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VOID S I Z E  DEPENDENCE OF THE STEADY DETONATION PROPERTIES 

OF EMULSION EXPLOSIVES 

BY 

John Cooper and Graeme A L e i p e r  
E x p l o s i v e s  Group Techn ica l  Cent re  

I C I  PCC 
S tevens ton  

A y r s h i  r e  
Scot1  and 

D e t o n a t i o n  v e l o c i t y l c a r t r i d g e  d iamete r  measurements have 

been made on a s e r i e s  o f  emu ls ion  e x p l o s i v e s  c o n t a i n i n g  t h r e e  

s i z e  f r a c t i o n s  o f  s i e v e d  g l a s s  m i c r o b a l l o o n s  and a t  two 

compos i t i on  d e n s i t y  ranges .  The d a t a  i s  ana lysed u s i n g  a 

s l i g h t l y  d i v e r g e n t  f l o w  code. The r e s u l t s  show t h e  i n t e r a c t i o n  

between t h e  k i n e t i c s  and hydrodynamics o f  t h e  d e t o n a t i o n  

process .  

INTRODUCTION 

The s e n s i t i s a t i o n  o f  e x p l o s i v e s  by d e n s i t y  d i s c o n t i q u i t i e s  

1 has been recogn ised  s i n c e  t h e  work o f  Bowden and Y o f f e .  

The impor tance o f  v o i d s  has been desc r ibed  i n  t h e  c l a s s i c  

papers  o f  Campbell, Dav is  and T r a ~ i s . ~ ' ~  Evans, Har low and 

Meixner4  and Mader. 5 .6  
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Most commercial exp los i ves  have very l a r g e  c r i t i c a l  

diameters f o r  de tona t ion  a t  t h e i r  t h e o r e t i c a l  maximum d e n s i t y  

and i n  t h e i r  p r a c t i c a l  form depend on some form o f  v o i d  f o r  

7 s e n s i t i s a t i o n  i . e .  they a r e  o f  Type I 1  as descr ibed by P r i ce .  

The v o i d  may take  t h e  form o f ,  f o r  example, gas bubbles, g lass  

microbal loons,  p e r l i t e  e t c .  

I n  a d d i t i o n  t o  t h e i r  i nc reas ing  commercial importance 

emulsion exp los i ves  p rov ide  an a l l  l i q u i d  system ( o i l  phase + 

supersaturated d r o p l e t s )  f o r  s tudy and avo id  some o f  t h e  

problems which may occur i n  t h e  a n a l y s i s  o f  r e s u l t s  f rom 

composit ions con ta in ing  bo th  l i q u i d s  and s o l i d s .  Glass 

microbal loons p rov ide  a convenient  source o f  we l l -de f i ned  v o i d  

s i z e  f r a c t i o n s  by s i e v i n g .  

T h i s  paper descr ibes t h e  e f f e c t  o f  v o i d  s i z e  and p o r o s i t y  

on the  steady de tona t ion  p r o p e r t i e s  o f  emulsion explos ives.  A 

companion paper8 discusses the  i n i t i a t i o n  p r o p e r t i e s  o f  these 

systems. Since c a r r y i n g  o u t  t h i s  work i n  1980 and ' 8 1  a paper 

by Japanese workers9 has appeared which descr ibes a s i m i l a r  

s tudy.  Our work d i f f e r s  i n  t h a t  a s l i g h t l y  d i ve rgen t  f l o w  code 

CPEX" i s  used t o  analyse t h e  r e s u l t s .  Th i s  a l l ows  t h e  process 

t o  be discussed i n  terms o f  t h e  k i n e t i c  and hydrodynamic 

processes occu r r i ng .  CPEX was operated i n  t h e  a u t o - f i t  mode 

i . e .  t h e r e  was no operator  adjustment o f  t he  parameters t o  

achieve a f i t .  
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EXPERIMENTAL 

Glass microbal loons from t h e  3M Company were s ieved t o  

produce t h e  requ i red  f r a c t i o n s  then f l o a t e d  on water t o  remove 

broken fragments. The two l a r g e r  f r a c t i o n s  were prepared from 

t h e  C15/250 grade; t h e  sma l le r  f r a c t i o n  f rom the  E22X grade. 

Size d i s t r i b u t i o n s  were obta ined by o p t i c a l  microscopy. F igure 

1. 

