
INCREASE OF INITIAL VELOCITY AND PRESSURE UPON IMPACT ON 

AN INHOMOGENEOUS TARGET 

V. I. Laptev and Yu. A. Trishin UDC 534.222 

It is proved on the basis of an analysis conducted by means of the method of 
(p, u)-diagrams in an acoustic approximation that the mass velocity of the 
material of a target increases when a shock wave propagates along a target in 
which the acoustic resistance of the layers decreases in the direction of pro- 
pagation, and it can even exceed the initial velocity of the striker. An in- 
crease in pressure behind the wave front similar to the example of unbounded 
accumulation in a plane shock wave considered in [2] is observed when a striker 
impacts on a target in which the acoustic impedance of the layers increases in 
the direction of propagation of the shock wave. The increase in velocity is 
experimentially verified. 

We will consider in a one-dimensional formulation the propagation problem for a shock 
wave formed in the impact of a striker with a target, which is a set of plates. 

We denote by the subscript 0 parameters characterizing the striker and by the sub- 
script i (i = i, 2, ..., m) the parameters of the target plates, the plate i = 1 being 
the striker. The contact surfaces between the plates will be denoted by aia i (alaz is 
the contact surface between the striker and the first plate of the set, and a m + ~a m + i 
is the rear free surface of the plated target) (Fig. i). 

Suppose prior to impact the fixed target has parameters 

p~, ~ ,  ui  = O, P i  : 0  

and the flying plate of finite thickness has parameters 0o, Co, Uo, and po = O (p is the 
density of the material, c is the speed of sound in the material, u is the mass velocity, 
and p is the pressure). 

Shock waves are formedupon impacting both in the target and in the striker and pro- 
pagate from the impact surface alal in opposite directions. We denote the speed of the 
inner faces aiai by Uai and by the Pai the pressure in the region between the wave fronts 
that experience a drop in disturbance on the contact surface aiai. 

Plate collision can be conveniently examined in the coordinates p, u. The initial 
states of the quiescent target (Pi = 0, u i = 0) and of the striker (Po = 0, u = uo) are 
depicted by the points 0 and M (Fig. 2). 

Let us consider the problem in the acoustic approximation 

Uo , ~  Co, ci (i) 

The plane curve for the variables p and u with center at (Uai , Pai) has the form 

(P - -  P a t )  ( l l P a i  - -  t i p  (p)) = (U - -  uat )  ~ (2 )  

An empirical equation of state of the type 

(3) 
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in which n is assumed constant, is often used for metals at pressures on the order of l0 s 
atm. 

For weak shock waves we set 

P/Pi = i  q-e, ~ i ,  Pai/Pi = i  q-eah 8 a i ~ i  (4) 

S u b s t i t u t i n g  Eq. (3 )  i n  Eq. (2 )  and  t a k i n g  i n t o  a c c o u n t  Eq. ( 4 ) ,  we h a v e  

P - - P ~  = __ i(P~i + PiCi~) (P q-P~Ci~)] '/ ' u - - u ~  (5 )  
c 4 

The maximum p r e s s u r e  t h e  s t r i k e r  c a n  d e v e l o p  i s  r e a l i z e d  when r e t a r d e d  b y  a n  a b s o l u t e -  
l y  rigid target, 

p, = ~)OC0U 0 

(5) a re  t h e r e f o r e ,  i n  v iew o f  Eqs. The quantities p and pai2in Eq. 
gible in comparison with Pic i . 

We then obtain from Eq. (5) 

P - -  P a i  = ! pici  (u  - -  u ~ )  ( 7 )  

w h i c h  p r o v e s  t h a t  t h e  s h o c k  a d i a b a t s  i n  t h e  p l a n e  pu a r e  t h e  s t r a i g h t  l i n e s  o f  Eq. (7 )  i n  
an  a c o u s t i c  a p p r o x i m a t i o n .  

L e t  us  u s e  s e v e r a l  p r o p e r t i e s  o f  ( p ,  u ) - d i a g r a m s .  I t  i s  e v i d e n t  f r o m  Eq.  (2 )  t h a t  
t h e  c u r v e  i s  s y m m e t r i c  a b o u t  t h e  l i n e  u = u a i ,  w h i c h  i s  a l s o  i m p l i e d  b y  Eq. ( 7 ) ;  t h e  ( p ,  
u)-diagram consists of two branches intersecting in its center at a finite angle whose 
tangent is equal to the size of the acoustic impedance. 

