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ABSTRACT 

WELL PENETRATION AND STJMULATION 

Ralph E. W i  11 iamg 

Denver Research I n s t i t u t e  
Denver, Colorado 80208 

Two spects o f  exp los i ve  f ractur ing--depth o f  
p e n e t r a t i o n  and degree o f  f r a c t u r i n g  were i n v e s t i -  
gated. A study was made o f  penet ra to rs  employing 
designs o t h e r  than t y p i c a l  con ica l  shaped charges. 
Conf igurat ions included l i n e a r ,  hemispher ical  and 
"dished" designed shaped charges. 
mechanism o f  wave shaping as a technique f o r  shock 
enhancement, f r a c t u r i n g  o f  a host rock was i n v e s t i -  
gated. These two elements, depth o f  penet ra t ion  
and degree o f  f r a c t u r i n g ,  were used as c r i t e r i a  f o r  
the design o f  a s i n g l e  package which genera l l y  con- 
s i s t s  o f  s imultaneously i n i t i a t e d  p e r f o r a t o r s  
c l o s e l y  fo l lowed by a main d r i v e r  charge(s) which 
i s  (are)  wave-shaped t o  cause f r a c t u r i n g  i n  a rock 
media. The device was success fu l l y  f i e l d  tes ted  i n  
f i v e  marginal  o i l  w e l l s  and ind ica tes  an app l ica-  
b i l i t y  to geothermal s t i m u l a t i o n .  

Through the 

The research was sponsored by Pene-frac Inc.  o f  
Houston, Texas. 

Explosives have been used i n  f r a c t u r i n g  to 
generate h igh  pressure shock waves. When i n i t i a t e d ,  
an exp los i ve  decomposes by d e t o i a t i o n  and a r a d i a l -  
l y  expanding shock wave i s  generated which places 
the hos t  rock i n  compression--both by the shock 
wave and by the expanding gases. The compression 
wave i s  fo l lowed by a t e n s i l e  r e f l e c t i o n  wh'ich can 
s h a t t e r  the rock. While less  "brute force"  methods 
such as a c i d i t a t i o n  o r  h y d r a u l i c  f r a c t u r i n g  tend to  
produce f r a c t u r e s  i n  a d e f i n i t i v e  p a t t e r n ;  explo- 
s i v e l y  generated f r a c t u r e s  tend t o  produce a more 
random and in te rconnect ing  system o f  f rac tu res .  
The degree o f  success f o r  exp los i ve  f r a c t u r i n g  i s  
very dependent on the  pressures produced and the 
p o s i t i v e  dura t ion  o f  the overpressure.  To improve 
exp los i ve  f r a c t u r i n g ,  techniques w i l l  be necessary 
t o  develop and t e s t  prototypes designed t o  enhance 
the p o s i t i v e  dura t ion  by a t  l e a s t  one o rde r  o f  mag- 
n i tude.  

\ 

I n  general ,  an exp los i ve  device i s  lowered 
i n t o  a w e l l  t o  a predetermined depth near the 
producing zone and detonated. One o f  these tech- 
niques achievCs penet ra t ion  through t h e  appl ica-  
t i o n  of shaped charge exp los i ve  devices.  The bas is  
f o r  shaped charge a c t i o n  was f i r s t  noted by Munroe, 
bu t  l i t t l e  use was made o f  t h i s  e f f e c t  u n t i l  1940. 
Dur ing and a f t e r  World War I I ,  s p e c i a l i z e d  shaped 
charges were developed f o r  use against  s p e c i f i c  
m i l i t a r y  ta rge ts  t o  a h igh  l e v e l  o f  s o p h i s t i c a t i o n .  

Also,  the e f fec t i veness  o f  such d i r e c t e d  e x p l o s i v e  
energy found wide appl i c a t l o n  i n  var ious i n d u s t r i a l  
processes, 
degree o f  s o p h i s t i c a t i o n  such t h a t  they are  now o f f -  
the -she l f  s tock items, However, t h e  b u l k  o f  i n f o r -  
mat ion a v a i l a b l e  a t  t h i s  moment o f  these items i s  
re levant  t o  the  pene t ra t i on  o f  some homogeneous* 
t a r g e t  media i n  a i r ,  w i t h  few except ions,  That i s ,  
t h e  pene t ra t i on  o f  a heterogeneous**medla such as 
water ,  w e l l  cas ing  ( s t e e l ) ,  and concrete has n o t  
been s tud ied  t o  t h e  depth t h a t  t h e  homogeneous t a r -  
g e t  has. It cou ld  be expected t h a t  i n  the  case o f  
t h e  heterogeneous t a r g e t ,  t h a t  when a l o n g i t u d i n a l  
s t r e s s  wave s t r i k e s  the boundary between the  s t e e l  
cas ing and the  concrete grout,  p a r t  o f  the s t r e s s  
w i l l  be t r a n s m i t t e d  through t h e  concrete and p a r t  
w i l l  be r e f l e c t e d  back through t h e  s t e e l  well cas- 
ing.  The same cond i t i ons  w i l l  h o l d  t r u e  for  the  
s t r e s s  wave s t r i k i n g  the concrete-rock boundary. 
This  "impedence mismatching" was cha rac te r i zed  as 
much as p o s s i b l e  from a v a i l a b l e  physical p r o p e r t i e s  
o f  the t a r g e t  m a t e r i a l s .  

