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The  i m p a c t  on p l a t e s  of an e x p l o s i o n  d u r i n g  weld ing ,  wi th  v i s c o s i t y  t aken  into account ,  has  been  ex -  
a m i n e d  in [1, 2], and the v i s c o s i t y  c o e f f i c i e n t s  of the m o s t  w ide ly  u s e d  m e t a l s  w e r e  d e t e r m i n e d  e x p e r i m e n -  
t a l l y .  I t  w a s  shown tha t  the  k i n e m a t i c  v i s c o s i t y  coe f f i c i en t  v d e p e n d s  on the  d i s p l a c e m e n t  z of p o i n t s  in the  
d i r e c t i o n  of the  v e l o c i t y  U c of the  con tac t  point  in the  fo l lowing  fash ion:  

uc 6,6~ (y -- 61) 2 . sin + ,  

w h e r e  5t, 52 a r e  the  t h i c k n e s s e s  of the  w e l d e d  p l a t e s ;  y is  the  i m p a c t  angle ;  and  y is  the  c o o r d i n a t e  v e r t i c a l  
to the  d i r e c t i o n  of the v e l o c i t y  of the  c o n t a c t  point .  

R e g a r d i n g  the  e x p r e s s i o n  f o r  the r a d i u s  of c u r v a t u r e  of the f r e e  s u r f a c e  in the n e i g h b o r h o o d  of the 
con t ac t  poin t  

21. / --~U2c. 26,62 sin~__~ 
R = - ~ -  1 c 2 ~t+6~ 2 ' 

o b t a i n e d  in [3], a s  the  c h a r a c t e r i s t i c  d i m e n s i o n ,  we can  e s t i m a t e  the R e y n o l d s  n u m b e r  Re = U c R / v  at  which  
the flow of  the  m e t a l s ,  o b s e r v e d  in the e x p e r i m e n t s  of [1, 2], o c c u r r e d .  C a l c u l a t i o n s  show that ,  u n d e r  the  

TABLE i 

cm u.lo-~ ,,-lO-4,l tt,errl U~'c lc Materials ac,crn cm " era 2 I m, cm it, cm 
' s~6 s~-fi "7- "~- 

-}m 1,00,4 4,7 4 , 3  4,7 
9=8'9 3 1,2 0,5 2,7 2,5 10 6,5 6,1 5,2 5,1 

1 , 5  0,6 2,7 2,5 15 7,2 6,7 6,5 4,5 

D16 0,4 t0,2 4,3 2,5 4 1,25 2,1 3,8 4,2 
p = 2 , 7 s  1,5 / 0,8 4,0 2,5 15 6,2 10,5 I2,8 7,0 

0,95 ] 
Lead 
p =11 3 g._ ~ 0,4 0,2 2,7 0,5 114 0,4 2,8 0,5 14 l i ,2  10 4,2 7,6 23 8,0 

' crn s 1,5 0,65 2,8 0,5 I 15 11,6 36 7,8 

Steel 0,4 0,2 1,1 5,5 4 0,4 0,4 0,44 1,0 
p = 7,8--g--.-~ 1,0 0,5 1,8 5,5 1 1,6 1,6 1,8 1,0 

1,5 0 ,8  1,7 5 ,5  2 ,4  2 ,4  2 ,5  1,6 

Paraffin 
p=0,9 g.g.._ 1,5 0,94 3,5 --  10 2 --  --  -- 

C1TI ~ 

1,5 0 ,8  2 ,8  - -  t0 7,1 - -  - -  - -  
Wood' s alloy 

P= I0 cg--~m 
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Fig.  1. Schematic drawing 
of the assembly.  

conditions we a re  considering, values of the Reynolds number  do not ex- 
ceed 10. It is  of interest  to continue an investigation of such differences 
among meta ls  as  the extent to which they are  deformable under explosion 
loading and charac te r i s t i c s  of their internal  interaction forces .  

In the present  paper  we give experimental  resu l t s  of an investigation 
of flows of var ious  meta ls  when a plane shock wave exists  f rom a free sur -  
face having hemispher ica l  indentation. The presence  of a hemispher ica l  
indentation, like the wedge-shaped indentation of [4], makes it possible to 
isolate and focus the flow of metal .  However, the change f rom a wedge- 
shaped to a hemispher ica l  indentation provides  a significant advantage: a 
cha rac te r i s t i c  p a r a m e t e r  appears  in the problem. 

As the thickness of the meta l  f rom the charge to the apex of the in- 
dentation was maintained constant and the dimensions of the explosive ma-  
terial  were  so large that fur ther  enlargement  had pract ica l ly  no influence 
on the jet emerging f rom the hemisphere,  the radius  of the hemisphere  can 
be considered to be the sole cha rac te r i s t i c  dimension in the problem at 
hand. 