The problem of calculating shock-wave parameters in the impact of a striker and the 
first plate of a target reduces to calculating the point AI at which the lines Po and pl 
intersect (Fig. 2), 

po = -- R0 (u  -- Uo), p ,  = R l u  (8) 

w h e r e  Ro = Poco i s  t h e  a c o u s t i c  i m p e d a n c e  o f  t h e  s t r i k e r  m a t e r i a l ,  a n d  R~ = pzc~  i s  t h e  
a c o u s t i c  i m p e d a n c e  o f  t h e  m a t e r i a l  o f  t h e  f i r s t  p l a t e .  

Ro RoR1 
u a l =  R0§ Uo, P a l =  R0+R1 uo (9 )  

(6) 

(i) and (6), negli- 

It is necessary to consider the drop in disturbance on each contact surface aia i (i = 
2, 3, ..., m + i) for the propagation of the resulting shock wave through the plates of 
the target. 
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TABLE i 

Target ,, I Mean exper- 
-~ thicknessl imental value 

material mm [ of Um/U o _ :  

t copper 
2 -brass 
3 Duralumin 

1 copper 
2 Duralumin 

t Duralumin 
2 polyethyl- 

e n ~  

2 i.66 
l t 

3 I t [ 1.33 

I 2.06 3 
1 

um/u0 from 
Eq. (12) 

i .48--i .5 

1.44--1.46 

2.45 

Let us consider the case of a striker impacting a target in which the acoustic im- 
pedance of the plates decreases from plate to plate in the direction of propagation of 
the shock wave generated by the striker. We set 

R0 ~ RI > R~ ... > R~ (i0) 

We select a target, such that for every plate 

l~/ch = Ih+l/Ck+l (ii) 

where I k and I k + i are the thicknesses of the preceding and next plate in the target, res- 
pectively. In this case the final mass velocities in the k-th plate are determined solely 
by the drop in disturbance on the (k + l)-th contact surface. 

The states of the plated target are described in the plane of the variables p, u by 
a pencil of lines leaving the point 0 (Fig. 2). 

Pi  = R~u (Z = i , 2 ,  . . . ,  m) 

As a s h o c k  w a v e  w i t h  p a r a m e t e r s  P a l ,  u a l  ( p o i n t  A~) p a s s e s  f r o m  t h e  f i r s t  p l a t e  o f  
t h e  t a r g e t  i n t o  t h e  s e c o n d  a w a v e  w i t h  p a r a m e t e r s  p c 2 ,  Ua2 p r o p a g a t e s  f r o m  t h e  c o n t a c t  
s u r f a c e  a2a:2 i n  b o t h  d i r e c t i o n s .  The m a s s  v e l o c i t y  a n d  p r e s s u r e  i n  t h i s  w a v e  a r e  d e t e r -  
m i n e d  b y  t h e  p o i n t  A2 a t  w h i c h  t h e  l i n e  p= i n t e r s e c t s  t h e  l i n e  p ~ -  s y m m e t r i c  t o  p~ a b o u t  
u = ua~ ( P i -  a r e  s y m m e t r i c  t o  t h e  l i n e s  P i  a b o u t  u = u a i ) .  T h i s  p r o c e s s  s u b s e q u e n t l y  r e -  
p e a t s .  E v i d e n t l y  ( F i g .  2 ) ,  t h e  m a s s  v e l o c i t i e s  b e h i n d  t h e  s h o c k - w a v e  f r o n t  g row f r o m  p l a t e  
t o  p l a t e  a s  t h e  s h o c k  w a v e  p a s s e s  t h r o u g h  a p l a t e d  t a r g e t  w h o s e  a c o u s t i c  i m p e d a n c e  d e -  
c r e a s e s  f r c ~  p l a t e  t o  p l a t e .  P l a t e  a c c e l e r a t i o n  i s  b a s e d  on  t h i s  e f f e c t .  

An e q u a t i o n  c a n  b e  f o u n d  f r o m  F i g .  2 r e l a t i n g  t h e  m a s s  v e l o c i t y  u m o f  t h e  l a s t  p l a t e  
o f  t h e  t a r g e t  a n d  t h e  i n i t i a l  v e l o c i t y  Uo o f  t h e  s t r i k e r ,  

2 m 

U m  ~ m UO 

H ( l  ' R (12) ~ / R~_ i) 
i = 1  

It is evident from Eq. (12) that if Eq. (i0) holds for a plated target, u m > uo. The 
acoustic approximation for the (p, u)-diagrams simplifies the cumbersome mathematical cal- 
culations while preserving and revealing the physical meaning of the phenomenon. 

