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Shock ad iaba t s  have been de t e rmined  for  d r i l l i ng  muds of va r i ous  dens i t i e s ,  and the ef fec ts  
of the muds on the nea r  zone in an explosion a r e  examined.  

A d r i l l i ng  mud is a col lo idal  s y s t e m  cons i s t ing  of p a r t i c l e s  of c lay  and a m a t e r i a l  that  i n c r e a s e s  
the dens i ty  as  well  as  s m a l l  amounts  of s u r f a c e - a c t i v e  subs tances ,  which a r e  mixed with w a t e r  o r  p e t r o -  
leum. The c h a r a c t e r i s t i c  d imens ions  of the p a r t i c l e s  a r e  10-1000 ~ [1], so f rom the viewpoint  of mechan -  
ics  of continuous med ia  it may  be cons ide red  as  a homogeneous l iquid whose dens i ty  is  de t e rmined  in 
the main by the content of the d e n s i t y - i n c r e a s i n g  agent.  The v i s c o s i t y  of the solut ion is dependent  on the 
p a r t i c l e  s ize  and the na ture  of the base  liquid, and it may v a r y  f rom 40 to 200-400 cP .  In p r a c t i c e ,  d r i l l i ng  
muds a r e  f requent ly  made up f rom loca l ly  avai lab le  m a t e r i a l s ,  so we made s tudies  with a model  solution 
based  on wa te r ,  bentonite c lay,  an a lkal ine  reagent ,  and fly ash as the d e n s i t y - i n c r e a s i n g  agent.  The bas ic  
p a r a m e t e r s  that  we re  con t ro l led  were  the dens i ty  and the v i scos i ty ,  which were  de t e r m i ne d  by s t andard  
methods.  Tab les  can be employed to conver t  f rom cent ipoise  to seconds  in the funnel method of m e a s u r e -  
ment. 

F igu re  1 shows the scheme  used to measu re  the shock adiabats .  The mean wave and mass  ve loc i t i e s  
of the shock waves  were  m e a s u r e d  f rom the t r a n s i t  t ime  ove r  p r e s e n t  ba se l i ne s ,  the t i m e s  of a r r i v a l  of 
the shock waves  and of the m a t e r i a l  f rom the f ree  su r f ace  being r e c o r d e d  f rom the a r r i v a l  of l ight  in thin 
a i r  s lots .  

F igure  1 shows that  the explos ive  charge ,  which p roduces  a p l ana r  shock wave, l i e s  under  the Luci te  
p la te  A, with a cy l i nd r i ca l  r e c e s s  1 for  the d r i l l i ng  mud, which is 18 mm in d i a m e t e r  and 3-4 mm deep. 
This  block is  bui l t  up f rom individual  shee t s  of known th ickness  in such a way as  to leave a slot  of t h i ck -  
ness  0.1 mm at the edge, which s e r v e s  to check the shape of the front  and to t e s t  for  the a r r i v a l  of the 
shock wave in the d r i l l i ng  mud. Addi t ional  b locks  of Lucite  B and C a re  a t tached to the base  of block A at 
d i s t ances  of 0.1 and 3-4 mm f rom the sur face  of the d r i l l i ng  mud, which indicate  the instant  of a r r i v a l  of 
the shock wave f rom the solut ion and the instant  of a r r i v a l  of the detached l a y e r  of solut ion at the end of 
the measu r ing  base l ine .  Block C is covered  with a luminum foil of th ickness  0.1 mm, which fo rms  with 
block C an a i r  s lo t  of th ickness  0.1 mm, which s e r v e s  to cut off the i l luminat ion f rom the a i r  shock wave. 
M i r r o r  2 is  used to turn  the beam.  I tem 3 in Fig. 1 r e p r e s e n t s  a h igh-speed  c a m e r a ,  and Fig .  2 shows 
a typ ica l  t ime  r eco rd ing  of the p r o c e s s ,  where  t 1 is  the t ime  of propagat ion  of the shock wave in the so lu-  
t ion,  while t 2 is  the to ta l  t ime  of motion of the solution to the end of the measu r ing  base l ine .  The accu racy  
of m e a s u r e m e n t  of the b a s e l i n e s  was �9 0.1 mm, while the in tens i ty  of the shock wave was adjus ted  v ia  the 
dens i ty  and composi t ion  of the explos ive ,  and a lso  by r ep lac ing  the lower  pa r t  of block A by an a luminum 

d isk  of th ickness  2.5 mm. 