The emulsion used cons is ted  o f :  

72 

Ammonium n i t r a t e  78.9 

Water 15.8 

O i l  + s u r f a c t a n t  5.3 

The number average d r o p l e t  s i z e  was about 1 .3pm w i t h  an 

e s s e n t i a l l y  monodisperse d i s t r i b u t i o n .  Emulsions were blended 

w i t h  microbal loon f r a c t i o n s  t o  t h e  requ i red  p o r o s i t y .  A i r  

bubbles incorporated d u r i n g  the  e m u l s i f i c a t i o n  process were 

removed by a p p l i c a t i o n  o f  vacuum. 

2OoC were made soon a f t e r  p repara t i on  t o  avo id  poss ib le  d r o p l e t  

c r y s t a l l i s a t i o n  e f f e c t s .  

Detonation measurements a t  

VOD measurements were made w i t h  c o l l a p s i b l e  probes/ 

m ic ro t imer .  For c r i t i c a l  diameter measurements, i t  was found 

t h a t  t he  probe a f f e c t e d  t h e  r e s u l t s .  A l l  c r i t i c a l  diameter 

r e s u l t s  r e f e r  t h e r e f o r e  t o  measurements on c a r t r i d g e s  w i thou t  

probes. A l l  measurements were made on exp los i ve  c a r t r i d g e d  i n  

paper. 
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-45, m 

Figure 1. 

75-90pm 

Size distribution 
of the microballoon 
fraction used in the 
study. 

VOID SIZE DEPENDENCE OF VOD/DENSITY CURVES 

The quantitative results in this paper are derived from 

VOD/diameter/inverse diameter data. However, as a subsidiary 

experiment the VOD/density curves were measured for 

compositions containing the three different microballoons 

fractions. For 

differing partic 

three fractions 

system ( o f  about 

any given density there is (because of 

e density) a difference in the amount o f  the 

required, hence in the total energy o f  the 

1-2%). The data i s  shown in Figure 2. 
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F i g u r e  2.  De tona t ion  v e l o c i t y l d e n s i t y  behav iou r  o f  emu ls ion  i n  

30 mm d iameter  c a r t r i d g e s .  

The d e n s i t y  a t  wh ich  t h e  VOD i s  maximum s h i f t s  t o  h i g h e r  

d e n s i t y  f o r  sms. l ler  v o i d s  as r e p o r t e d  by H a t t o r i  e t  a1 . 

F u r t h e r  o b s e r v a t i o n s  may be made. however. The f a i l u r e  p a r t  o f  

t h e  c u r v e  i s  p a r t i c u l a r l y  s teep  w i z h  t h e  s m a l l  v o i d s .  T h i s  

suggests  t h a t  as t h e  VOD f a l l s  away w i t h  dec reas ing  e x t e n t  o f  

r e a c t i o n  a t  h i g h  d e n s i t y  a shock p ressu re  i s  reached where t h e  

h o t  s p o t s  f a i l  t o  exp lode.  C a t a s t r o p h i c  f a i l u r e  t h e n  occurs .  

W i t h  l a r g e r  v o i d s  t h e r e  i s  a decreased t o t a l  e x t e n t  o f  r e a c t i o n  

f rom h o t  s p o t  thermal  e x p l o s i o n  and ou tward  b u r n i n g  a t  h i g h  

d e n s i t y  b u t  t h e  h o t  spo ts  c o n t i n u e  t o  exp lode down t o  l o w  shock 

p ressu res  so t h e  curve  i s  l e s s  s teap .  As t h e  system tends  

9 
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towards an explosive foam at low density the velocity/density 

curves tend to converge. The above i s  in total agreement with 

our previous study o f  the initiation properties of emulsion 

explosives . a 

V03/DIAMETER MEASUREMENTS 

The slope of the VOD against inverse cartridge diameter 

graphs increased with increasing void size and with increasing 

density. Small void systems failed at higher velocity in 

agreement with our consideration o f  the initiation process. 8 

TABLE I 

Mi crobal 1 oon Density Fai 1 ure 
Fraction V e l  ocjjy 
(p) (g . cc-l) (km.s  ) 

-45 1 .06  3 .8  

-45 1.19 3 .8  

53-75 1 . 0 5  3.12 

53-75 1.18 3.2 

75-90 1 .03  2.5 

75-90 1.17 2.95 

The data agrees with the concept that the critical point 

is dominated by the pressure dependence o f  the hot spot 

reaction. Applying a CPEX fit to the VOD/diameter data shows 

the failure point is at a higher extent o f  reaction the smaller 

the size o f  microballoon incorporated and the lower the 

density. That is. the detonation i s  tending towards 

pseudo-homogeneous behaviour. 
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0 

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 - DuuEmc(l/mm) 

Figure 3. Detonation velocity/inverse cartridge diameter 

behaviour as a function of microballoon size. 

