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E L E C T R O P H Y S I C A L  P R O P E R T I E S  O F  A D E T O N A T I O N  

P L A S M A ;  H I G H - S P E E D  E X P L O S I V E  C I R C U I T  B R E A K E R S  

A .  P .  E r s h o v ,  P .  I .  Z u b k o v ,  
a n d  L .  A .  L u k ' y a n c h i k o v  

UDC 621.3.064 : 662.215 : 533.9 

A p l a s m a  with an e l ec t r i ca l  conductivi ty of ~1 ~2-1. cm-1 f o r m s  behind the detonation f ront  (DF) of con-  
densed explos ive  m a t e r i a l s  (EM) [1]. The conducting reg ion  is divided into two pa r t s  [2, 3]: nonequi l ibr ium 
(the c h e m i c a l - r e a c t i o n  zone with a width of ~1 ram) and equi l ibr ium.  The equi l ibr ium e lec t r i ca l  conductivity 
can  be on the o r d e r  of the nonequi l ibr ium value or  much lower  and it decl ines rapidly  in the expansion waves .  

The mot ion  of the conducting zone behind a DF with a veloci ty  of 5-8 k m / s e c  can be used to b r e a k  a high- 
cu r r en t  c i rcu i t  in a t i m e  of ~ 1 #sec .  Such c i rcu i t  b r e a k e r s  can  find appl icat ion in powerful  energy  sou rces .  
The speed of the exis t ing methods  of explosive  c i rcu i t  breaking  (~10 ~sec [1]) is l imi ted by the fo rmat ion  of 
a r c s  during the b reak ing  of the c i rcu i t .  

In the p roposed  method the conducting zone m o v e s  behind a DF be tween  two e l ec t rodes .  The cu r r en t  
flows through the p l a s m a  and c e a s e s  when the EM between the e lec t rodes  has reac ted  and the e lec t r i ca l  con-  
ductivi ty dec l ines .  The cons ide rab le  e l ec t r i c  s t rength  of the detonation products  [5] p reven t s  the breakdown 
of the gap and the fo rma t ion  of an  a r c .  The re fo re ,  the b reak ing  t i m e  is de te rmined  by the decline in e l ec t r i ca l  
conductivity behind the DF, and with a m i numum conducting zone (the r eac t i on  zone) it c o m p r i s e s  ~0.1 ~sec.  
The v o l t - a m p e r e  c h a r a c t e r i s t i c s  of the p l a s m a  at  high cu r r en t  dens i t ies  a r e  requi red  for  the appl icat ion of 
the new method of c i rcu i t  b reaking .  These  data can  a lso  be useful in c lar i fy ing  the m e c h a n i s m  of p l a s m a  con-  
duction. 

E x p e r i m e n t s .  The vol tage sou rce  was a c a p a c i t o r  ba t t e ry  (25 #F, 30 kV). The midpoint  of the ba t t e ry  
was grounded and the two halves  we re  charged  to vol tages  of opposi te  po la r i ty .  Such a s cheme  made  it pos -  
s ible  to reduce  the demands  on the voltage leads to the explosive c h a m b e r .  

A c r o s s  sec t ion  of the cha rge  is shown in Fig.  1. The explos ive  m a t e r i a l  1 (3 x 5 ram, length 12-15 cm) 
lay between coppe r  e l ec t rodes  2 with a length of 10 cm.  The voltage on the charge  and the c u r r e n t w e r e  osc i l lo -  
graphed with compensa t ion  of the inductive leads  [6, 7]. Photographic  record ing  was c a r r i e d  ou twi th  a high- 
speed photographic  sweep through the  p las t ic  wall .  

The cha rge  was connected to the ba t t e ry  by a r r e s t e r s  following the contact  of the e lec t rodes  with the 
conducting zone behind the DF. The e lec t rodes  were  p ro tec ted  f r o m  breakdown ahead of the DF by t w o t o f o u r  
l a y e r s  of Dacron  f i lm 25 # thick.  Under  the act ion of the high p r e s s u r e  the r e s i s t a n c e  of the f i lm b e c a m e l o w  
behind the DF in c o m p a r i s o n  with the r e s i s t a n c e  R of the p l a s m a .  