F igure  3 and Table  1 give the r e su l t s ,  the dens i t i e s  of the muds being given on the curves .  The 
f igure  a lso  shows the shock ad iaba t s  of Lucite  I and w a t e r  II. It is  c l e a r  f rom Fig.  3 that  the effect ive 
r ig id i ty  of the d r i l l i ng  solut ion i n c r e a s e s  subs tan t i a l ly  with the densi ty .  The shock ad iaba ts  of the d r i l l i ng  
muds can be r e p r e s e n t e d  in the fo rm D=A +Bu, where  D is the wave ve loc i ty  in k m / s e c  and u is  the mass  
ve loc i ty  (Table 2 and Fig. 4). F o r  muds of dens i ty  f rom 1.30 to 2.17 g / c m  3, the s p r e a d  in the e x p e r i m e n -  
ta l  va lues  does not exceed  5%, but the l im i t s  of e r r o r  r o se  to 10% for 1.07 g / c m  3. 
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The shock adiabats of the muds are a lmost  identical in D - u  c o o r -  
dinates for the density range 1.66 to 2.17 g/cm3; the dynamic rigidity of 
the solutions falls at lower densities,  and the adiabat for a clay suspen-  
sion without dens i ty- increas ing  agent is below that for water  when the 
density is 1.07 g / c m  3. 

To pe r fo rm approximate calculations f rom the composition of the 
mud, it is best  to calculate the shock adiabat f rom the general ized one 
[2], as for homogeneous liquid, and the initial veloci ty of sound may be 
calculated f rom the additive compress ib i l i ty  of the components. Table 3 

Fig. 5 gives the density and speed of sound for the basic components of the muds, 
the contents of the other  components being small  and therefore  negligible 

in approximate calculations. Rougher es t imates  may be made by using the actual density of the mud to-  
gether with D=1.67 +1.81 u, which is suitable for water  [3, 4]. The possible d iscrepancy  between such cal-  
culations and observed values does not exceed 15% in p - u  coordinates.  

It is important  to know how the intensity of the shock waves var ies  d i rec t ly  adjacent to the charge 
when the surrounding liquid density var ies .  An autoclave fitted with optical windows was used in exper i -  
ments to measure  the speed of shock waves in water  in the  near  zone of an explosion using spherical  charges  
and hydrostat ic  p r e s s u r e s  f rom 1 to 960 kgf/cm2; the spherical  charge of PETN was covered with one or  
two layers  of epoxide resin and was initiated f rom the center  by a small  amount of lead azide; this lay on 
the axis of the autoclave, and the propagation pat tern of the shock waves was recorded  with an SFR camera  
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(F ig .  5), wi th  a s c a l e  of  1 :2-2 .5 .  The  r e s u l t i n g  t i m e  p a t t e r n s  w e r e  m e a s u r e d  wi th  a BMI-1  m i c r o s c o p e  to 
g ive  an a c c u r a c y  of  wave  v e l o c i t y  m e a s u r e m e n t  of  2 . 5 -3% ,  and t h e s e  gave the  v e l o c i t y  of the  shock  wave  
a s  a func t ion  of  d i s t a n c e  f r o m  the  c e n t e r  of  the  c h a r g e  fo r  v a r i o u s  h y d r o s t a t i c  p r e s s u r e s .  