Shaped charges are  manufactured t o  a 

Other a v a i l a b l e  data on p e n e t r a t i o n  o f  h e t e r -  
ogeneous media shows the e f f e c t  of the l i q u i d  
l a y e r  t o  be de t r imenta l  even though a d d i t i o n a l  
confinement o f  t h e  explos ive i s  a v a i l a b l e  when the 
t e s t  charges a r e  submerged. A reduct ion i n  the 
p e n e t r a t i o n  t h a t  can be expected i n  a i r  by a 
f a c t o r  o f  the o r d e r  o f  two has been observed. 

I n  s i m i l a r  fashion, shaped charge p e n e t r a t i o n  
o f  s i l i c e o u s  m a t e r i a l s  i s  no tab ly  poor. T h i s  ob- 
served f a c t  has been a major f a c t o r  l i m i t i n g  the  
use of  shaped charges i n  such a p p l i c a t i o n s  as rock 
d r i l l i n g ,  w e l l  s t i m u l a t i o n ,  e t c ,  Consequently, 
t h e  e f f e c t i v e  use o f  shaped exp los i ve  charges f o r  
t h e  pene t ra t i on  o f  heterogeneous media requi red 
t h e  development o f  spec ia l i zed  con f igu ra t i ons  o f  
exp los i ve  and l i n e r  t o  achieve n o t  o n l y  crack 
i n i t i a t i o n ,  b u t  a l s o  propagat ion.  Discussion of 
t w o  bas ic  approaches t h a t  i n d i c a t e  promise in t h e  
case o f  a wa te r -s tee l  ta rge t  a r e  presented: 

* A homogeneous t a r g e t  i s  de f ined as one compris- 
i n g  on ly  one phase, usua l ly  a s-olid o r  s o l i d s ,  
w i t h  l i t t l e  o r  no separat ion by vapor f l u i d  
phases. 

**A heterogeneous t a r g e t  i s  de f i ned  as being com- 
p r i s e d  of t w o  o r  more phases, in terspersed.  
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The two basic approaches consider f i r s t  the  
mechanisms t h a t  w i l l  permi t  the  r e l i a b l e  pene- 
t r a t i o n  o f  the system d i r e c t l y  by the  energy foc- 
using c h a r a c t e r i s t i c  of shaped charges. 
approach w i l l  consider mechanisms by which the 
explos ive energy can be coupled t o  the  l i q u i d  
medium i n  such fashion t h a t  t h e  l i q u i d  becomes a 
primary damage agent, :.g., explos ive forming and 
punching operations usrng water as a t r a n s f e r  
medium and the well-known fac t  t h a t  bubble co l lapse 
and/or bubble c y c l i n g  i s  normal ly  t h e  primary 
damage mechanism i n  the instance o f  conventional 
depth charges appl i e d  against  submarines. 

The second 

The theory of  shaped charge a c t i o n  i s  based 
on the  contro l  of  the detonation wave f r o n t :  o r  
wave-shaping. I n  the case o f  l i n e d  conica l  c a v i t y  
charges, a j e t  o r  s lug  i s  formed from the l i n e r  
mater ia l  which i s  p rope l led  along the  a x i s  o f  
the conica l  c a v i t y  a t  h igh  v e l o c i t y ,  o f  the order  
o f  30,000 f e e t  per second. When t h i s  j e t  im-  
pacts a ta rge t ,  e.g., a s t e e l  w e l l  casing, pres- 
sures o f  the order  o f  3,75 x IO6 p s i  are created-- 
fa r  i n  excess of the  y i e l d  s t rengths o f  common 
materials--and the casing behaves l i k e  a l i q u i d .  
An  elementary p r e d i c t i o n  o f  the  penetrat ion,  based 
on hydrodynamic theory, s t a t e s  t h a t  - 

P a &  4% P 

i n  which P i s  penetrat ion,  p j  the  average densi ty  
o f  the j e t ,  p the densi ty  of the t a r g e t  and II the  
length of the j e t .  
i n  penetrat ion of  a charge f i r e d  in ,  say, water 
as compared t o  a i r ,  i s  evident ,  The r a t e  a t  which 
the  j e t  i s  used up i s  p ropor t iona l  t o 5 .  On t h i s  
basis, the penetrat ion i n  a i r ,  water, and s t e e l  i s  
as 1:0,036:0.013 and i t  appears t h a t  water i s  
approximatelyone-third as d i f f i c u l t  for  the j e t  
t o  penetrate as s tee l .  