Novos ib i r sk .  T rans l a t ed  f r o m  Zhurnal  Pr ikladnoi  Mekhaniki i Tekhnicheskoi  Fiziki,  No. 6, pp. 19-23, 
N o v e m b e r - D e c e m b e r ,  1977. Original  a r t i c l e  submit ted  November  16, 1976. 

750 0021-8944/77/1806-  07505 07.50 �9 1978 Plenum Publishing Corpora t ion  



f 2 J 

Fig. 1 Fig. 2 

TA BLE 1 

EM ~VV 8G Semtex [ Hexogen 
I 

R.a 
(at U, kV) 

E. kV.cm "1 

i,t (0,0t) 
t,0 (5--t2) 

40 

3,3 (0,01--5) 

2,0 (27) 

90 

20 (0,05) 
20 (t0) 

>70 

Following the connection of the bat tery  the cur ren t  and voltage on the charge  grew in a t ime of ~L /R  
(L=4 #H is the inductance of the circuit) .  The v o l t - a m p e r e  charac te r i s t i c  was determined on this section. 
Breakdown took place at a cer ta in  voltage between the e lect rodes .  Then a conductor connected in ser ies  
with the charge  exploded with a ce r ta in  delay. This was used to coordinate the photographic sweep and the 
osc i l lograms  with no worse  than 1 psec accu racy  (the breakdown is not always seen on the photographic sweep). 

We studied powdered hexogen, which has an electr ical  conductivity of about 0.2 e - I  �9 cm - t  in a zone of 
~1 ram, and two plast ic  EM: ~VV 8G and Semtex L (product of Czechoslovakia).  The width of the conducting 
zone was ~3 m m  for  the plas t ics  under the experimental  conditions and the e lect r ical  conductivity was 1.2 
and 0.71 g~-t. cm- t ,  respect ive ly .  The resul ts  of the measurements  a re  presented in Table 1 (the voltage 
corresponding to the measured  res i s tance  is given in parentheses) .  

For  the plast ic  EM the v o l t - a m p e r e  charac te r i s t i c  of the conducting zone is close to a s traight  line. 
The e lectr ic  s t rength E of the p lasma was determined for  these EM f rom the voltage of the breakdown, which 
took place in the conducting zone. In the p roces s  the arc  moves together  with the DF, slightly intensifying its 
emiss ion.  In Fig. 2 we presen t  an osc i l logram (a) and a photographic sweep {b) of a test  with ~VV 8G. In 
this and succeeding f igures the number  1 denotes the t ime of application of the voltage, 2 is the breakdown, 
and 3 is the explosion of the conductor;  the marks  on the photographic sweep a re  every 1 cm. 

The breakdown could occur  between the ends of the e lectrodes  at lower voltages if the detonation p rod-  
ucts were  able to expand to this point and the e lectr ic  strength fell [5] to f 10 k V . c m  -1. For  Semtex, for  ex- 
ample,  such a breakdown set in at a voltage of f rom 14 to 25 kV at the moment  when the detonation wave had 
t raveled 7-8 cm along the e lec t rodes .  The breakdown took place in the conducting zone if the voltage had in- 
c reased  to 27 kV by this t ime.  A photographic sweep of a tes t  with Semtex is presented  in Fig. 3. 

