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An at tempt  is made to compare  e lec t r i ca l  and chemical  c ra te r ing  explosions in dry loose sand and e s t i -  
mate the effect of the thermophysica l  proper t ies  of the medium in the vic ini ty  of the e lec t r i ca l  explosion 
center  on the p a r a m e t e r s  of the c r a t e r .  

As shown in [1], the introduct ion of eas i ly  volat i l ized mate r ia l  into the focal zone of an e lec t r i ca l  explosion in-  
c r eases  the in tensi ty  of the compress ion  wave; however,  as follows from the theory of development of a c ra te r ing  ex-  
plosion [2, 3], the resul t s  r e l a t ing  to an underground explosion cannot be automat ical ly  t r ans fe r r ed  to the case of e jec-  
tion and the quest ions involved requi re  specia l  considera t ion.  

We have obtained exper imenta l  re la t ions  for the eject ion coefficient,  the c r a t e r  volume pe r  unit  explosion energy,  
and the rat io of c r a t e r  depth to explosion depth as a function of the reduced depth of the explosion source .  It has been 
shown that the s ize  of the c r a t e r  depends impor tant ly  on the thermophysica l  p roper t ies  of the ma te r i a l  in the explosion 
zone. For the investigated types of explosions it is poss ib le  to give a value of the TNT equivalent  ensur ing  s i m i l a r i t y  
of the explosions in t e rms  of energy with respec t  to al l  the p a r a m e t e r s  charac te r iz ing  the c r a t e r .  

Organizat ion of the exper iment .  As explosion sources  we used a powerful e l ec t r i ca l  discharge and spher ica l  ex-  
plosive charges  (PETN)~ The exper iments  were conducted in a tank measur ing  1.2 x 1.2 m 2 filled with dry  sand of 
densi ty 1.55 g/cm3. The dis tance from the cen te r  of the explosion to the bot tom of the tank was 170 mm,  which ex-  
ceeded by a factor of 2.5 the max imum depth of the explosion source dur ing the exper iments .  

The e lec t r i ca l  discharge was t r iggered  at the end of a coaxial d i scha rge r  16 mm in d iamete r  (1 in Fig. 1). 2%e 
energy re leased ,  which was measu red  in each exper iment  by osc i l lographing the cu r r en t  and voltage across  the d i s -  
charge gap, fluctuated sl ightly,  about 8 kJ f rom exper iment  to exper iment .  In the e lec t r ica l  explosion the energy 
was re leased  in about 50 #sec.  In control  exper iments  to measu re  the mass  velocity in the compress ion  wave produced 
by a noncra te r ing  e lec t r i ca l  explosion in sand [4] it was es tabl ished,  by compar ison  with analogous data on e lec t r i ca l  
explosions on a ha l f -space  [5], that the d i scharger  employed does not d is tor t  the motion of the soil  in the di rect ion of 
the free sur face :  the compress ion-wave  p a r a m e t e r s  cor respond to the energy re leased .  

Fig. 1 

In o rder  to ensure  be t te r  comparabi l i ty  with the resu l t s  of e lec t r i ca l  explosions,  the PETN charges were attached 
to a metal  rod that s imula ted  the coaxial d i scharger .  The p ressed  charges weighed 0.8 g. The charges were init iated 
by pass ing  an e lec t r i ca l  pulse through a wire  inser ted  in the charge.  

In the exper iments  c r a t e r  prof i les  were d i rec t ly  recorded in two mutual ly perpendicu la r  d i rect ions  and then used 
to cons t ruc t  the average profi le .  The difference between the l inear  d imensions  of the average profile and the two r e -  
corded prof i les  did not exceed 5%. 

