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The system of hydrodynamic equations describing the spreading of a thin film of a non-New- 
,ionian liquid between two solid colliding surfaces is solved. The temperature profiles along 
the film radius and thickness are found under the assumption of adiabatic compression. 

The  flow of an i n c o m p r e s s i b l e  liquid of cons tan t  v i s c o s i t y  (s Newtonian liquid) be tween sol id  col l iding 
p la tes  was ana lyzed  in [1]; the  s h o c k - i n d u c e d  hea t ing  of  such  a liquid was  ana lyzed  in [2], whe re  the t h e r -  
ma l  conductivity, the temperature dependence of the viscosity, and the compressibility of the striker ma- 

terial were taken into account. 

The hydrodynamic equations describing the spreading of a thin film of a non-Newtonian liquid were 
integrated numerically in [31 for certain types of shock. The pressure profile in a non-Newtonian film 
was found in [4], with inertial forces neglected. 

In many practical applications, in particular in analyzing the processes involved in stamping, it is 
important to know how non-Newtonian materials move and to estimate their heating. 

Below we are concerned with the case in which an incompressible, non-Newtonian liquid is subjected 
to shock; we find the temperature increase, taking into account the temperature dependence of the effec- 
tive viscosity. We also take into account the resulting deformation in the striker system, which greatly 
limits the pressure rise in the liquid film. 

The behavior of a non-Newtonian liquid is frequently described by means of a power law [5]: 

�9 Ou]~ Ou 
q : = : n z e  ' ~ = m  - -  s i g n - - ,  ( i . i )  

Oz ~ az 

where m and n generally depend on the pressure and temperature, m strongly and n extremely weakly. 

The apparent viscosity ~ta for a power law can be expressed in terms of n: 

~-i ] Oft I n-i 
,u~,=== me' ==nz i-~- ! ; (1.2) 

] r  

since n < i for pseudoplastic materials, ~a falls offwith increasing rate of shear. 

We assume that a thin film of a non-Newtonian liquid of thickness 50 fills the gap between a rigid 
support (anvil) and the striker, with a b~se radius IR and length I. The liquid begins to spread when the 
freely failing weight M collides with the striker. 

The system of hydrodynamic equations for the case 50/R << I is written in terms of cylindrical coor- 
dinates (Fig. I) ~s 

ou o,, op o (mlO= 0,, ) Ou ~ u ..',. v . . . . . . . . .  ~ . . . . .  : (1.3) 
Ot O~r Oz ,o Or ~) Oz ~ ] Oz [ Oz 

Op O, Ou u Ov 
- -  = ~ ' = O .  (i.4) 
8z Or " r Oz 
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The boundary  condi t ions  fo r  (1.3) and (1.4) a r e  

u(r, O, t) =~u(r, 6, t ) = 0 ,  p(R, t ) = 0 ,  v(r, O, 0 = 0 ,  v(r, 6, t ) = w .  (1.5) 

We so lve  Eqs .  (1.3) a p p r o x i m a t e l y  by the method of m o m e n t s ;  we wr i te  u as the s e r i e s  
n+2l 

u = 1 - -  l - - - - g -  .[[o(r, 6)%-zf~(r, 5)%- . - . l ,  (1.6) 

which sa t i s f i e s  the  condi t ions  that  the liquid ve loc i ty  van i shes  at  the  boundar ie s  with the anvil  and s t r i k e r ,  
a t  Z = 0 and z = 6, r e s p e c t i v e l y .  