EXTENT OF REACTION AS A FUNCTION OF TIME 

Having derived best fits to the experimental VOD/diameter 

data, the pressure dependent kinetic routines in CPEX can be 

used to produce extent o f  reaction/time curves as a function of 
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v o i d  s i z e  and d e n s i t y  a t  a f i x e d  p ressu re .  These a r e  shown i n  

F i g u r e  4 .  f o r  t h e  t h r e e  v o i d  s i z e  f r a c t i o n s  a t  d e n s i t i e s  o f  

1.06 and 1.16 g.cc- ’  a t  5 GPa p ressu re .  

0 2 

F i g u r e  4 .  E x t e n t  o f  r e a c t i o n / t i m e  p r o f i . 3  as a f u n c t i o n  o f  

m i c r o b a l l o o n  s i z e  and d e n s i t y  no rma l i sed  t o  5 GPa. 

The t o t a l .  r e a c t i o n  i s  f a s t e r  f o r  t h e  s m a l l  v o i d s .  

However. i t  can be seen t h a t  t h e  cu rves  c r o s s  a t  abou t  an 

e x t e n t  of r e a c t i o n  co r respond ing  t o  t h e  v o i d  ( i . e .  h o t  s p o t )  

1101 ume . 
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Tha t  i s ,  t h e  p r o p o r t i o n  o f  r e a c t i o n  co r respond ing  t o  h o t  

s p o t  thermal  e x p l o s i o n  i s  s lower  f o r  s m a l l e r  v o i d s .  T h i s  i s  

more t h a n  compensated f o r  by  t h e  h i g h  s u r f a c e  a rea  f o r  b u r n i n g  

o f  t h e  sma l l  h o t  s p o t s  and t h e  h i g h e r  tempera tu re  o f  t h e  

su r round ing  m a t r i x  caused by  thermal  conduc t ion  from t h e  h o t  

spo ts  and hydrodynamic e f f e c t s .  Hence t h e  t o t a l  r e a c t i o n  i s  

f a s t e r  f o r  sma l l  v o i d s  and t h e  cu rves  c ross .  

From CPEX t h e  s l o p e  o f  t h e  e x t e n t  o f  r e a c t i o n / t i m e  graph 

i . e .  t h e  r e a c t i o n  r a t e  can a l s o  be de termined.  T h i s  i s  shown 

i n  F i g u r e  5 .  aga in  a t  5 GPa f o r  t h e  t h r e e  s i z e  f r a c t i o n  i n  two 

d e n s i t y  ranges. The s lower  i n i t i a l  phase o f  r e a c t i o n  b u t  

h i g h e r  peak r a t e  f o r  t h e  sma l l  v o i d s  i s  aga in  e v i d e n t .  However 

i t  can be seen t h a t  t h e  r e l a t i v e  r e a c t i o n  r a t e s  o f  t h e  i n i t i a l  

phases a r e  r a t h e r  more pronounced f o r  t h e  l o w  d e n s i t y  t h a n  f o r  

t h e  h i g h  d e n s i t y  emuls ions .  We i n t e r p r e t  t h i s  as ev idence t h a t  

t h e  c o l l a p s i n g  v o i d s  i n t e r a c t  hyd rodynamica l l y  w i t h  each o t h e r .  

Because o f  t h i s  i n t e r a c t i o n  t h e  e f f e c t i v e  h o t  s p o t  s i z e  i s  

s m a l l e r  a t  low d e n s i t y .  W i t h  s m a l l e r  v o i d s  t h e  e f f e c t  becomes 

more pronounced as these  a r e  c l o s e r  t o g e t h e r  w i t h i n  t h e  

emuls ion  m a t r i x .  
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2.4 

IYI I-. 

1.8 -I 
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0.8 
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0.2 

0 

1- 53-75 l.a5Q/oc \ 

0 0.2 0.4 0.6 0.8 
MNT OF REACTION 

F i g u r e  5 .  Reac t ion  r a t e / e x t e n t  o f  r e a c t i o n  f o r  an emu ls ion  as 

a f u n c t i o n  o f  m i c r o b a l l o o n  s i z e  and d e n s i t y  a t  5 

GPa. 

