d e r s  of m a g n i -  
tude than the d i a m e t e r  of the s p e c i m e n ,  ~41ieh m e a n s  that  the f in i te  s i z e  cou ld  have  no e f f ec t  on the s u r f a c e  d a m -  
age .  Th i s  a g r e e s  with the r e s u l t s  f r o m  c inepho tog raphy~  

T h e r e  a r e  two p o s s i b l e  r e a s o n s  f o r  the  d i s c r e p a n c i e s  b e t w e e n  the  r e s u l t s  of [2] and the p r e s e n t  r e s u l t s :  

a) the s c a l e  f a c t o r  b e c o m e s  e f f ec t ive  fo r  10 -3 m m  -< d < 0.1; h o w e v e r ,  g l a s s e s  a r e  not  known to con ta in  
any s t r u c t u r e  with s u c h  a c h a r a c t e r i s t i c  d i m e n s i o n ,  and the m o r e  so, s i n c e  the  l o w e r  bound to th is  r ange  i s  
c l o s e  to the  wave leng th  of v i s i b l e  l i gh t  (in both g r o u p s  of  e x p e r i m e n t s  we u sed  op t i c a l  g l a s s ,  which  p r e s u p p o s e s  
h o m o g e n e i t y  in  that  r ange ) ;  

b) the  d i f f e r e n c e  in m e c h a n i c a l  p r o p e r t i e s  b e t w e e n  the m a t e r i a l s  of [2] and t h o s e  u s e d  h e r e  (a l though o p t i -  
cal  erow~n g l a s s  was u s e d  in both i n s t a n c e s ) .  T h i s  obv ious  a s s u m p t i o n  con f l i c t s  with our  r e s u l t s  on q u a r t z  and 
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o rd inary  g lass ,  where the scale of the damage in each case  is much the same,  and is close to that for  the main 
mater ia l ,  namely,  K-8 glass ,  although the mechanical  proper t ies  are cer ta inly different. 

A decision might be obtained by per forming experiments  over  the entire size range with a single mater ia l .  

If v is about 10 km/ sec ,  the thickness of a metal  obstacle hazardous f rom the viewpoint of penetration 
is in the range 5-10d [7]; in the case of g lass  o r  quar tz ,  ejection f rom the r e a r  side of the disk becomes appre-  
ciable for  5 ~' 20-25d, while breakthrough occurs  for 6 ~ 10d. These resul ts  were obtained with par t ic les  
having d ~1  mm colliding with disks having 5 = 8, 15, and 20 ram. 

The shock wave aris ing f rom the point of impact  goes over  rapidly to an elastic compress ion  wave (trans- 
ve r se  waves are presen t  as well by virtue of the f ree  surface)~ A tension wave is reflected when the initial 
wave reaches  the f ree  side surface,  and f ragments  may then become detached f rom the side (edge failure,  
Fig. 1). The tensile s t r e s s e s  become cumulative as the waves converge into the specimen,  and at some point 
they give r i se  to a network of c racks ,  which may penetrate through the entire th ic l~ess  of the material~ The 
physical  model indicates that the size of the zone of secondary  damage inc reases  with the par t ic le  speed for  
d constant; this zone always lies on the d iamete r  passing through the point of collision, but on the other side 
of the center  of the disk. If the distance f rom the point of collision to the center  is reduced, the distance f rom 
the center  to the zone of secondary damage is also reduced, and in the limit the two zones coincide. 

All these features  of the bri t t le fai lure are c lear  in the specimen shown in Fig~ 1; cinephotographyindicat-  
ed that the c racks  due to secondary fai lure correspond to elastic waves of speed 4.7-5.2 k m / s e c ,  which is in 
agreement  with the charac te r i s t i cs  of the material~ When the specimen is broken, this zone of secondary dam- 
age is one of the centers  at which the f ractur ing occurs .  Damage due to tension-wave cumulation in dynamic 
loading has long been known [8]. 