R e s t r i c t i n g  the  a n a l y s i s  to  the  ze ro th  app rox ima t ion  in (1.6), and in t eg ra t ing  cont inui ty  equat ion (1.4) 
o v e r  z, we find 

z n + 1 

v rfo t - -  1 - -  dz. 
r Or . 6 ] 

0 

For  the uppe r  hal f  of the f i lm,  1 - (2z/5) -< 2, we find, us ing the  boundary  condit ion v(r ,  6, t) = w, 

8/  2 n-}-i 

0 

n-l-1 +j[, 
6/2 

and thus ~ = 2z/6)  

U 1 -~- 

7J 2 - -  

U - -  

2(n + 1) 

2(n%- 1) 

n+_j 
2n %- 1 wr [ l__ll__~l ] n 1, (1.7) 

2~(n %- 1) 5 
2 n + l  

{(2n%- 1 )~ l - -n [1 - - (1 - -~ I )  " 1}, 0-.< q .<  1, (1.8) 

2 n + l  

{(2n+ 1)~l - -n[ l  + ( ~ t - - 1 )  n ]} ,  1 ~ 1 . < 2 .  

H e r e  the s u b s c r i p t  " t "  on v m e a n s  the lower  ha l f  

If the  s t r i k e r  s y s t e m  is qui te  r ig id  (k ~ ~) ,  

Then  Eqs .  (1.3) b e c o m e  

of the  f i lm,  and "2" m e a n s  the  upper  half.  

we can d e s c r i b e  the  d e c e l e r a t i o n  of the  weight  by 
R 

MdW 2~ ; 
dt = < p > S ,  ( p > = - ~ -  p(r)rdr, S = ~ R  ~, 

0 

t 

6 =60%- .i wdl, w(O) = w  o < 0 .  
0 

(1.9) 

(1.10) 

au 2 Ou t Op dw Ou @ • art _~_ u ~ u 

d8 06 05 Or 5 O~ 9 Or 
(1.11) 

, 1 ( 2 ) " + '  0 (mlOU ~ - ' O u )  Op O. 
o I E  E . '  

Subst i tut ing (1.7) and (1.8) into (1.11), a f t e r  it has  been  mul t ip led  by T/N (N = 0, 1, 2 . . . .  ), and inte-  
g ra t ing  it over  ~ f r o m  0 to 1, we find a s y s t e m  of o r d i n a r y  d i f fe ren t ia l  equat ions  which is equivalent ,  in 
the l imi t  N ~ ~,  to (1.11). Evaluat ing  the ze ro th  momen t ,  c o r r e s p o n d i n g  to a n g u l a r - m o m e n t u m  c o n s e r v a -  
tion, we find 

~.. n r~lwln prw dw 3 ' (2n+ 1) prw 2 Op = - - 2 m  ( ~ )  (1.12) 
Or 82n+ 1 -I- 28 d5 3n %- 2 252 

We thus find the p r e s s u r e  p ro f i l e  fo r  m = cons t  to be 
2m 2n-i- 1 ~ w n ~ _ _  3 ( 2 n +  I) 

P -  n - ? l \  n ] 62~+a" ' 46 d6 (r~--Rz)- -  3n+  2 - 452pw'(r~-R~)' (1.13) 
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Fig .  1. P h y s i c a l  m o d e l  and 
c o o r d i n a t e  s y s t e m .  

wh i l e  the  a v e r a g e  p r e s s u r e  in the  l iqu id  f i l m  is  

< p > =  2____~m ( ~ _ ~ _ ) n , w , ' R  ~+~ pwR 2 dw + 3 2 n + l  pw~R ~ 

n + 3 63"+1 86 d6 8 3n + 2 63 (1 . i4)  

If we o m i t  the  l a s t  two t e r m s  f r o m  (1.13), c o r r e s p o n d i n g  to i n e r t i a l  

f o r c e s ,  we f ind the  s o l u t i o n  of [4]. 