For  hexogen the t ime L /R  was smal l  and the measurements  were  made with a constant voltage. The 
res i s tance  did not depend on the voltage in the range of 50 V-10 kV. At a voltage higher than 10 kV the a i r  
in pores  is ionized for  severa l  mi l l imete rs  ahead of the DF at the moment the charge  is connected (Fig. 4). 
This is associa ted  with distort ions of the field ahead of the DF. Since the Dacron film conducts behind the 
DF, the e lec t r ic  field is c lose  to uniform; ahead of the front a field of the same magnitude a r i ses  in the hexo- 
gen powder.  This leads to breakdown of the powder when U > 10 kV (E > 30 kV. cm-l ) .  Fa r  f rom the DF the 
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d i s to r t ions  of the  f ie ld a r e  sma l l ,  and the detonat ion wave d r ive s  a bounded ioniza t ion  reg ion  ahead of i t .  The 
c u r r e n t  g rows  l i n e a r l y  with t i m e  f rom the moment  of supply of the vol tage (Fig. 4a). This  means  that  the 
ioniza t ion  ahead of the  DF leads  to the appea ra nc e  of equ i l ib r ium conduct ion of the detonat ion products ,  which 
does not dec l ine  during the expansion.  T h e r e f o r e ,  the conducting zone expands with the detonat ion veloci ty  
f rom the t i m e  of app l i ca t ion  of the vol tage and the r e s i s t a n c e  of the cha rge  dec l ines  as  ~t -1. The vol tage on 
the cha rge  is l e s s  than that  on the b a t t e r y  by an amount LdI /d t ,  i .e . ,  a lmos t  a lways .  The cu r r en t  flowing 
through the powder  ahead of the DF is s m a l l  in c o m p a r i s o n  with the c u r r e n t  through the conducting reg ion  
behind the DF:  The c u r r e n t  l ine should i n t e r s e c t  the  DF twice  because  of the insula t ion  ahead of the front .  
The energy  r e l e a s e  ahead of the wave does not exceed a f r ac t i on  of a pe r c e n t  of the detonat ion energy r e l e a s e .  
Breakdown with an a l m o s t  s t a t i ona ry  a r c  occur s  behind the DF with a c e r t a i n  delay.  By this  t ime  the conduct -  
ing zone has expanded by 5-50 t i m e s .  The vol tage on the cha rge ,  the breakdown delay t ime ,  the r e s i s t a n c e  up 
to the moment  of breakdown,  and the a v e r a g e  e l e c t r i c a l  conduct ivi ty  in the extended breakdown a r e  p r e sen t ed  
in Table  2 as  functions of the vol tage U 0 on the b a t t e r y .  This e l e c t r i c a l  conduct ivi ty  is on the s ame  o r d e r  of 
magni tude  as  the in t r in s i c  value for  hexogen.  

A vol tage of 21 kV is held for  1 t tsec.  One can  suppose  that the leading ioniza t ion  r educes  the e l e c t r i c  
s t rength;  when the vol tage is appl ied  a f t e r  the EM en te r s  into the reac t ion ,  the e l e c t r i c  s t r eng th  mus t  be no 
lower  than 70 kV.  cm -1 (see Table  1). 

The values  of E obtained nea r  the DF a r e  on the s a m e  o r d e r  as  those  m e a s u r e d  in [5] during expansion 
of the detonat ion p roduc t s .  

A c c e l e r a t i o n  of the Detonation Wave.  F o r  Semtex the Joule  heat r e l e a s e  reached  40~0 of the detonat ion 
value while  for  ~VV 8G it was 15%. This  did not s igni f icant ly  affect  the detonat ion p r o c e s s .  F o r  Semtex an 
i n c r e a s e  of 3-4% in the wave ve loc i ty  D was obse rved  at  the max imum w a r m - u p  (see Fig .  3). The s m a l l  amount 
of a c c e l e r a t i o n  is connected with the d i s t r i bu t ion  of the in te rna l  energy  into e l a s t i c  and t h e r m a l  pa r t s ,  which 
v a r i e s  during the heat ing.  F r o m  the i n c r e a s e  in the veloci ty  of the wave one can e s t i m a t e  the Gr 'dneisen con-  
stant  of the detonat ion p roduc t s  (F ~0.4 fo r  Semtex).  In this  c a se  the t h e r m a l  component  of the p r e s s u r e  is  
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~6~ while the t h e r m a l  p a r t  of the ene rgy  is about 25% of the total  {without w a r m - u p ) .  The r e l e a s e  of Joule 
heat  r a i s e s  the t e m p e r a t u r e t w o f o l d  (by es t imate ) ;  a luminous zone with a width of ~6 m m  develops behind 
the DF. 

An inc reased  detonat ion veloci ty  (13 k in .  sec -1) was obse rved  in [8] when the hexogen powder  was 
ignited by a foil explosion.  This  phenomenon is connected not with the Joule w a r m - u p  of the products  (the 
effect  is smal l )  but evidently with a d i scha rge  through the powder  in advance of the wave,  which could ignite 
the EM at a sufficient  power .  In Fig. 4b, at  the t i m e  of appl icat ion of the voltage the e m i s s i o n  front  leads  
the DF, a l so  with a ve loci ty  of ~13 k in-  sec  -1. In the given case  ignition did not occur  (a weak source)  and 
the detonation p a s s e s  through the luminous region ~without noticing" it. 