For record ing  the c r a t e r  profile we used a s imple  method that ensured  accurate  resul ts  despite the smal l  scale 
of the explosions.  After the explosion,  a thin (1 mm) Dural  sheet with m i l l i m e t e r  graph paper  glued to it was inser ted  
into the sand along specia l  ve r t i ca l  guides,  the p lane  of the sheet pass ing  through the explosion cen te r .  The paper ,  on 
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which the posit ion of the free surface (3 in Fig. 1) had previously been marked,  was then sprayed with paint .  The con- 
tour  of the colored port ion then represen ted  the c r a t e r  prof i le .  The e r r o r  in calculat ing the l i nea r  d imens ions  by this 
method was not more than 1 - 2  ram. 

The pr inc ipa l  measured  p a r a m e t e r s  (see Fig. 1) were R, the c r a t e r  radius measured  at the level of the free s u r -  
face; H, the c r a t e r  depth; and V, the c r a t e r  volume,  which was computed as the volume of the body formed by rotat ing 
the average c r a t e r  profi le  about the ver t ica l  axis.  

Exper imenta l  Resul ts .  In Fig. 2 the dependence of n = R/W on the reduced depth of the explosions source  W/C 1/3 
is shown on a log-log scale.  Here, R and W are  measured  in me te r s ,  and C is the weight in kg of the TNT equivalent  
in energy to the e lec t r i ca l  or  chemical  explosion.  Curve 1 in Fig. 2 corresponds  to e lec t r i ca l  explosion, curve 2 to the 
explosion of charges of PETN. A logar i thmic scale  was introduced along the axis of absc i s sas  in o r de r  to demonst ra te  
graphical ly  the poss ibi l i ty  of introducing a TNT equivalent.  

In Fig. 3 e lec t r i ca l  and chemical  explosions are  compared with respec t  to c r a t e r  volume per  unit  explosion en-  
ergy V/C as a function of the reduced depth. Here,  the volume V is measured  in m 3, while the remain ing  units and no- 
tat ion are the same as in Fig. 2. 
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It is c l ea r  f rom these two figures that a e ra te r ing  e lec t r i ca l  explosion is much less effective than a chemical  ex-  
plosion of the same energy.  The TNT equivalent  for an e lec t r i ca l  explosion with respect  to the ejection coefficient is 
equal to 0.21. An es t imate  of the TNT equivalent from the dependence of the rat io V/C on the reduced depth, res t r i c ted  
for the sake of s impl ic i ty  to a s ingle point - the max imum - gives a value 0.18, which is very  close to the TNT equiva-  
lent for the e ject ion coefficient.  The re la t ive  eff iciencies of the explosions with respect  to other  c r a t e r  pa rame te r s  
a re  compared below. 

It is one of the pr inc ipa l  dis t inguishing features of the e lec t r ica l  explosion that there are  p rac t ica l ly  no d i rec t  
explosion products .  When energy is re leased  in the discharge gap, apar t  f rom h igh- tempera tu re  p lasma,  only the evap-  
orat ion products  of the sur rounding  medium a re  formed. Obviously, the proper t ies  of the ma te r i a l  in the v ic in i ty  of the 
explosion cen te r  will de te rmine  the composi t ion,  quantity and energy of the gaseous products .  Thus,  the efficiency of 
energy t r a n s m i s s i o n  to the sur rounding  medium,  and hence the c r a t e r  p a r a m e t e r s ,  will vary  with the na ture  of the 
ma te r i a l  in the immedia te  v ic in i ty  of the discharge gap. 

For purposes  of invest igat ion we selected copper sulfate CuSO 4 �9 5H20 , zinc carbonate  ZnCO2, iodine, and boron 
carbide B4Co 

All these substances  were  introduced into the explosion zone in the form of weighed amounts of finely c rys ta l l ine  
powder (2 in Fig. 1), which were given, as nea r ly  as poss ible ,  a spher ica l  shape. The smal l  volume of ma te r i a l  in t ro-  
duced {radius not g rea t e r  than 15 mm) and the approximate equivalence of its bulk densi ty and g ranu lomet r ic  composi -  
tion and those of the sand indicate that the mechanical  proper t ies  of the medium in the immedia te  vicini ty of the d i s -  
charger  remained  prac t ica l ly  the same,  and hence that the observed effects were de termined by the changes in the 
thermophysica l  proper t ies  of the ma te r i a l  at the explosion cen te r .  This assumpt ion  was checked by means of control  
exper iments ,  in which chemical  charges surrounded by weighed amounts of copper sulfate and iodine were used to 
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produce noncra te r ing  explosions.  The resu l t s  of these exper iments  (maximum mass  velocity) did not differ from the 
resu l t s  of a chemical  explosion in pure  sand. 