If the specimen is mounted rigidly in a holder of mater ia l  having an acoustic impedance g rea te r  than that 
of glass ,  one gets cumulation of the compress ion  waves; in that case there is also secondary  damage. In those 
experiments ,  the specimen was mounted in a mass ive  steel holder  that had been preheated slightly. 

The danger of brit t le failure inc reases  on collision at an angle; the maximal damage occur red  for o~ of about 
30-45 ~ to the normal  in our  exper iments .  

Therefore ,  the damage to glass specimens (windows etc.} is a ra ther  complex p roces s  governed by var i -  
ous fac tors ;  in the range accessible  to experiment ,  one can per fo rm an engineering evaluation of the final r e -  
sult. Figure 2 shows a d iagram of the type of failure for  v = 7.2-7.4 k m / s e c  in relation to the ratio of the 
thickness 5 and d iamete r  a to the par t ic le  size (1 represents  complete failure; 2, failure in the form of radial 
through cracks;  and 3, only secondary  damage}. The final damage is only slightly dependent on the position of 
the point of collision. The region above the broken line is that in which the specimen is not completely disrupted. 

As regards  surface meteori t ic  erosion of optical mater ia ls ,  it mus t  be borne in mind that the a rea  of the 
damage will exceed the area  of the c ross  section of the part icle  by factors  ranging f rom 0.3" 102 (a lower bound 
est imated f rom [2] for light and heavy particles} up to l0 s (an upper bound derived f rom the present  study for 
heavy iron part icles) .  These resul ts  were obtained for the lower end of the range of meteori t ic  velocit ies.  

The purpose of this study was to give a phenomenologieal descript ion of the failure in brit t le mater ia l s  
in high-speed impact,  and it was not intended to compare  the resul ts  with theoretical  models such as that of [9]. 

The author is indebted to G. V. Pryakhin for ass is tance  in the experiments,  and also to N. N. Protasov 
and T. N. Nazarova for discussion of the resul ts .  
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A C T I O N  O F  AN E X P L O S I V E  P L A S T I C  W A V E  ON A P L A T E  

Ro G .  Y a k u p o v  UDC 531o391.539o371 

The action of a t ransient  loading on an infinitely elast ic plate, f reely covering the surface of 
an ideal compress ib le  liquid, was discussed in [1-3]. A review of work on the dynamics of a 
plate under the action of a transfent  loading is given in [4]. 

The motion of a rec tangular  plate of finite dimensions is considered,  under the action of a plastic,  plane, 
explosive compress ion  shock wave, incident at an angle~ The plate is the side of a rec tangular  cavity filled 
with an ideal compress ib le  liquid~ The cavity is in a dense medium (earth) and is bounded by rigid immovable 
walls. In this same medium, at a distance of ~70 a and at an angle a to the surface of the plate, a plane layer  
of an explosive charge with thickness 2a is detonated (Fig. 1), w h e r e t o  = (z cos a)/a is the dimensionless  
distance.  The explosive charge ,  when detonated, is converted instantaneously into gas at high p res su re  without 
change of volume, as a resul t  of which an initial p r e s su re  P2 is applied to  the surface of the medium AB, which 
causes  the formation in the medium of a plastic compress ion  shock wave. The velocity of the front and the 
p a r a m e t e r s  of motion of the medium are k n o ~  (determined by a computational o r  experimental  method [5, 6]). 

It will be assumed that the d iagram of compress ion  of the med ium is descr ibed by a power law and has 
an asymptote,  corresponding to the p r e s su re ,  ,~hich tends to infinity. Then the p ressure  at the front of the wave 
is determined by the formula  [5] 

Pl = Cl(q0 ~- ql) ~', 

where C 1 = p2/~A~n+2; X= a~(m ~ 2); 7i is a dimensionless  distance, measured  in the direction normal  to the 
front; the quantities fi, A0, m, and w depend on the exponent of compress ion  of the medium n and the isentropy 
exponent fo r  the detonation products and are  found by well-kno~,a relat ions [5]. 

Using the resul ts  of [7, 8], we write the express ion for  the p re s su re  of the shock plastic wave at the 
surface at the instant of reflection in the form 

p = pl(1 ~- q) cos a, 
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