Mass velocity will increase when the striker impacts a plated target, and also for 
high impact velocities, when the acoustic approximation is inapplicable. 

To verify Eq. (12) experiments were performed on plate-striker impact with a plated 
target. The set-up of the experiment can be seen in Fig. I. Here i is a detonating cap, 
2 is a plane detonation wave generator, 3 is the explosive charge (TG 50/50) in contact 
with the striker 4, and 5 is the plated target. 

The striker velocity (Uo) and velocity (Um) of the last target plate were measured 
in the experiments. In all the experiments the explosive charge measuring i0 mm in thick- 
ness, and the steel striker 3 mm in thickness remained constant; the combination of plate 
material in the target was varied. Photographing was conducted both by a pulsed radiograph 
and by a streak camera operating in frame photography conditions. The measured velocity of 
the striker was 1.46 km/sec • 14%. The results of the experiments are presented in Table I. 
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In the last column of Table i values are presented for Um/Uo 
calculated using Eq. (12), and the values for Pi and c i for 
the striker and target plate materials were taken from [i]. 

Pulsed radiography makes it possible to determine the 
velocity of any plate of the target. This allows us to ad- 
ditionally control the correctness of our discussions. In 
Fig. 2 the states of the striker and target plates after a 
shock wave has passed throughthem are indicated by the points 
uo', u1' .... on the u axis [the k-th plate passes from the 

state Pak, uak into the state p = 0, u = u k' along a line pk + 
symmetric to the line Pk- about u = Ua( k + ~)]. 

Photographs are presented in Fig. 3 of frame radiographs 
of the impact of a steel plate against a target consisting of 

3 mm copper, 2 mm brass, and i mm Duralumin plates. The moving striker can be seen in the 
first frame prior to impact with the target (16 ~sec) and in the last frame, the disper- 
sion of the target plates (35 and 40 ~sec). Times were counted off from the moment the 
detonator cap was set off. 

The experiments confirmed the increase in mass velocity upon impact of a striker on 
a target made of plates in which the acoustic impedance satisfies Eq. (i0). 

If we consider the states behind the shock-wave fronts on each contact discontinuity 
aia i in Fig. 2 from right to left, i.e., from the point A m to At, an important physical 
effect is apparent, namely, an increase in the pressure amplitude as a shock wave propa- 
gates in a plated target in which ..... ..... 

RI-~ R2 ~" . . . -~ Rm (13) 
i.e., the acoustic impedance increases from plate to plate in the direction of propagation 

of the shock wave. 

Zababakhin [2] indicated a similar cumulation effect in a plane shock wave. He treated 
the motion of a wave with a front parallel to the layers in systems with alternating plane 
layers made of light and heavy substances. If the thicknesses of the heavy layers are equal 
(likewise for the light layers), i.e., the system is periodic, a shock wave may pass in it 
possessing a periodically varying pressure on the front. If every heavy layer is made thin- 
ner than the preceding one (likewise for the light layers), it will reach a higher velocity 
upon impact, transmitting to the next layer a still higher velocity, and so on, i.e., the 
shock wave will be amplified. 

The case of a plated target also indicates the possibilitY of increasing the amplitude 
of a shock wave in plane systems of layers with different acoustic impedances obeying Eq. 
(13). Only if energy losses upon heating are small will such an increase occur. Calcula- 
tions must be carried out for actual (p, u)-diagrams of the material of target layers made 
of layers taking into account Eqs. (ii) and (13) in order to estimate energy losses upon 
heating and the residual kinetic energy of the layers. 

The corresponding equations for pressure and mass velocity for m + i target layers 
can be obtained from Fig. 4, 
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2 m 2 m 

. P=(m+1) = m Pal, U~(m+1) = m aal 
H (l + R~/.R~+ 0 H (t + R~+~ I n 0 

�9 ~ - 1  i = l  

where Pai and uai are determined by Eq. (9). Since R i < R i + ~ for the target of Eq. 
(13), Eq. (:[4) indicates an increase in pressure in the transmitted shock wave with a 
simultaneous decrease in the mass velocity. 

(14) 

i. 

2o 

LITERATURE CITED 

L. K. Zarembo and V. A. Krasil'nikov, Introduction to Nonlinear Acoustics [in Rus- 
sian], Nauka, Moscow (1966). 
E. I. Zababakhin, "Unbounded cumulation phenomena," in: Fifty Years of Soviet Engi- 
neering [in Russian], Vol. 22 Nauka, Moscow (1970). 

841 