In the  two l i m i t s  n = 1 (a Newtonian  l iquid ,  m = #) and n = 0 (an 
i d e a l l y  p l a s t i c  ob jec t ,  m = T0), we f ind f r o m  (1.14) 

3~twR ~ pwR ~ dw 9 pw~R 3 ( p }  . . . . . .  + -  
26 a 86 d6 40 6 ~ 

( p }  = 2toR ~-' 3 pw~R ~ 9wR ~ dw 

36 16 63 85 d6 

Eq.  

f or  n = 1, (1.14a) 

for n = O. (l.14b) 

We note  tha t  Eq. (1.14~) was  d e r i v e d  p r e v i o u s l y ,  in [1], wh i l e  
(1.14b) wi thout  the  i n e r t i a l  t e r m s  is  t he  f a m i l i a r  equa t ion  of the  

t h e o r y  of p l a s t i c i t y  [6] [within a s m a l l  t e r m  Y, which  m u s t  be i n t r o d u c e d  b e c a u s e  of the  change  in b o u n d a r y  
cond i t ion  (1.5): p(R, t) = Y]. 

T h e  a v e r a g e  p r e s s u r e  in the  l iquid  f i lm ,  <p>(6) ,  cannot  be found fo r  the  g e n e r a l  e a s e ,  s o  we t u r n  to 
two p a r t i c u l a r  f low r e g i m e s  - -  the  i n e r t i a l  r e g i m e ,  fo r  which  the  R e y n o l d s  n u m b e r  is  Re  = p ] w t S / 2 t t a  > 1, 
and  the  v i s c o u s  r e g i m e ,  fo r  which  Re < 1. The  f i r s t  r e g i m e  is u s u a l l y  a c h i e v e d  in the  in i t i a l  s t a g e s  of 
h i g h - v e l o c i t y  c o l l i s i o n s ,  whi l e  the  s e c o n d  is  a c h i e v e d  in the  f ina l  s t a g e s ,  when the  l iqu id  is  t h i n n e r  and 
the  s t r i k e r  h a s  been  d e c e l e r a t e d .  

In the  c a s e  Re >> 1 we f ind f r 6 m  (1.10) and (1.14) 

M dw = S (  p w R  ~ dw + 3 2n-~-1 9w 2R2) .  
dt 86 d6 8 3n + 2 6 ~ 

Solv ing  th i s  equa t ion ,  we find 
3(2n@1) 

( 1  _/_~O)3n+2 
w = w  o ~. 1-+- ;~ ] ;~-- pRoS Z~ 9R2S 

, , 8 M 6 o  ' 8M6 (1.i5) 
9 9w2R 2 3 ( 3 n + 2 ) - - ~ ( n - - 1 )  < p )  

40 �9 6 ~ 3 (3n + 2)(1 + z) 

In the  c a s e  Re  << 1 we f ind f r o m  (1.10) and (1.14) 

f r o m  which  we f ind 

M 
dw 2mS 

dt n @  3 \ n / 62"+1 ' 

1 

w = ~  o 1 - - - - 1  (~__1) , ~ = , 

V; = 2 _ _ n  \ 2n @ l ] z~mR "§ ' 

law. 
t he  f i l m  b e c o m e s  t h i n n e r  the  r e s i s t a n c e  to  the  s t r i k e r  m o t i o n  i n c r e a s e s  r a p i d l y ,  ~62 a c c o r d i n g  to (1.15) o r  
~62n +1 a c c o r d i n g  to  (1.16). A c c o r d i n g l y ,  beg inn ing  a t  s o m e  t i m e  t l ,  the  e n e r g y  of the  weight  i s  expended  
not  only  on c o m p r e s s i n g  the  l iquid  but  a l s o  on d e f o r m i n g  the  s t r k k e r  i t s e l f ,  which  is a b r u p t l y  d e c e l e r a t e d  
and a c q u i r e s  e n e r g y  which  r e s u l t s  in the  s u b s e q u e n t  r e c o i l  of the  we igh t .  T h e s e  even t s  p r e v e n t  the  p r e s -  
s u r e  i n c r e a s e  in the  l iqu id  f r o m  b e c o m i n g  too  l a r g e ,  a s  fo l lows  f o r m a l l y  f r o m  (1.15) o r  (1.16), and t hey  
i m p o s e  a r e s t r i c t i o n  on the  d u r a t i o n  of the  c o l l i s i o n  i t s e l f .  The  t i m e  t = t 1 is  d e t e r m i n e d  f r u m  the  cond i -  
t ion  tha t  the  r i g i d i t i e s  of the  s t r i k e r  s y s t e m  and the  l iqu id  f i l m  be  equal  [2]: 