Conduction M e c h a n i s m s .  The twofold r i s e  in t e m p e r a t u r e ,  as s een  f r o m  Table  1, has  a w e a k  effect  on 
the e l ec t r i ca l  conductivi ty of the p l a s t i c s .  The magni tude and the weak t e m p e r a t u r e  dependence of the equi-  
l ib r ium e lec t r i ca l  conductivi ty could have been explained by the total  ionizat ion of a sma l l  admixture ,  such 
as  NO. But then the ionization potent ia l  should d e c r e a s e  by 8-9 eV. Es t ima te s  l ike those  p re sen ted  in [9] 
give 2-4 eV. T h e r e f o r e ,  an  e l e c t r o n - i o n  compos i t ion  is unlikely for  the charged  component  of the p l a s m a .  
The equi l ibr ium conduction is e i the r  ionic [10] or  is connected with the condensat ion of f r ee  ca rbon  [3]. 

Small  energe t ic  effects  have a s t rong  influence on the conductivity of hexogen, which tes t i f i es  in favor  
of e l e c t r o n - i o n  conduction. It should be emphas ized ,  however ,  that the r e a son  for  the appearance  of equil ib-  
r i um conduction during the mot ion  of a wave through ionized m a t t e r  is unclear .  Expansion of the products  
does not lead to a rapid decline in conductivity,  which dis t inguishes  this effect  f r o m  the wel l -known effects  
of [11] (the conducting zone is an o rde r  of magnitude l a r g e r  than the th ickness  of the cha rge  in the p r e s e n c e  
of a weak envelope).  

Ci rcui t  B r e a k e r s .  In m o d e l  expe r imen t s  a Semtex charge  3 m m  thick and 55 m m  in d i a m e t e r  was located 
between e l ec t rodes  40 m m  in d i a m e t e r  and was ignited at the cen te r .  A voltage of up to 15 kV was applied to 
the e l ec t rodes  f r o m  a capac i to r  ba t t e ry  of 75 #F; the inductance of the c i rcu i t  was ~2 pH. Af te r  the detonation 
emerged  f r o m  the in te re lec t rode  space  the d i s p e r s a l  of the products  and the decline of the conductivity began. 
The cu r r en t  of 15 kA was cut off a f t e r  2/~sec, the m a x i m u m  vol tage was 30 kV, and the weight of the charge  
was about 10 g. P e r f o r a t i o n  of the cha rge  a c c e l e r a t e s  the b reak .  In an analogous a r r a n g e m e n t  [12] a cu r ren t  
of I0 kA was cut off a f t e r  0.75 psec  by a hexogen cha rge  with a weight of 100 g. 

The r e su l t s  of the p r e s en t  work  allow one to e s t ima te  the poss ib i l i t i e s  of c i rcu i t  b reak ing  using the 
mot ion of the conducting zone behind a DF. When the width of the conducting zone is A ~1 m m  (the reac t ion  
zone), the min imu m  breaking  t ime  is ~0.1 #sec .  The min imum amount of EM (for a cYlindrical l a y e r  with a 
th ickness  A) iS m ~pU/E "I/aE, where  U[ is the power  being switched; cr and E a r e  the e l ec t r i ca l  conductivity 
and e lec t r i c  s t rength  of the p l a s m a .  For  Semtex with UI~1012 W we have m ~ 3 0 0  g, In this ca se  the initial 
r e s i s t a n c e  of the  c i rcu i t  b r e a k e r  is r ~ U / I .  One can  reduce  r and the voltage before  the b r e a k  by increas ing  
the radius  and weight of the cha rge  (m ~ r - l ) .  Such a c i rcu i t  b r e a k e r  is useful  as a peake r ,  faci l i ta t ing the 
opera t ion,  be fo re  the decl ine in conductivity,  of an explosive c i rcu i t  b r e a k e r  (quenching a r c s  at a low voltage).  
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I N V E S T I G A T I O N  OF F L O W  IN T H E  C H A M B E R  A N D  C H A N N E L  

O F  A V A R i A B L E - A R E A  S H O C K  T U B E  

A .  M .  N a u m o v  a n d  L .  S .  S h t e m e n k o  UDC 533.6.071.4.071.8 

One f a c t o r  which a f fec t s  the flow uniformity  in a shock tube is the noninstantaneous nature  of the dia-  
ph ragm-open ing  p r o c e s s .  Severa l  inves t iga tors  [1, 2] have calculated the flow in a shock tube channel in 
one-d imens iona l  formula t ion ,  allowing f o r  th is  f ac to r .  