The quest ion of the effect of water  at the explosion cen te r  on the eject ion effect is of some prac t ica l  importance.  
Water  may occur  in  soi ls  both in the unbound state and in the form of wa te r  of c rys ta l l iza t ion ,  which is re la t ive ly  eas i ly  
freed when the c rys ta l  hydrate  is heated. 

Copper sulfate is a c rys ta l  hydrate  that loses all  its water  at 150 ~ C. The compound contains 36% water  of c r y s -  
ta l l izat ion,  and the binding energy is equal to 284 ca l /g  compound. 

At f i r s t ,  we invest igated the dependence of the c r a t e r  volume on the weight of copper sulfate.  The resul t s  of 
these exper iments  are  presen ted  in Fig. 4, where along the ordinate axis we have plotted the ra t io  of the c r a t e r  volume 
for an e lec t r i ca l  explosion in  the p resence  of CuSO 4 �9 5H20 to the c r a t e r  volume in the p resence  of pure sand, and along 
the axis of absc i ssas  the weight of copper sulfate in g rams .  All the exper iments  were conducted at the same explosion 
energy ~ 8.8 kJ and at a fixed d i s cha rge r  depth W = 39 mm. This depth (W/C l/s = 0~305), at  which a slight change in 
W has a lmost  no effect on the c r a t e r  volume,  was not selected a rb i t r a r i l y ,  but in o r de r  to avoid a change in c r a t e r  vol -  
ume as a resu l t  of minor  f luctuations in explosion energy.  The dependence in Fig. 4 shows that, s ta r t ing  at about 5 g, 
fur ther  inc rease  in the weight of copper sulfate does not cause any appreciable  inc rease  in the effect. This figure is 
cons is tent  with the r e su l t  of a s imple  es t imate ,  which shows that the e lec t r i ca l  explosion energy is sufficient to detach 
the water  of c rys ta l l i za t ion  f rom 7.4 g of copper sulfate .  
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Also, the p resence  of "saturat ion" in Fig. 4 is additional conf i rmat ion of our  assumpt ion  concern ing  the re la t ive  
constancy of the mechanica l  p roper t ies  of the medium when the invest igated ma te r i a l s  are  introduced. 

In accordance with the resul t s  obtained, in the subsequent  exper iments  we used 10 g of copper sulfate.  The r e -  
sul ts  of these exper iments  are  represen ted  by curves  4 in Figs.  2 and 3. It is c l ea r  f rom these figures that in the 
p resence  of copper sulfate the efficiency of the e lec t r i ca l  explosion increased  appreciably:  by a fac torof  1.7 with r e -  
spect  to the e ject ion coefficient and by a factor  of 2.0 with respect  to maximum c r a t e r  volume per  unit  energy.  

Carbonates  are another  example of re la t ively  unstable  compounds,  r a the r  frequently encountered in nature  ( l ime-  
stone,  magnesi te ,  dolomite,  etc.) .  When heated, carbonates  decompose into metal  oxides and carbon dioxide. 

For  the PUrposes of these  exper iments  we selected zinc carbonate ,  s ince it  has the least  energy (16 kcal /mole)  
and lowest d i s soc i a t i on t empera tu re  (300 ~ C at a tmospher ic  p res su re )  of the common carbonates.  The resu l t s  of the exper i -  
ments  conducted with 5 g of zinc carbonate in the vic ini ty  of the explosion cen te r  are represen ted  by curves  3 in Figs.  
2 and 3. An analysis  of the resu l t s  shows that the efficiency of the e lec t r ica l  explosion increased  by a factor of 1.4 
with respec t  to the e ject ion coefficient and 1.6 with respect  to the maximum value of V / C .  