(1.16i 

2,n { 2n + 1 
( P ) = ~ , - - I  2.+1 ( ~ - - -  n w - 6 \  n / 60 ' 

If the  d e f o r m a t i o n  of the  s t r i k e r  is  t a k e n  into accoun t ,  t he  we igh t  d e c e l e r a t e s  a c c o r d i n g  to  a d i f f e r e n t  
If the  f i l m  is  i n i t i a l l y  th ick ,  the  s t r i k e r  c o m p r e s s e s  t he  l iqu id  wi th  e s s e n t i a l l y  no r e s i s t a n c e ,  but a s  
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k, 

Fig.  2. T e m p e r a t u r e  p r o f i l e  
o v e r  the  t h i c k n e s s  of  the  l iquid 
f i lm.  

S ---ds-d ( p ) = - -  k, 1/k = X.  l j E i S v  (1.17) 

w h e r e  Ei  is the  Young ' s  modulus  of e l e m e n t  i of the  s t r i k e r  s y s t e m .  

To  find the  pos i t ion  of the  c h a r a c t e r i s t i c  boundary  of the ini t ia l  
s t a g e  of the  co l l i s ion  (in which the  s t r i k e r  u n d e r g o e s  e s s e n t i a l l y  no 
d e f o r m a t i o n )  we c o n s i d e r  the  two flow r e g i m e s  in tu rn .  

F i r s t ,  f o r  Re  > 1, we find f r o m  (1.15) and (1.17) 

3pR~w~S 
{~ (9n + 4) - -  2 (3n -+ 2)]. 

405 a (3n -~- 2) 2 (I + ;.)2 (1.18) 

�9 [3 (3n + 2 ) -  ~.(n--  1 ) ] - - X ( n - -  1)(3n + 2)(1 + ~,)} = - - k .  

F o r  s m a l l  va lues  of h and k 0 th is  equat ion  can  be  s imp l i f i ed ,  
and an equa t ion  can be  found fo r  the  f i lm t h i c k n e s s :  

~ / /  9apR4wo 2 
51 ~: 20k ' (i .19) 

independent  of  n and 60- 
p e a r a n c e  of l a r g e  g r a d i e n t s  in the  l iquid f low ve loc i t y  only fo r  su f f i c i en t ly  thin f i l m s .  

F r o m  (1.16)and (1.17) we can  d e t e r m i n e  the  c h a r a c t e r i s t i c  f i lm th i cknes s  fo r  the c s s e  Be  < 1. 

The  independence  is a t t r i b u t a b l e  to the  s h a r p  i n c r e a s e  in p r e s s u r e  and the ap -  

n+l  _ n 

2 - - n  

- -  2(n--l) "1 
- - - - - ~ ( 1  - .  r  2-. | ,  

l 

. 1__ 
n+3[ n n+3, ( n 

2r~ a (2 - -  n) 2n + 1 [ m2R 2~n+a) 
tZ ---~ 

(1.20) 

If we a s s u m e  ths t ,  a f t e r  t i m e  t l, the c o m p r e s s i o n  of the  f i lm o c c u r s  with s o m e  cons tan t  f o r c e  px S, 
which  flcts o v e r  a t i m e  tx, then  we can ea s i l y  find the  d e c e l e r a t i o n  l~w of the  ' c o m p r e s s i b l e "  s t r i k e r  and 
d e t e r m i n e  the  l imi t ing  t h i c k n e s s  6k. The  quan t i t i e s  Px and tx  m u s t  depend  on the e n e r g y  of the  weight ,  
the  p a r a m e t e r s  of the  s t r i k e r  s y s t e m ,  and the  p r o p e r t i e s  of the l iquid.  
anvi l ,  without  the  liquid, t h e s e  quan t i t i e s  a r e  d e t e r m i n e d  f r o m  [7] 