The  p e a k  wave  p r e s s u r e s  w e r e  d e r i v e d  f r o m  the  equa t ion  of  s t a t e  fo r  w a t e r  [4] and da t a  on the  c o m -  
p r e s s i b i l i t y  [5], wh ich  w e r e  u s e d  to c a l c u l a t e  the shock  a d i a b a t s  fo r  w a t e r  fo r  v a r i o u s  i n i t i a l  p r e s s u r e s .  
The  fo l lowing  a r e  w o r k i n g  f o r m u l a s  fo r  the  high p e a k  p r e s s u r e  r e g i o n  [4]: 

P ,  - -  P0 --- d (p.~ - -  p0 ~) 
D .  2 = (P, - -  P0)/[P0 (1 - -  P0/P.)]; u .  ~ = (P. - -  P0)/P0 (1 - -  P0/P,) (1) 

w h e r e  d = 4 2 5 0 ,  k =6.29,  p i s  t he  p r e s s u r e  in k g f / c m  2, p i s  d e n s i t y  in g / c m  3, D is  the  wave  v e l o c i t y ,  and u 
i s  the  m a s s  s p e e d .  S u b s c r i p t  0 r e f e r s  to  t he  i n i t i a l  cond i t i ons ,  whi le  an a s t e r i s k  r e l a t e s  to  v a l u e s  at  the  
s h o c k - w a v e  f ron t .  A p r e l i m i n a r y  a n a l y s i s  showed  tha t  k i s  p r a c t i c a l l y  independen t  of the  i n i t i a l  p r e s s u r e ,  
s o  only  P0 i s  dependen t  on the  i n i t i a l  p r e s s u r e  in  (1). Tab le  4 g i v e s  the  shock  a d i a b a t s  fo r  w a t e r  fo r  t h r e e  
i n i t i a l  p r e s s u r e s .  

F i g u r e  6 shows  the  p e a k  p r e s s u r e  in the  shock  wave  a t  t he  f ron t  a s  a funct ion of d i s t a n c e  f r o m  the  
c e n t e r  of the  c h a r g e ,  which  has  b e e n  c o n s t r u c t e d  v i a  the  a b o v e - w a v e  a d i a b a t s  f o r  w a t e r  fo r  two in i t i a l  
p r e s s u r e s ;  i t  i s  c l e a r  tha t  t h i s  i s  s u i t a b l e  fo r  s p h e r i c a l  P E T N  c h a r g e s  of  d i a m e t e r  m o r e  than  8 m m  out to  
d i s t a n c e s  R = R / R  c =5;  when the  i n i t i a l  p r e s s u r e  v a r i e s  f r o m  1 to  960 k g f / c m  2, which  c o r r e s p o n d s  to  a den-  
s i t y  change  in w a t e r  of  4.4%, the  c u r v e  sh i f t s  u p w a r d s  by  10%. T h e r e  i s  a c h a r a c t e r i s t i c  k ink  in the  c u r v e  
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T A B L E  1 

~, g /cm 3 

2.t7 

2.032 

i.924 

1.83 

t.78 

I 
t396 4705 
2450 6560 
1530 49i5 
t840 5420 
21t0 6150 
2380 63t3 
1560 4920 
1979 5710 
1690 5090 
1995 5700 
2330 6220 
t530 4850 

T A B L E  2 

co, g / c m  3 A, k i n /  B Press.range, kbar 
$ec 

i.07 
1.30 

t.66+2.17 

t .50 
2.27 
2.0 

t .25 
1.33 
1.88 

~o t85 
go 230 

t25--300 

v,, kbar ] 

142.0 
349 
t63.2 
216.1 
263 
320 
156 
2t7.5 
t66 
208 
263 
t25 

p0, g/em 3 

t .66 

1.45 
1.362 
1.32 

1.29 

1.30 

t .07 

u , m /  
S@C 

t690 
2110 
2315 
2000 
t780 
1547 
1250 
2820 
230O 
2555 
t260 
2810 
3175 
2050 

D,rn/sec] v,, kbar 

5220 t46.5 
6050 2ti.0 
6380 245 
5330 154.5 
4670 tt0 
4280 87.4 
38t0 62.8 
6130 223 
5440 t6t.2 
5470 i8t.2 
3870 63.5 
4980 t47 
5480 t85 
4t06 90.3 