DISCUSSION 

A number o f  mechanisms have been advanced f o r  h o t  spo t  

f o r m a t i o n  - a d i a b a t i c  c o l l a p s e  1 , micro jet^^'^? shear band ing  11 

e t c .  V o i d  c o l l a p s e  produces  

b o t h  h i g h  tempera tu res  and i n t e n s e  m i x i n g  i n  a volume o f  

e x p l o s i v e  s i m i l a r  t o  t h e  o r i g i n a l  v o i d  volume. The h o t  s p o t s  

b u r n  ou tward  i n t o  t h e  shock heated  b u l k  o f  t h e  e x p l o s i v e .  The 

d e t o n a t i o n  v e l o c i t y  as measured i s  a f u n c t i o n  of t h e  e x t e n t  o f  

r e a c t i o n  and t h e  r a d i a l  d i ve rgence  o f  t h e  f l o w  be fo re  t h e  CJ 

o lane .  

For  a r e v i e w  see F i e l d  e t  a l l 2 .  

414 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
4
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



I n  t h i s  paper a s teady  d e t o n a t i o n  c o n d i t i o n  i s  cons ide red  

where t h e  shock wave i s  a d e t o n a t i o n  wave wh ich  has t r a v e l l e d  

s e v e r a l  c a r t r i d g e  d iamete rs  i n  t h e  e x p l o s i v e  b e f o r e  a 

measurement has been made. The s teady  d e t o n a t i o n  v e l o c i t y  

i n f l u e n c e s  b o t h  t h e  h o t  s p o t  tempera tu re  and t h e  shock 

tempera tu re  i n  t h e  b u l k  o f  t h e  emuls ion  and hence t h e  k i n e t i c s  

o f  h o t  s p o t  and b u r n i n g  phases o f  r e a c t i o n .  I n  t h e  c l a s s i c a l  

p i c t u r e  t h e r e  i s  a s i z e  dependent hea t  f l o w  f rom t h e  h o t  spo t  

i n t o  t h e  b u l k  of  t h e  e x p l o s i v e .  A t  f a i l u r e  t h e r e  i s  an 

i n s u f f i c i e n t  e x t e n t  o f  r e a c t i o n  t o  m a i n t a i n  a d e t o n a t i o n  wave 

s u f f i c i e n t  t o  cause h o t  s p o t  t he rma l  exp los ion .  

The above may be a r a t h e r  s i m p l i s t i c  p i c t u r e .  I n  p r a c t i c e  

we a r e  d e a l i n g  w i t h  a 3 -d imens iona l  random assembly o f  v o i d s  i n  

wh ich  t h e  average v o i d  s e p a r a t i o n  ( c e n t r e - c e n t r e )  a t  20% v /v  

v o i d s  i s  248 m ic ron  f o r  90 m i c r o n  v o i d s  and o n l y  83 m ic ron  f o r  

30 m i c r o n  v o i d s .  Thus n o t  o n l y  may shear band ing  f rom t h e  

c o l l a p s e  o f  one v o i d  i n t e r a c t  w i t h  ano the r  p l a c e d  l a t e r a l l y  t o  

i t  b u t  as t h e  r e a c t i o n  zone i s  r a t h e r  l o n g e r  than  t h e  i n t e r  

v o i d  d i s t a n c e  t h e  c o l l a p s e  o f  a v o i d  can i n t e r f e r e  

hyd rodynamica l l y  w i t h  a p r e v i o u s l y  shocked v o i d  f u r t h e r  back i n  

t h e  r e a c t i o n  zone. The e f f e c t  o f  t h i s  i s  t o  i nc rease  t h e  

e f f e c t i v e  thermal  d i f f u s i v i t y  above t h a t  expec ted  f o r  a non- 

t u r b u l e n t  p rocess  and p o s s i b i l y  t o  decrease t h e  e f f e c t i v e  s i z e  
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o f  the hot spots below that o f  the initial void by interaction 

of the shear fields of the neighbouring collapsing voids. At 

lower density there is a general tendency towards a bulk 

thermal explosion inechani sm because o f  the intense turbulence 

created by void collapse. This is even more pronounced with 

small voids because of the small intervoid distance. 

I n  a future paper it w i l l  be shown that the intense 

turbulence and mixing produced by void collapse can have 

important consequences for the diffusional kinetics o f  emulsion 

detonation. 
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