, | /  M (1.21) t ==v k 

Turn ing  now to  the  c a s e  Re  < 1, and us ing  (1.14), we find 

2/12 ( ~ ) n  ~n+l[w]n 

n + 3  / 

whose  so lu t ion  y i e lds  

Px, 

! 

d6 in-t- 3 ] "  np~/" 5( 2"+'','" 
av = d---[ = - - ~ - - ~ m  I " 2 n +  1 R~n+l)m ' 

In the  c s s e  of  a co l l i s ion  with the 

n 
n+l" 

(1.22) 

[~ = 51 [ 1 +  n + l  ( n - ~ 3 n  ~ TM , l ; .]) 
6--:-= 2n-[-~i \ 2m r x - ~  w F t n ,  

(1.23) 

The  quant i ty  61 is d e t e r m i n e d  f r o m  (1.18)-(1.20) for  v a r i o u s  va lues  of Re .  We note that  if condi t ion (1 .17)  
holds  s t  the  v e r y  beginning  of the  co l l i s ion ,  then  we have  t i = 0 and 51 = 50. 

In the c a s e  of ad i aba t i c  hea t ing  of the liquid (with a t h e r m a l  d i f fus iv i ty  u0 = 0) the e n e r g y  d i s s i p a t e d  
in a L a g r a n g i a n  p ~ r t i c l e  a t  c o o r d i n a t e s  r 0 and z 0 is c o n s e r v e d ,  so  tha t  

D T  m Ou .+ t  
Dt = p c .  -~z ' T (r~ z~ 0 ) = 0 ,  

to.z~ (2.1) 
\ O t /  .. . . .  \ o r  

r(r o, z o, O ) : r  o, z(r o, z o, O ) : z  o. 
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If the  t e m p e r a t u r e  dependence  of m is  spec i f i ed  o v e r  s o m e  T r ange  by 

m =:m0/(1-i--Tg)", ? > 0 ,  v > 0 ,  

then,  mul t ip ly ing  (2.1) by (1 + 7 T) v and in t roducing  the t e m p e r a t u r e  funct ion 

O .... [(1 -i- ,iT)" i-~ _ llis,(v -'.- 1), 

we can c o n v e r t  th is  equat ion  to 

(2.2) 

(2.3)  

DO mo ! au in+ l 
D~ ~% T I " (2.4) 

Equation (2.4) differs from (2.1) in that T is replaced by | (in the case u = 0 we have T = | 

To establish the relation between the running coordinates and the Lagrangian coordinates, we write 

the system of differential equations of the vector lines as 

dr dz d8 
. . . .  (2.5) 

U Y ~2 

Using  (1.7)-(1.9),  we find f r o m  (2.5) 

z == - -  i 5~: 
2 for ~ / 2 ~ < z . ~ 6 / '  

r = r o [ 6 o ( 5  ' c)]'2~+'~/~'~+" 
(60 - i  c) ' (2.6) 

n §  ,+1 

[ ( 
~ - , ~ - ~ - I ,  , I t  ~ot 

We s e e  without  d i f f icul ty  that  m o s t  of the  hea t ing  of the liquid m u s t  occur  dur ing  the second  s t age  of 
the  co l l i s ion ,  f o r  which we can  u s e  the  a p p r o x i m a t i o n  tha t  the  c o m p r e s s i o n  is a ch i eved  .by a cons tan t  f o r c e  
px S. T r a n s f o r m i n g  f r o m  t to 6 in (2.4), and us ing  (1.22) and (1.7), we find the liquid t e m p e r a t u r e  fo r  0 
<- z-< 5 /2  to be  

0 =- (2n 1)(n --  3) p.~ rn+l [ 1 - -  dS. (2.7) 