In this work we obtain the experimental  dependence of the dimensionless  length of the jet on the Rey- 
nolds number,  which makes  it possible to predict  the depth of penetrat ion of ta rge ts  by jets  of mater ia ls  
with known viscosi ty.  

Because  jets with veloci t ies  of the o rde r  of severa l  k i lometers  per  second are  formed when the shock 
wave in the metal  exists at the hemispher ica l  indentation, high-speed apparatus  such as the SFR-2M st reak 
c a m e r a  and the pulsed x - r a y  unit PIR-4  were  used.  

Intermit tent  shadow photographs of the p rocess  of jet motion beyond the boundary of the hemispher i -  
cal indentation were made by the s t reak camera .  Il lumination was accomplished by an "IFK-500" pulse 
lamp, whose m i r r o r  had a rotation rate that was ordinar i ly  60,000 rpm. The exper imen ta l  assembly is 
shown in Fig.  1. The detonator 1 t r iggers  the charge 2, 3, causing the generat ion of a plane detonation wave. 
As the basic explosive ma te r i a l  a 50/50 cast  alloy of tr ini trotoluene with hexogene was used. The plane 
port ion of the detonation front was 20 m m  in d iameter .  We used samples  4 that were  40 mm in d iameter  
with hemispher ica l  indentations of 1 to 7 mm in radius.  The samples were  mounted on supports 5, keeping 
them a distance H f rom the target  6, which did not exceed 40 m m  in the experiments  with the s t reak camera .  
The thickness of the metal  f rom the charge to the indentation was maintained at 14 nun. By means of an 
optical p rocedure  we succeeded in reg is te r ing  the dis integrat ion of the jets f rom indentations of smal l  r a -  
dius and their  convers ion to a focused s t r eam of par t ic les .  F o r  example, for the aluminum alloy D16 this 
cr i t ical  radius is 1 ram, while for  steel it is large by an o rder  of magnitude. The inc rease  in the mean di- 
ame te r  of the jet with increase  in the radius of the hemispher ica l  indentation was also ascertained.  Typi-  
ca] photographs of jet flow, obtained by the s t reak  camera ,  are  shown in Fig. 2. A study of the zone where 
the target  was hit was also ca r r i ed  out. A photograph of a microsec t ion  of one of the targets  is shown in 

Fig. 3. 

We succeeded in obtaining m o r e  detailed information on the formation,  motion, and disintegrat ion of 
jets  by using x - r a y  photography, which was accomplished with the use of four  pieces of pulse equipment, 
making it possible to obtain four photographs of the p rocess  over specified time intervals.  Besides sam-  
ples with the same dimensions as those used with the SRF, we also used samples  of 75 mm diameter  with 
indentations up to 20 m m  in radius.  The thickness of the layer  of metal  f rom the charge of explosive ma-  
ter ia l  to the apex of the indentation was 14 mm.  To maintain geomet r ica l  s imi lar i ty  in the experiments  the 
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Fig.  2. Intermit tent  photographs of the motion of a jet out of a hemi-  
spher ical  indentation of 4 m m  radius in copper. The t ime between 
f r ames  is 4 p sec. 



Fig. 3 Fig. 4 

Fig. 3. Mieroseetion of a steel target, pierced by a jet 
from a copper indentation of 4 mm radius. Enlarged eight 
times. 

Fig.  4. X - r a y  pulse  photographs  of a jet  f r o m  a copper  
indentation of 4 m m  radius .  T ime  between f r a m e s  10 ~sec ;  
je t  ve loc i ty  (of the f i r s t  e lement)  2.5 k m / s e c .  

Fig.  5 Fig .  6 

Fig .  5. X - r a y  pulse  photographs  of a je t  f r o m  a copper  indentation 
of 15 nun radius .  T i m e  between f r a m e s  10 p sec; jet  ve loci ty  2.7 
k m / s e c .  

Fig.  6. X - r a y  photographs  of a jet  f r o m  a lead indentation of 4 nun 
rad ius .  T i m e  between f r a m e s  10 psee ;  je t  ve loc i ty  2.7 k i n / s e c .  

cha rge  of explos ive  m a t e r i a l  w a s  inc reased .  The  d i a m e t e r  of the bas ic  charge  of 50/50 t r in i t ro to luene-  
hexogene was  80 m m ,  the  d i a m e t e r  of the plane por t ion  of the detonation f ront  was  40 ram, and the height 
of the charge  was  100 m m .  The  d is tance  f r o m  the sample  to the ta rge t  va r i ed  f rom 50 to 300 ram.  

