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The basic resul ts  of shock wave interaction with bodies have been obtained experimental ly in shock 
tubes which are  charac te r ized  by constant flow pa ramete r s  behind the wave, for  example the studies of 
[1, 2]~ In the present  paper we examine the interaction between bodies and a spherical  explosive wave 
which has essential ly unsteady flow behind the compress ion  shock. Measurements  are  made of the force 
impulse (time integral  of the force) imparted by the explosive wave to a cyl indrical  s tat ionary body, and 
studies are  made of the flow pattern formation near  a flying blunt body. 

1.  F O R C E  I M P U L S E  M E A S U R E M E N T S  

The spherical  shock wave in the experiments  was created by the explosion of a chemical  explosive 
charge.  The wave interacted with a c i rcu la r  cylinder supported f reely  by slender f i laments  perpendicular  
to the direct ion of propagation of the compress ion  shock. Since the cylinder mass  remained constant in the 
course  of the experiment and the react ions of the supporting fi laments in the direct ion of motion can be 
neglected, the magnitude of the force  impulse at each moment of t ime is proport ional  to the velocity of the 
body. The instantaneous velocity values were determined by two methods: by e lectr ic  integration over 
t ime of the signal f rom a piezoelect r ic  acce l e rome te r  mounted on the body, and by the e lectromagnet ic  
method. 

A type IS-313 piezoelect r ic  acce le romete r  having dimensions 16 • 16 • 19 mm 3 and sensit ivity 0.5 
inV. sec~/m was mounted at the cen~er of the cylinder for the measurements  using the f i rs t  method. The 
sensor  signal was fed through an antimicrophonic cable to the preampl i f ier  input, was then integrated with 
respec t  to t ime by an integrating amplifier ,  and recorded  on a dual-channel cathode ray  oscil lograph.  The 
second osci l lograph channel was used to record  the signal f rom the piezoelectr ic  sensor  measur ing  the 
differential static p r e s su re  behind the explosive wave front [3]. The osci l lograph was t r iggered  by a syn-  
chronizing p re s su re  pickup. 

Pr io r  to installing the acee le romete r  in the cylinder,  the entire velocity measurement  loop was ca l l -  
brated uisng a pneumatic device consist ing of a h igh-p ressu re  chamber,  a cyl indrical  tubing segment con- 
nected with the chamber,  and a fas t -act ing e lec t r ica l ly-opera ted  valve which blocks air  entry f rom the tub- 
ing into the chamber .  A piston with a bracket  for mounting the sensor  being cal ibrated was installed in the 
tubing right next to the valve. When the valve is opened, the piston t rave ls  with uniform accelerat ion and 
its velocity at every  instant is determined f rom the known values of the initial a i r  p r e s s u r e  in the chamber,  
the piston c ros s - sec t iona l  area,  and the mass  of the piston together  with the sensor .  

The static p r e s su re  sensor  was calibrated using a pulsed pneumatic device [4]. 

When installed in the cylinder,  the acce le romete r  was centered by locking screws and potted with 
Wood's  alloy with a melting point of 60~ This technique made it possible to simplify assembly  and dis-  
assembly  of the sensor  and to increase  the sensor  natural  vibration frequency relat ive to the cylinder.  