I t  f o l l o w s  f r o m  (2.7) t ha t  the  m a x i m u m  t e m p e r a t u r e  Om is r e a c h e d  at  p o i n t  r = i~ at  z = O: 

O,,, - -  (2n l)(n ~- 3) T= In 13, T x = p-~-~ . (2.8) 
2n pop 

Denot ing  the L a g r a n g e  c o o r d i n a t e s  (2.6) at t i m e  t 1 by a s u b s c r i p t  "1," we can  eva lua t e  the in tegra l  
in (2.7) and d e t e r m i n e  the  t e m p e r a t u r e  f ie lds :  

O = ( 2 n - ! - 1 ) ( n @ 3 )  T, -~-r ~n-rlq--(2n§ I) 2 ( q - - q : ) @ t n ~  - 1  q,+l] 
2~ " ~ ,/ q +  i q~-ATj' 

,,+1 ,~+~ (2.9) 
q = I -  2Z , q t  = 1 -  

In the  c a s e  n = 1 we find f r o m  (2.9) the fol lowing equat ions  fo r  the  t e m p e r a t u r e  f ield and the m a x i m u m  
liquid t e m p e r a t u r e :  

( r -~ i 2G(13--1) 2~2=~1-] 
O = 6 T ;  ~ - ) ( 1 - - , ] )  3 0 . ~ ( ~ _ ~ 2 ] ) + 1 n  2 - - q  J "  

(2.9a) 
% = ST.~ lnt3, 

T h e s e  equat ions  a r e  the s a m e  as  t h o s e  found p r e v i o u s l y  in [2], 

In the other limit, n = 0, we find 

9%R 
3 ~176 @,,, ~: 0 for p,~ < - (2,9b) O , , , = ~ T ~ t n 2  for p~ = 361 , 381 
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Fig.  3 Fig. 4. 

Fig.  3. T e m p e r a t u r e  p ro f i l e  over  the t h i c kne s s  of the f i lm;  the 
t e m p e r a t u r e  dependence  of the  v i s c o s i t y  is t aken  into a c c o u n t .  

Fig.  4. T e m p e r a t u r e  p ro f i l e s  a long the s t r i k e r  r a d i u s .  

The l iquid t e m p e r a t u r e  T is d e t e r m i n e d  f rom (2.9) s i m p l y  on the bas.is of Eq. (2.3). 

F i g u r e  2 shows the t e m p e r a t u r e  O / O m  for  the ca se  r = 1~ as a func t ion  of the p a r a m e t e r  ~1 = 2z/6  k, 
for  ln/J = 2 and for  v a r i o u s  va lues  of n: 0.25, 0.5, 1, and 2 (the dashed  l ine  is the a sympto t i c  l imi t  for  n 

0). 

These  cu rves  can  be d e s c r i b e d  wel l  by a power  func t ion  ( 1 -  71) n +1, which is conven ien t  for  e s t i m a -  

t ing  the l iquid t e m p e r a t u r e  du r ing  the  co l l i s ion .  F r o m  (2.3) we find 
I 

T = 1 {[1 + 7 ( v - "  1)@1 ~+'--1}. 
7 

Aceord ing ly ,  for  su f f i c i en t ly  l a rge  | we can  use  the a p p r o x i m a t i o n  
I 

~ = (1 - -  ~l) ,,+1 (2.10) 
Tm , 

F i g u r e  3 shows c u r v e s  of the t e m p e r a t u r e  T / T m  for  the eases  n = 0.25, 0.5, 1, 2, and 7 with u = 3, eon-  
s t r u e t e d  f rom (2.10); in p lo t t ing  these  e u r v e s  we used  0u/Oz = 0 for  ~ = 1 Eq. ( 1 . 7 ) so  that  t he r e  is no 
hea t ing  at the c e n t e r  of the f i lm.  We see  f r o m  this  f igure  that  with n < u the t e m p e r a t u r e  dependence  of 
the v i s cos i t y ,  (2.2), l eads  to an  a v e r a g i n g  of the  hea t ing  over  the t h i e k n e s s  of the f i lm.  This  r e s u l t  is not 
a c o n t r a d i c t i o n  of the phys i c s  of the phenomenon :  s i ne e  t h e r e  is a s h a r p  t e m p e r a t u r e  g r a d i e n t  in the t e n -  
t r a l  p a r t  of the f i lm in the case  ~0 e 0, a heat  flux d i r e c t e d  toward  the c e n t e r  can a r i s e .  This  heat  flux 
a l so  f ac i l i t a t e s  an  equa l i za t ion  of t e m p e r a t u r e s .  In the case  n > v the n a t u r e  of the t e m p e r a t u r e  p ro f i l e s  