X - r a y  inves t igat ions  m a d e  it poss ib le . to  es tab l i sh  the fact  that the jet  d i a m e t e r  i n c r e a s e s  l inear ly  
with inc reas ing  rad ius  of the h e m i s p h e r i c a l  indentation, and conf i rmed r e s u l t s  of optical  expe r imen t s  on 
the d is in tegra t ion  of j e t s  f r o m  indentat ions having ve ry  sma l l  radi i  (Fig. 4). I t  was  poss ib le  to de t e rmine  
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Fig.  7. Dependence of the d imen-  

s ion less  jet  length I o/R on V ~ "  

1) Steel; 2) copper;  3) lead; 4) D16. 

with g r e a t e r  accu racy  than with the s t r e a k  c a m e r a  the jet  veloci ty  
fo r  such m a t e r i a l s  as  copper ,  s teel ,  D16, lead, Wood's alloy, and 
paraff in .  Some c h a r a c t e r i s t i c  x - r a y  photographs  a r e  shown in F igs .  
5, 6. Resu l t s  of expe r imen t s  with s tee l  t a r g e t s  a r e  collected in 
Table  1. 

The s y s t e m  of de te rmin ing  p a r a m e t e r s  fo r  the p rob lem on 
the mot ion of a jet  of v i scous  i ncompres s ib l e  liquid out of a h e m i -  
sphe r i ca l  cavi ty  is 

U, po, ~t, R, 60, Ic, 

f r o m  which the following d imens ion les s  combinat ions  can be ob- 
tained 

62%. lc U6ePe USe 
R '  R '  ~ v 

H e r e  U is the je t  velocity,  5c, p a r e  the densi ty  and the dynamic  coefficient  of v iscosi ty ,  and lc, 6 c 
a r e  the length of the continuous por t ion  of the je t  and the mean  jet  d i ame te r ,  r e spec t ive ly .  

Resul ts  of d i r ec t  m e a s u r e m e n t s  of the widths of the j e t s  on the x - r a y  photographs  indicate that for  
al l  the expe r imen t s  p e r f o r m e d  the re la t ionship  

(1) 
8c kl ' 
R 

holds, where  k 1 is some constant  with values  between 0.4 and 0.6 for  the va r ious  m a t e r i a l s .  Using the va l -  
ues  of the v i scos i ty  coeff ic ients  of m e t a l s  obtained in [1], one can cons t ruc t  the exper imen ta l  dependency 
o~ the d imens ion le s s  jet  length Ic/R on the Reynolds ~mmber U6o/V. Exper imenta l  points for  va r ious  me ta l s  
and dif ferent  radi i  of the h e m i s p h e r i c a l  indentations a r e  plotted in Fig.  7. The dependency we seek can be 
wr i t ten  as  the re la t ionship  

--F = ~ !  ~ " 

F o r  the va r i ous  m a t e r i a l s  the value of k 2 va r i ed  f r o m  1.4 to 2. If we inser t  k t f r o m  (1) into (2), we 

obtain 

R �9 

F r o m  the quant i t ies  k 1 and k2, defined above, it fol lows that the quantity k~]/ '~ is  c lose  to unity. 

As the d i rec t  r ecord ing  of the p a r a m e t e r - / c  p resen ted  cons ide rab le  difficulty, owing to synchroniza-  
t ion t roubles ,  we used  in i t s  p lace  the depth of pene t ra t ion  l m of a t a rge t  of the s a m e  m a t e r i a l  as that of 
the jet .  When the m a t e r i a l s  in the je t  and the t a rge t  we re  different ,  the calculat ion of l c was c a r r i e d  out 

accord ing  to the equation 

that  was  obtained in [5]. H e r e  pro, pc a r e  the dens i t i e s  of the t a rge t  and the j e t , r e spec t i ve ly .  

F r o m  Eq. (3) we can obtain an express ion  for  the k inemat ie  coefficient  of v i scos i ty  

uR~ 
tX 

According to th is  equation one can, with a knowledge of the veloei ty  and the iength of the continuous port ion 
of the jet, e s t ima t e  the v i scos i ty  of va r ious  me ta l s  approx imate ly .  Such an e s t ima t e  was made  for  Wood's  

ahoy:  

~.~ 10 4 cm2/sec. 

Resul ts  of our  s tudies  of the exit of a plane shock wave at a hemisphe r i ca l  indentation in me ta l s  en-  
able one to m a k e  the followkng conclusions  concerning the d imens ions  and the ve loc i t ies  of the je ts  that emerge :  
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I~ The transverse dimension of the jet increases linearly with an increase in the radius of the hemi- 
spherical indentation. 

2. The length of the jet is proportional to the square root of the Reynolds number. 

3. The jet velocity depends weakly on the radius of the hemispherical indentation and in our experi- 
ments it depends solely on the material of the sample under investigation. 

I~ 

2. 

3. 

4. 
5. 
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