When using the e lectromagnet ic  method, the velocity sensor  was the cylinder itself, fabricated f rom 
current-conduct ing mater ia l  and placed in a constant magnetic field with intensity of about 150 Oe, uniform 
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in t he  shock  wave  m o t i o n  d i r e c t i o n .  The  f i e l d  was  c r e a t e d  by en e l e c t r o m a g n e t  wi th  po le  p i e c e s  of 10 • 200 
m m  2 s e c t i o n ,  o r i e n t e d  t o w a r d  the  c e n t e r  of the  e x p l o s i o n  and equ ipped  with f a i r i n g s .  C o n t r o l  m e a s u r e m e n t s  
in the  w o r k i n g  zone  b e t w e e n  the  p o l e s ,  m a d e  us ing  s t a t i c  and t o t a l  p r e s s u r e  s e n s o r s  [3], showed tha t  the  
p r e s e n c e  of the  e l e c t r o m a g n e t  has  p r a c t i c a l l y  no e f fec t  on the  n a t u r e  of the  f low beh ind  the  e x p l o s i v e  wave  
f ront~  Two s l e n d e r  r i g i d  e l e c t r o d e s ,  o r i e n t e d  in the  d i r e c t i o n  of i t s  m o t i o n ,  w e r e  a t t a c h e d  to  t he  c y l i n d e r .  
The  i n d u c t i v e  emf  a p p e a r i n g  at  the  ends  of the  e l e c t r o d e s  a s  the  c y l i n d e r  m o v e s  u n d e r  the  in f luence  of the  
b l a s t  wave  was  r e c o r d e d  on the  d u a l - c h a n n e l  ca thode  r a y  o s c i l l o g r a p h .  As  in the  f i r s t  me thod ,  the  o t h e r  
channe l  was  used  to r e c o r d  the  s i g n a l  f r o m  the  p i e z o e l e c t r i c  s t a t i c  p r e s s u r e  s e n s o r .  

The  c a l i b r a t i o n  of the  c i r c u i t  f o r  m e a s u r i n g  v e l o c i t y  by  the  e l e c t r o m a g n e t  m e t h o d  was  a c c o m p l i s h e d  
us ing  the  p n e u m a t i c  d e v i c e  d e s c r i b e d  above .  F o r  th i s  p u r p o s e  the  p i s t o n  of t he  c a l i b r a t i n g  d e v i c e  was  c o n -  
n e c t e d  r i g i d l y  wi th  the  t e s t  c y l i n d e r ,  m o u n t e d  d i r e c t l y  in the  t e s t  zone .  

The  o v e r a l l  f o r c e  i m p u l s e  m e a s u r e m e n t  e r r o r  us ing  both  of t h e  m e t h o d s  d e s c r i b e d  d id  not  e x c e e d  
10%, and the  s t a t i c  p r e s s u r e  m e a s u r e m e n t  e r r o r  did  not  e x c e e d  3%. 
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The a c c e l e r o m e t e r  was used to m e a s u r e  the fo rce  impulse  impar t ed  by the b las t  wave to cy l inders  
with d i a m e t e r s  D = 28 mm (length 210 mm) and D = 50 mm (length 300 mm).  The e l ec t romagne t i c  method 
was used in studying the in i t ia l  segment  of the impulse  curve for  cy l inde r s  with d i a m e t e r s  D = 28 mm (length 
210 mm) and D =10 mm (length 100 mm).  

All  the cy l inde r s  were  t e s ted  at a f ixed d i s tance  of 5.1 m f rom the b las t  cen te r  for  in i t ia l  a i r  p r e s -  
su re s  P0 = 1.0 and 0.3 k g / c m  2. The r e l a t i v e  s ta t ic  p r e s s u r e  d i f fe ren t ia l  a c r o s s  the b l a s t  wave f ront  was 

Api /0.25 - -  1.1for P0 ~ !.0 kg / cm 2 

Pc --[0.4 - - t . t  for Po=0.3 kg/crn ~ 

Typica l  o s c i l l o g r a m s  of the fo rce  impulse  I as a function of t ime  T, obtained by the cy l inder  for  di f -  
fe ren t  shock wave p a r a m e t e r s , a r e  shown in F ig .  l a ,  b, c, toge ther  with the co r re spond ing  curves  of the 
d i f fe ren t i a l  s ta t ic  p r e s s u r e  Ap. On the o s e i l l o g r a m s  we can identify the in i t ia l  segment  with rapid  i n c r e a s e  
of the impulse ,  t e rmina t ing  with a maximum (Fig.  ]a ,  b) or  an inflect ion point (Fig.  1c). The values  of the 
t ime  and impulse  cor respond ing  to this  point a r e  denoted by T .  and I , .  The impulse  ra te  of change s u b s e -  
quently d e c r e a s e s  m a r k e d l y .  At the moment  T+ of t e rmina t ion  of the b las t  wave c o m p r e s s i o n  phase,  the 
magni tude of the impulse  r e aches  the value I+. We note that  the s c a t t e r  of the r e s u l t s  exceeds  c o n s i d e r -  
ably the m e a s u r e m e n t  e r r o r ,  p a r t i c u l a r l y  for  the quanti ty I+. This can apparen t ly  be explained by the in-  
s t ab i l i ty  of the phenomenon being s tudied.  

