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CALCULATIONS AND MEASUREMENTS ON THE FLOW I N  UNCONFINED DETONATION 

Graeme A. L e i p e r  
Nobels E x p l o s i v e s  Co. L t d .  

S tevens ton  

and 

I a n  D. K e r r  and Michae l  Kennedy 
H e a l t h  and S a f e t y  Execu t i ve  

Bux ton  

I n  t h i s  work a comparison i s  made between measured and c a l c u l a t e d  

f l ows  i n  ax i symmet r i c  d e t o n a t i o n s  based on t h e  a x i a l  d e n s i t y  

p r o f i l e  i n  t h e  d e t o n a t i o n ,  t h e  s h o c k f r o n t  r a d i u s  o f  c u r v a t u r e  o f  

t h e  d e t o n a t i o n ,  and t h e  r e a c t i o n  zone l e n g t h .  Measurements were 

made u s i n g  f l a s h  rad iog raphy ,  o p t i c a l  photography ,  and 

e l e c t r o m a g n e t i c  p a r t i c l e  v e l o c i t y  gaug ing  i n  a commercial  

a i r - s e n s i t i s e d  emuls ion  e x p l o s i v e  a t  two vo idages ,  each a t  two 

charge d iamete rs .  C a l c u l a t i o n s  were per fo rmed u s i n g  t h e  a l t e r n a t i v e  

approaches o f  s l i g h t l y  d i v e r g e n t  f l o w  t h e o r y  and a f i n i t e  element 

Lag rang ian  hydrocode. Chemical r e a c t i o n  r a t e  models i n  t h e  

c a l c u l a t i o n s  were pa ramete r i sed  a g a i n s t  t h e  measured uncon f ined  

d e t o n a t i o n  v e l o c i t y  charge d iamete r  e f f e c t .  The r e s u l t  o f  t h e  s tudy  

was t h a t  b o t h  m o d e l l i n g  techn iques  gave good agreement w i t h  

a v a i l a b l e  exper imen ta l  da ta .  though t h e  s l i g h t l y  d i v e r g e n t  f l o w  

model was more accu ra te  i n  t h e  r e g i o n  c l o s e  t o  t h e  shock. I t  has 
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a lso  been demonstrated t h a t  p r o v i d i n g  the  two approaches had been 

c a r e f u l l y  c a l i b r a t e d ,  t h e  agreement between them was n o t  s e n s i t i v e  

t o  the form o f  t h e  models used. 

INTRODUCTION 

Many methods have been proposed f o r  measuring and p r e d i c t i n g  

the performance o f  condensed explos ives,  de tona t ing  i n  r i g h t  

c y l i n d r i c a l  charges. Each mathematical model y i e l d s  d i f f e r i n g  

answers f o r  a p a r t i c u l a r  problem and each experimental technique 

measures a d i f f e r e n t  p h y s i c a l  p roper t y  o f  t h e  system, y e t  

comparisons between va r ious  experimental and t h e o r e t i c a l  approaches 

a re  n o t  common. Such comparisons a re  e s s e n t i a l  i f  a worker i s  t o  

employ t h e  optimum mode l l i ng  and measurement techniques f o r  a 

p a r t i c u l a r  problem. I n  t h i s  work two c a l c u l a t i o n a l  methods a re  

compared w i t h  t h r e e  measurements made on an a i r  s e n s i t i s e d  emulsion 

exp los i ve  a t  low and h i g h  voidages, each a t  t he  c r i t i c a l  and t w i c e  

the  c r i t i c a l  diameter. 

C a l c u l a t i o n s  were performed us ing  a s l i g h t l y  d i ve rgen t  f l o w  

technique CPEX , and a two dimensional f i n i t e  element hydrocode, 

DYNAZD'. Both employed the  same chemical r e a c t i o n  r a t e  model t o  

descr ibe the  r e a c t i v i t y  o f  t h e  exp los i ve  and t h e  same equat ion o f  

s t a t e  f o r  t h e  r e a c t i o n  products .  The unreacted equat ion of s t a t e  

d i f f e r e d  s l i g h t l y  due t o  t h e  s o l u t i o n  a lgo r i t hm used i n  the two 

methods, b u t  i n  e i t h e r  case i t  w e l l  represented the  porous hugoniot 

o f  t h e  exp los i ve .  

1 

Experimental measurements were made on a x i a l  d e n s i t y  p r o f i l e s  
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as measured by f l a s h  rad iography,  on shock f r o n t  r a d i u s  o f  

cu rva tu re  as measured by rad iography and o p t i c a l  photography, and 

on r e a c t i o n  zone leng ths  and p a r t i c l e  v e l o c i t y  p r o f i l e s  as measure6 

by t h e  e lect romagnet ic  p a r t i c l e  v e l o c i t y  technique. 