The reason f o r  the reduct ion 

I t  i s  evident t h a t  penet ra t ion  can be im-  
proved by a design o f  a charge t h a t  w i l l  ac t  t o  
f i r s t  reduce the amount o f  l i q u i d  i n  the path o f  
the penetrat ion element-usual l y  a j e t  o r  wedge. 
This i s  d i f f i c u l t  t o  accomplish w i t h  charges t h a t  
weigh only  a few pounds because, a t  these 120,000- 
360,000 in. sec." ve loc i  t l e s  ( o f  detonation) the 
time ava i lab le  f o r  the lospecia l  act ions" t o  a i d  the 
penetrat ion by '@c lear ing  t h e  path" o f  water i s  on ly  
o f  the  order o f  ten microseconds o r  less.  I n e r t i a  
e f f e c t s ,  etc., make i t  d i f f i c u l t  to ob ta in  good 
penetrat ion w i t h  simple systems under these con- 
d i t i ons . 

However, on e f f e c t  t h a t  rnay prove useful i n  
"c lear ing  a path" for the shaped charge s lug  i s  the 
e x p l o i t a t i o n  o f  induced cav i ta t ion .  For example, 
i t  was discovered by the German Research Establ ish-  
ment dur ing World War I I  t h a t  as much as t h i r t y  
percent o f  the  explos ive energy o f  air-dropped 
devices, e.g., torpedoes, depth charges, and bombs, 
was l o s t  through "venting" along the cav i ta ted  e n t r y  
path i n t o  the water. One general concept i s  t o  
f i r s t  i n i t i a t e  an annular r i n g  o f  explos ive o r  
several separate charges simultaneously. Extremely 
intense, h igh  speed shock waves due to mutual shock 
reinforcement have been observed i n  seismic s tud ies 

/ 

.it** 
us ing the concept. The resu l  t ing cavi t a t  ion 
path which should develop a t  v e l o c i t i e s  i n  excess 
5,000 per second, should m a t e r i a l l y  a s s i s t  i n  
"c lear ing  a path" t o  the second t a r g e t  p l a t e  f o r  
the shaped charge j e t .  In  the above concept, i t  i s  
not  intended (as w i l l  be discussed l a t e r )  to per- 
form per forat ions by any device o the r  than the  
shaped charge. 

I n  regard t o  the  water environment explos ive 
forming and depth charge s tud ies have ind ica ted  
t h a t  the water i t s e l f  can be used very e f f e c t i v e l y  
as an energy t r a n s f e r  and focus ing medium. 
detonation o f  a spher ica l  charge next  t o  a t a r g e t  
tends t o  emit i t s  energy i n  an i s o t r o p i c  fashion 
and the d i r e c t  energy appl ied t o  the t a r g e t  p l a t e  
may no t  perform s u f f i c i e n t  work on the  t a r g e t  p l a t e  
t o  produce rupture. However, on col lapse, the 
ta rge t  i t s e l f  i n h i b i t s  the symmetrical co l lapse o f  
the gas bubble and a s i g n i f i c a n t  p ropor t ion  o f  the 
i n i t i a l  exp los ive energy i s  thereby d i r e c t e d  a t  a 
loca l  area o f  the ta rge t .  Th is  e f f e c t  has been 
stud ied photographica l ly  and t a r g e t  damage was ob- 
served t o  occuP dur ing bubble col lapse, 

The 

The D R I  concept, therefore,  includes t w o  
f a c e t s - - f i r s t ,  penetrat ion and second, f r a c t u r i n g .  
Conceptually, the design package may be considered 
t o  be c y l i n d r i c a l  w i t h  l i n e a r  shaped charges loca- 
ted  around the  cy l inder .  The ends o f  the cy l i nde r  
may be a conventional explos ive o r  a meta l ized 
explos ive.  
o r  rnay have an a i r  or water c a v i t y .  Upon i n i t i -  
a t ion ,  the shaped-charges penetrated the  casing and 
rock formation. Microseconds a f t e r  the shaped- 
charges are f i r e d ,  simultaneous i n i t i a t i o n  o f  t h e  
main "dr iver"  charge w i  1 1  occur. Through wave- 
shaping, a h igh  pressure pulse w i l l  be d r iven  
r a d i a l l y  from the a x i s  o f  the charge. It i s  
expected tha t  t h i s  shock enhancement w i l l  cause 
f rac tu res  t o  extend and by p l a c i n g  the  rock i n  
a1 te rna te  compress i on and tens ion w i 1 1 cause 
massive f r a c t u r i n g  around the per forat ions.  

The c y l i n d e r  may be a s o l i d  exp los ive  

Several o f  these devices were fabr icated and 
f i e l d  tes ted  i n  marginal o i l  w e l l s .  Depths to 
producing zones ranged from 900 f e e t  to  11,000 
fee t .  I n  a l l  cases production was increased sub- 
s t a n t i a l  l y .  

We f e e l  t h a t  by s u i t a b l e  design f o r  h igh  
temperatures, t h i s  novel device can be o f  b e n e f i t  
t o  the geothermal indust ry .  

*"*Reference Pro jec t  Jt IT€ TRIBE, B a l l  i s t i c  
Research Laboratories , APG , Aberdeen , Ma r y  1 and. 
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