The magni tude of the t ime  in te rva l  co r respond ing  to the in i t ia l  segment  can be r e p r e s e n t e d  in d i -  
mens ion l e s s  fo rm t ,  = T .  c l /D , where  c I is  the sound speed at the shock wave front .  In the ca ses  s tudied,  
the quanti ty t ,  is p r a c t i c a l l y  the same  and on the ave rage  amounts to t ,  ~2.0.  Compar i son  of this  value 
with the r e s u i t s  of expe r imen t s  on cy l inder  in te rac t ion  with a plane shock wave [2] shows that  the in i t ia l  
impu l se  growth segment  co r r e sponds  b a s i c a l l y  to the p r o c e s s  of shock wave front  d i f f rac t ion  by the cy l in -  
de r .  The magni tude of the d imens ion le s s  fo rce  impulse  impa r t ed  to the body at the moment  t ,  is a lso  a 
constant  quanti ty (withinthe l imi t s  of expe r imen ta l  data sca t t e r )  

I,ci 
i , -  A p ~ .  ~ 0.7 

Here  Ap2 is the d i f fe ren t i a l  p r e s s u r e  for  n o r m a l  shock wave front  re f lec t ion ,  ca lcu la ted  f rom the 
known values  of P0 and Apl; S is  the cy l inder  f ron ta l  a r e a .  

The impul se  va r i a t i on  for  T ,  < T < T+ is de t e rmined  b a s i c a l l y  by the act ion on the cy l inder  of two 
oppos i te ly  d i r ec t ed  fo r ce s :  the ve loc i ty  head of the approaching unsteady gas s t r e a m ,  and the fo rce  owing 
to the p r e s e n c e  of the negat ive  grad ien t  of the p r e s s u r e  and ve loc i ty  of the gas in the b l a s t  wave. T h e r e -  
fo re ,  the quanti ty I+ may  be l e s s  than, equal to, o r  l a r g e r  than the quant i ty  I ,  (Fig.  1), depending on the 
flow r e g i m e .  

It is in t e res t ing  to compare  the to ta l  impulse  I+ impar t ed  to the body at the moment  when the b las t  
wave c o m p r e s s i o n  phase  t e r m i n a t e s  with the ve loc i ty  head impulse  I 0 during the same t i m e  in t e rva l .  The i r  
ra t io  I+ / I0=e  i can be r e g a r d e d  as an effect ive d rag  coeff icient  of the cy l inder ,  ave raged  over  the t ime  T+o 
As the b a s i c  p a r a m e t e r s  c h a r a c t e r i z i n g  this  coeff icient  we can take the Mach, Reynolds ,  and Strouhal  num-  
b e r s  at the shock wave front  

Mi : ui~ci, l~i = piuiD/~ti, S i ~ T~ ui/D 

where  ui, Pl, Pl a r e  the ve loc i ty ,  densi ty ,  and v i s cos i t y  of the gas at the f ront ,  ca lcu la ted  f rom the r e l a -  
t ions  for  the n o r m a l  c o m p r e s s i o n  shock.  In the expe r imen t s  the Maeh number  M 1 did not exceed 0.5. As 
is  known ([5, 6], for  example) ,  the Maeh number  va r i a t ion  in th is  range  for  s teady flow pas t  a cy l inder  has 
ve ry  l i t t le  effect on the Reynolds number  dependence of the d rag  coeff ic ient  c x (for 105 <R ~ 106). A s s u m -  
ing that  this  is  a l so  va l id  in the unsteady case ,  we shal l  study the influence on the coeff ic ient  c i of only the 
Reynolds and Strouhal  number s .  