In this p a p e r  the p r o b l e m  is cons idered  two-d imens iona l ly .  The flow p a r a m e t e r s  we re  calculated on a 
Bl~SM-6 compute r  us ing the  L a x - - W e n d r o f f n u m e r i c a l  method.  The following d imens ion less  p a r a m e t e r s  w e r e  
used:  D is the s e m i d i a m e t e r  of the tube;  P0, P0 a r e  the initial p r e s s u r e  and densi ty in the shock tube channel; 
r is the c h a r a c t e r i s t i c  velocity;  and D / ' / ' p o / p  o is the c h a r a c t e r i s t i c  t ime .  The gas  is t aken  t o  be inviscid,  
non-heat-conduct ing,  with constant  speci f ic  heat  ra t io  n. T h e  governing p a r a m e t e r s  of the p r o b l e m  a r e  

P = PJPo;  R = Pl/P0; • t ,  

{t, is the d imens ion less  d iaphragm opening t ime) .  The subsc r ip t s  0 and 1 denote the gas  p a r a m e t e r s  to  the 
r ight  and left  of the d iaphragm.  

The two , s t ep  Lax- -Wendrof f  method used he re  is based  on a d i f ference  approx imat ion  to the Euler  equa-  
t ions of motion,  wr i t t en  in d ivergent  f o rm .  The  smoothing introduced fo r  s t rong detonations [3] al lows us to 
avoid the c h a r a c t e r i s t i c  osci l la t ion of the solution.  The method has s e c o n d - o r d e r  a c c u r a c y  and affords  a con-  
t inuous computa t ion  of the flow field without isolat ing s t rong  discont inui t ies .  In the shock tube sec t ions  with 
curved  boundar ies  the t r ans i t i on  to a des ign field o f  r ec t angu la r  shape is accompl i shed  by the coordinate  
t r a n s f o r m a t i o n  

X = x; Y = y/yc(x) ,  

where  Yc (x) is the function giving the wall  shape.  

The s t r u c t u r e  of the equations of mot ion  does not vary ,  but the new dependent va r i ab l e s  di f fer  f r o m  the 
old by f ac to r s  which depend on the channel shape [4]. The f low field is cove red  by a r ec t angu la r  mesh .  To 
ca lcula te  the flow p a r a m e t e r s  at  each node we deal with a nine-point  cell ,  having the node to be cons idered  
at  its cen t e r .  

For  the  computa t ions  the  flow in the tube with the d iaphragm is modeled as  follows. The d iaphragm is 
rep laced  by a t r a n s v e r s e  m e m b r a n e  of ze ro  th ickness ,  separa t ing  the gases  with different  initial  p a r a m e t e r s .  
At t ime  t = 0  the m e m b r a n e  begins to open f r o m  the cen te r  to the walls  accord ing  to a given t ime  law. The 
p r e s e n c e  of the m e m b r a n e  r equ i r e s  a nonpermeabi l i ty  condition, s i m i l a r  to the channel wal ls .  The nonpe rme-  
abi l i ty  condit ion is achieved by means  of a f ict i t ious flow which, in terac t ing  with the computed flow, makes  
the no rma l  veloci ty  component  z6ro  at  the points  on the solid boundary.  In o r d e r  to sa t i s fy  the boundary con-  
dit ion on the moving m e m b r a n e ,  the ca lcula t ion  uses  two columns of points  spanning the m e m b r a n e .  The flow 
p a r a m e t e r s  at p a i r s  of points  a r e  dis t inct  as  long as  the m e m b r a n e  s e p a r a t e s  them.  When this is not t r ue  
identical  values a r e  g iven to each,  and the point pa i r s  a r e  r ega rded  as  a s ingle  point.  Fo r  this r e a s o n  the 
re la t ive  pos i t ion  of the  ends of the opening m e m b r a n e  and the computat ional  cel l  belonging to it a r e  analyzed 
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