S imi la r  exper iments  were conducted with c rys ta l l ine  iodine. The weight of iodine (6 g) was selected on the bas i s  
of the resu l t s  of [1]. The data of the iodine exper iments  a re  represen ted  by curves 5 in Figs.  2 and 3. The efficiency of 
the e lec t r i ca l  explosion is increased by a factor of 2.1 with respect  to the eject ion coefficient and by a fac torof  2.3 with 
respec t  to the maximum value of V/C.  

The above substances  (as in [1]) form gaseous products at lower t empera tu res  and with s m a l l e r  expenditure of 
energy than quartz sand; therefore ,  from the quali tat ive standpoint,  an inc rease  in the efficiency of explosion energy 
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uti l izat ion when such substances  are  introduced is unders tandable .  We accordingly decided to pursue  this t rend by ex-  
per iment ing  with subs tances  possess ing  a h igher  boil ing point and higher  heat of vapor izat ion than sand. 

As such a substance we selected boron carbide (boiling point h igher  than 3500 o C). The resu l t s  of the exper i -  
ments with 17 g of boron carbide are  descr ibed  by curves  6 in Figs.  2 and 3. As was to be expected, the efficiency of 
the explosion decreased  (by a factor of 1.75 with respec t  to the eject ion coefficient,  and by a factor of approximately 
1.9 with respec t  to the max imum value of V/C).  

We will now consider  whether energy s imi l a r i t y  exists  between an e lec t r i ca l  explosion in pure sand, an e l e c t r i -  
cal explosion in the p resence  of var ious  foreign ma te r i a l s ,  and a chemical  explosion with respect  to other  pa r ame te r s  
charac te r iz ing  the c ra t e r ,  concluding with a b r i e f  d iscuss ion  of the r e su l t s .  

The curves  in Figs~ 5 and 6 r ep resen t  the dependence of the rat io H/W and the quantity V* = V/(~]C) 1/3 on the r e -  
duced depth of the explosion source  W* = W/(VC)I/3; here ,  V is the TNT equivalent  based on the eject ion coefficient; 
for an e l ec t r i ca l  explosion in pure sand ~ = 0 .2 t ,  in copper sulfate ~ = 0.36, in zinc carbonate  V = 0.29, in iodine V = 
0~ and in boron carbide V = 0~176 The notation in the two figures is the same as in Figs.  2 and 3. Clear ly ,  there is 
a sa t i s fac tory  s imi l a r i t y  between all the types of explosions in quest ion with respec t  to the other  p a r a m e t e r s  cha rac t e r -  
izing the c r a t e r ,  the value of the TNT equivalent  for all  the pa rame te r s  remain ing  cons t ,n t .  
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As may be seen from Fig~ 3, in al l  cases  (except for the exper iments  with boron carbide,  in a sm~ll  number  of 
which the in terval  of var ia t ion  of the reduced depth was not sufficiently broad} the V/C dependence has a maximum.  
The dec rease  in c r a t e r  volume at sma l l  depths of the explosion source  is due to the inefficient ut i l izat ion of the energy 
of the explosion products ,  which under  these conditions bu r s t  into the a tmosphere  through the thin layer  of sand. The 
max imum c r a t e r  volume pe r  unit  explosion energy is reached at a lmost  the same eject ion coefficient n ~ 3.6 and the 
same  reduced depth W* ~ 0.42 m/kg  1/3. 

In the presence  of energy s imi l a r i t y  between the types of explosions considered,  the maxima of all  the curves  in 
Fig. 3 should lie on the same s t ra ight  line through the coordinate or ig in .  As follows f rom Fig. 3, this a quite accura te  
represen ta t ion  of the facts.  
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