F i g u r e  2 shows the va lues  of the quanti ty c i obtained in the p r e s e n t  study and for  compar i son  the 
d rag  coeff icient  of an inf ini tely long cy l inder  for  s t e a d y - s t a t e  flow [5] (solid curve) as a function of the Rey-  
nolds number .  The ve loc i ty  head impulse  was de te rmined  with the aid of the r e s u l t s  of [7]. 

Al l  the expe r imen t s  were  b roken  down into groups  with s i m i l a r  values  of the Strouhal  numbers :  1 
(S1~2.5) , 2 (4.5 -<SLS6.5) , 3 (7 .5sS1-<9.5) ,  4 (10.5-<S1-<14), 5 (21_<$1s26). Averaged  curves  of c i = c i ( R  1) 
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a r e  plot ted for  each group of points  (other than the group co r re spond ing  to S1~2.5). We see f rom F ig .  2 
that  for  RI =const  the effect ive d rag  coeff ic ient  of the cy l inder  i n c r e a s e s  with i n c r e a s e  of the Strouhal  num- 
be r .  F o r  a constant  Strouhal  number  c i d e c r e a s e s  with i n c r e a s e  of the Reynolds number ,  jus t  as in the 

s teady  flow case .  

2. BOW WAVE F~)RMATION ON FLYING BODY 

The spherical blast wave was created using the same technique as in Section I. A body accelerated 

to the required speed by a gas gun traveled opposite the wave front. The gun consisted of a barrel, a high 

pressure chamber, and a fast-acting electrically-operated valve mounted between the chamber and barrel. 

The shock wave-body interaction process was visualized using a type IAB-451 half-shadow schlieren 

instrument. The SFR-2M high-speed photorecorder (operating in the continuous scan mode), together with 

a generator providing a series of light flashes of 0.I #sec duration and repetition rate up to 30 kHz, was 

used to obtain a sequential series of images. 

In order to obtain movies of the process of flying body interaction with the blast wave, it is necessary 

to select the moment of explosive charge detonation and the aoment of opening of the gas gap_ electric valve 

so that the body encounters the wave front in the field of view of the optical system, and so that the photo- 

recorder mirror occupies a position which will ensure that the image falls on the movie film. To accom- 

plish this the signal from the synchronizing unit of the SFR-2M camera, after amplifying and shaping, was 
fed to the input of the unit which controls the gas gun electrovalve so that the valve opened and the accelera- 

tion of the body was initia~ed. This  s ame  s ignal  was fed through a de lay  l ine to t r i g g e r  the unit which in i -  
t i a ted  the explos ive  cha rge .  At the ins tant  the shock wave approached  the r e c o r d i n g  zone, the light f lash  
g e n e r a t o r  began to ope ra t e ,  t r i g g e r e d  by the p i e z o e l e c t r i c  synchroniz ing  unit.  

F i g u r e  3 shows s e h l i e r e n  photographs  of the in te rac t ion  of the s p h e r i c a l  a i r  b l a s t  wave with a body 
flying in the d i r ec t ion  oppos i te  the wave f ront .  The body was a cy l inde r  with h e m i s p h e r i c a l  nose t ip  and 
f ab r i ca t ed  f rom po lys ty r ene  foam.  The cy l inder  length was 50 mm,  d i a m e t e r  20 ram, and weight 0.7 g. The 
body ve loc i ty  in the  undis turbed  a i r  co r r e sponde d  to M =0.82. In the region  of encounter  of the c o m p r e s s i o n  
shock with the f lying body the excess  s ta t ic  p r e s s u r e  at the wave front  amounted to 1.2 k g / c m  2 with a d u r a -  
t ion of the c o m p r e s s i o n  phase  of 3.5 m s e c .  Al l  the expe r imen t s  were  conducted at n o r m a l  a t m o s p h e r i c  
p r e s s u r e  of 1.03 k g / c m  2. The t ime  in t e rva l s  between the photographs shown were  0.107 m s e c .  The body 
ve loc i ty  m e a s u r e m e n t  e r r o r  did not exceed 2%, the d i f fe ren t i a l  s ta t ic  p r e s s u r e  meas~irement  e r r o r  was 
l e s s  than 4%, and the t ime  in t e rva l  m e a s u r e m e n t  e r r o r  was l e s s  than 0.5%. 