does not  change.  

F i g u r e  4 shows the t e m p e r a t u r e  p rof i l e  along the s t r i k e r  r ad ius ,  ~ = r / R ,  for  ~? = 0 and for  va r ious  

va lues  of n.  

r,z 
U, V 

p 
<p> 

O, Cp, I% 
/ , R , S  
E 
k 
i 
M 
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N O T A T I O N  

a r e  the axes  of the c y l i n d r i c a l  coo rd ina t e  s y s t e m ;  
a r e  the r a d i a l  and axia l  ve loc i ty  componen t s  of the l iquid;  

is  the p r e s s u r e ;  
is the a v e r a g e  p r e s s u r e ;  
a r e  the dens i ty ,  spec i f i c  heat ,  and t h e r m a l  d i f fus iv i ty  of the l iquid;  
a r e  the length,  r a d i u s ,  and base  a r e a  of the s t r i k e r ;  
is the Young ' s  modu lus  of the s t r i k e r  m a t e r i a l ;  
is the r ig id i ty  of the s t r i k e r  s y s t e m ;  
is the n u m b e r  of e l e m e n t s  in  the s t r i k e r  s y s t e m ;  
is the m a s s  of the fa l l ing  weight;  
is the in i t i a l  t h i cknes s  of the l iquid  f i lm;  
is the t h i cknes s  ~t t i m e  t;  
is  the l i m i t i n g  f i lm t h i c k n e s s ;  
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= au/az 
T 

TO 
Y 
m ,  n ,  7 ,  v 

mo 
# 
# a  
T, Tx,  and @ 
Tm and |  
r ,~, ,8, q, s n d c  
Re 

is the initial striker velocity; 
Is the striker velocity at time t; 
~s the beginning of the second stage of the collision; 

Is the duration of this stage; 

[s the pressure during the collision; 

is the film thickness at time it; 
is the dimensionless film thickness; 
Is the dimensionless radius; 
is the rate of shear; 
is the tangential stress; 
~s the yield point for pure shear; 
~s the yield point for uniaxial stress; 
are the rheological constants of the liquid; 
is the value of m at normal temperature; 
is the dynamic viscosity of liquid; 
is the effective viscosity of liquid; 
are the liquid temperature; 
are the maximum temperature; 
are the dimensionless quantities; 
is the Reynolds number. 

i. 

2. 
3. 
4. 
5. 
6. 

7. 

LITERATURE CITED 
f 
E. I. Andriankin, Zh. Prikl. Mekhan. i Tekh. Fiz., No. 5 (1966). 
~. I. Andriankin, V. K. Bobolev, and A. V. Dubovik, Fiz. Goreniya i Vzryva, No. 3 (1972). 
M. J. Booth and W. Hirst, Proc. Roy. Soc. Lond., Set. A, 31_66, 391, 415 (1970). 
Tsung Yen Na, J. Basic Engng. Trans. ASME, Ser. D, 8__88, 687 (1966). 
W. L. Wilkinson, Non-Newtonian Liquids, Pergamon, New York (1960). 
L. M. Kachanov, Basic Theory of Plasticity [in Russian], GITTL, Moscow (1956). 
Yu. B. Kharitonov, in: Theory of Explosives [in Russian], Oborongiz, Moscow (1940). 

1009 