T A B L E  3 

Substances p0. g/cm z co, km/sec 

Water at 20~ 
Bentonite clay 
Flue dust 

t.0 
2.t 
4.5 

1.490 
2.30 
5.0 

TABLE 4 

p~, kgf/ To, ~ ~o, g/cm 3 A, km/sec t ~ 
On] 2 

1 
500 
1000 

20 
20 
20 

1.O0 
1. 024 
t. 044 

t .67 t .8t 
t .89 t .61 
2..14 t .60 

n e a r  R = 1.4, but on the who le  the t r e n d  in the  peak  p r e s -  

s u r e  with d i s t a n c e  is  the s a m e  fo r  a l l  the  p r e s s u r e s ,  and 
the d e c a y  of the  ampl i t ude  in the shock  wave  with d i s t a n c e  
d e t e r m i n e s  the r a t e  of  change  of  p r e s s u r e  behind  the 

shock  wave  f ron t  [6]; t h u s , o n e  can a s s u m e  tha t  the c h a r a c -  
t e r i s t i c  t i m e  of  ac t ion  for  the p r e s s u r e  behind the s h o c k -  
wave  f ron t  in the n e a r  zone is p r a c t i c a l l y  independent  of  
the  h y d r o s t a t i c  p r e s s u r e  and the in i t i a l  d e n s i t y  of  the 

w a t e r  in the r ange  examined .  

In t h e s e  e x p e r i m e n t s ,  the dens i t y  of the l iqu id  v a r i e s  only s l igh t ly ,  and subsequen t l y  the t e s t s  w e r e  
done with  d r i l l i n g  muds,  which  a r e  opaque;  thus ,  to e s t i m a t e  the e f f ec t s  of  the dens i t y  on the s h o c k - w a v e  

p ropaga t i on ,  we used  a me thod  i l l u s t r a t e d  in Fig .  7. T h e  e x p l o s i v e  c h a r g e  3 was  se t  at 32 ~ to the s u r f a c e  
o f  the Luc i t e  b lock  1, and th i s  p r o d u c e d  a p l a n a r  shock  wave .  The space  be tween  the e x p l o s i v e  cha rge  and 
b lock  1 was  f i l l ed  with  the mud 2, and a f t e r  d e c i m a t i o n  de tona t ion  of the c h a r g e  3, the SFR c a m e r a  (4 is the 

c a m e r a  s lo t  and 5 is  the s h o c k - w a v e  front)  r e c o r d e d  the m o m e n t s  of e m e r g e n c e  of the s h o c k - w a v e  f ront  

from the solution into the Lucite. As the geometry was known, the resulting time pattern enables one to 
determine the velocity of propagation as a function of distance, and the previously recorded shock adiabats 
enable one to determine the peak pressure at the front and to obtain a pattern for the decay of the plannar 
shock wave in the drilling mud. Figures 8 and 9 show the results, and it is clear that the peak pressure is 
approximately proportional to the density of the drilling mud, whereas the velocity of propagation is almost 
independent of the density. The points numbered 1-4 in Fig. 8 relate to densities p of 1.21, 1.39, 1.56, and 

1.72 g/cm 3, respectively. 

Similar relationships were obtained with charges of more complicated configuration (cylindrical 

charges with curved shock waves entering the mud), and these qualitatively confirmed the above results. 
With a given geometry, the intensity of the shock waves increased with the density of the solution; the de- 
cline in the v e l o c i t y  of  p r o p a g a t i o n  with d i s t a n c e  was  a l m o s t  e x a c t l y  the s a m e  in a l l  c a s e s ,  so  the c h a r a c -  

t e r i s t i c  t i m e  of  ac t ion  of  the p r e s s u r e  beh ind  the s h o c k - w a v e  f ron t  did not a l t e r  subs t an t i a l l y ;  h e r e ,  one 
can  a s s u m e  tha t  the  s p e c i f i c  m o m e n t u m  c o n v e y e d  by the shock wave  in the n e a r  zone should  i n c r e a s e  

rough ly  in p r o p o r t i o n  to the in i t i a l  dens i t y  of  the mud. 

O t h e r  m e a s u r e m e n t s  showed tha t  v a r i a t i o n  of  the v i s c o s i t y  f r o m  40 c P  to the  point  of  c o m p l e t e  s t r u c -  
t u r e  f o r m a t i o n  did not in f luence  the p r o p a g a t i o n  and ampl i t ude  of  the shock  wave  out to 6-7 t i m e s  the r a d i u s  

of  the e x p l o s i v e  c h a r g e .  
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