We see in the p i c tu re s  the in tense  bow wave which f o r m s  as the body en te r s  the flow behind the b las t  
wave front .  The reg ion  bounded by the bow wave expands r ap id ly  in the cour se  of t i m e .  At the s ame  t ime  
t h e r e  is  an i n c r e a s e  of the d i s t ance  d f rom the toward  s tagnat ion point on the body to the bow shock.  F i g -  
u re  4 shows the va lues  of th is  d i s tance ,  r e f e r r e d  to the noset ip  blunting rad ius  r ,  as a function of d imen-  
s ion le s s  t ime  r ; in the f igure  ~ = d / r ,  ~- =l/2Tcl/r. 

Here  T is the t ime  in t e rva l  a f te r  encounter  of the wave front  with the body. Also shown is the d e -  
pendence of ~ on T, obtained in e x p e r i m e n t s  with a s t a t i ona ry  sphe re  in a shock tube for  s i m i l a r  Maeh 
numbers  of the flow behind the shock [8]. We note that  for  T - 2 the dependence of ~ on ~ for  the moving 
blunted cy l inde r  and the s t a t i ona ry  sphe re  is p r a c t i c a l l y  the s ame .  With i n c r e a s e  of T the d i s tance  f rom 
the bow wave to the body in the shock tube r e a c h e s  a s t a t i ona ry  value  co r respond ing  to the body shape and 
the approaching  flow Mach number .  The b l a s t  wave is c h a r a c t e r i z e d  by continuous d e c r e a s e  of the gas 
ve loc i ty  with t ime ,  as a r e s u l t  of which the Mach number  M of the flow approaching  the body d e c r e a s e s  
constant ly  and the bow wave standoff d i s tance  i n c r e a s e s  co r re spond ing ly .  The dependence of ~ on the loca l  
Mach number  is  r e p r e s e n t e d  by the sol id  curve  in F ig .  5. The va lues  of M were  ca lcu la ted  f rom the data  
of [7] with account for  the expe r imen ta l  va lues  of the d i f fe ren t i a l  p r e s s u r e  a c r o s s  the wave f ront  and the 
body ve loc i ty .  

This s ame  f igure  shows analogous r e l a t i ons  for  the case  of s teady flow pas t  a sphere ,  obtained ex-  
p e r i m e n t a l l y  ([8] points  1, [9] points 2), and by ca lcu la t ion  [10] (dashed curve) ,  and a lso  the value of ~ for  
M =1.2,found by A. I. Golubinski i  for  a body s i m i l a r  to that  s tudied in the p r e s e n t  inves t iga t ion  (the c r o s s e s ) .  

The e x p e r i m e n t a l  r e s u l t s  shown in F i g s .  4 and 5 make it pos s ib l e  to conclude that the bow wave f o r m a -  
t ion p r o c e s s  in the case  s tudied can be a r b i t r a r i l y  divided into two s ta tes :  the f i r s t  is  e s s e n t i a l l y  unsteady,  
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and the second is quas is teady.  In the second stage the dis tance between the bow wave and the body at every  
instant of t ime  for  varying approaching flow Mach number  is c lose to the value obtained for  s t e ady - s t a t e  
flow past  the body. Trans i t ion  of the f i r s t  s tage into the second s tage begins at ~- ~2.  

The authors wish to thank A. I. Golubinskii for  p e r m i s s i o n  to use  his exper imenta l  data on s t eady-  
s ta te  flow past  mode l s .  
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