MODELLING TECHNIQUES 

S l i g h t l y  Divergent  Flow 

The s l i g h t l y  d i v e r g e n t  f l o w  method was f i r s t  descr ibed by Wood 

and Kirkwood . F i c k e t t  and Davis4 showed i t  t o  be a member o f  a 

general s e t  o f  e igenvalue s o l u t i o n s  t o  the  standard Ze ldov i t ch  - 

Von Neumann - Doering theo ry  o f  detonat ion.  I n  s l i g h t l y  d i ve rgen t  

f low,  r a d i a l  mot ion o f  t h e  de tona t ion  products  due t o  incomplete 

l a t e r a l  confinement p rov ides  a mechanism f o r  t he  d i s s i p a t i o n  o f  

energy, and enables e igenvalue s o l u t i o n s  t o  be reached. Th is  method 

3 

has been embodied i n  a de tona t ion  model, CPEX', which has been 

f u l l y  descr ibed elsewhere. 

CPEX i s  f o rmu la ted  as a streamtube model i n  a shock f i x e d  

frame o f  re ference.  It i s  s t r i c t l y  app l i cab le  o n l y  a long t h e  cen t re  

l i n e  o f  t h e  charge, i . e .  i t  cannot be used t o  examine t h e  r a d i a l  

dependence o f  t h e  f l o w ,  b u t  i t  does n o t  s u f f e r  f rom shock smearing 

associated w i t h  hydrocode techniques. It requ i res  knowledge o f  t he  

shock r a d i u s  of cu rva tu re  t o  operate, which i s  g iven i n  t h e  form o f  

a genera l i sed  r e l a t i o n s h i p  between shock r a d i u s  o f  curvature,  

r e a c t i o n  zone l e n g t h  and charge diameter . 
LAGRANGIAN HYDROCODE 

5 

The s o l u t i o n  o f  problems i n v o l v i n g  shockwaves i n  i n e r t  and 
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chemical ly  r e a c t i v e  media us ing  Lagragian hydrocode techniques, has 

been w e l l  documented . I n  t h i s  s tudy the  hydrocode DYNA2D , 

mod i f i ed  t o  use chemical r e a c t i o n  r a t e  and p roduc t  equat ion o f  

s t a t e  r o u t i n e s  i d e n t i c a l  t o  those i n  CPEX, was used t o  perform 

resolved r e a c t i o n  zone s i m u l a t i o n s  o f  unconf ined detonat ions.  

The CPEX unreacted equat ion o f  s t a t e  had to be a l t e r e d  f o r  use i n  

DYNAZD t o  accommodate t h e  hydrocode s o l u t i o n  a lgo r i t hm,  and was 

6 2 

7 

rep laced by a Gruneisen equat ion o f  s ta te ' .  

The hydrocode method c a l c u l a t e d  t h e  t o t a l  f l o w  f i e l d  i n  t h e  

explos ive,  b u t  s u f f e r e d  f rom a r t i f i c i a l  smearing o f  t he  shock f r o n t  

i n  t h e  s o l u t i o n  a lgo r i t hm.  T h i s  a f f e c t e d  t h e  f l o w  p r o f i l e s  c lose t o  

t h e  shock. The dimension o f  t h e  c a l c u l a t i o n a l  g r i d  a l t e r e d  w i t h  the  

charge diameter be ing s imulated:  a minimum o f  t e n  c e l l s  were used 

across t h e  charge rad ius ,  and t h e  r e a c t i o n  zone i n  t h e  exp los i ve  

was reso lved  t o  b e t t e r  than 0 . 2 5  mm. 

Modus Operandi 

The a n a l y s i s  procedure employed f o r  b o t h  methods was 

i d e n t i c a l .  The i d e a l  de tona t ion  performance o f  t h e  explosive, 

de tona t ion  v e l o c / t y ,  Chapman-Jouguet s t a t e ,  and i s e n t r o p e  from the  

Chapman-Jouguet s t a t e  were c a l c u l a t e d  f rom t h e  explos ive 

f o r m u l a t i o n  and i n i t i a l  dens i t y ,  us ing  a JCZ8 based equat ion o f  

6 s t a t e  and non-s t i och iomet r i c  chemical e q u i l i b r i u m  r o u t i n e  . The 

i sen t rope  was f i t t e d  t o  a p o l y t r o p i c  equat ion o f  s t a t e  i n  which t h e  

1 p o l y t r o p i c  index was a polynomial f u n c t i o n  o f  d e n s i t y  . 
The behaviour o f  t he  unreacted exp los i ve  was modelled us ing a 
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9 porous hugoniot  de r i ved  from L a t t i c e  BKW theory , and t h e  m ix tu re  

r u l e s  o f  Vostoboinikov''. Th i s  had p rev ious l y  been shown t o  agree 

w i t h  experimental measurements . I n  the case o f  t he  CPEX model, a 

p o l y t r o p i c  equat ion o f  s t a t e  was used t o  descr ibe o f f -hugon io t  

s t a t e s  i n  the  unreacted explos ive,  i n  the  case o f  t he  hydrocode a 

Gruneisen equat ion o f  s t a t e  was used. 

5 

The r e a c t i o n  r a t e  law i n  both codes was f i t t e d  t o  t h e  

experimental detonat ion v e l o c i t y  charge diameter e f f e c t ,  by 

a d j u s t i n g  th ree  f i t t i n g  constants  corresponding t o  a c r i t i c a l  

pressure and two r e a c t i o n  t ime constants, one f o r  t he  ho tspo t  phase 

and one f o r  t h e  bu lk .  In a l l  cases the c r i t i c a l  diameter and 

c r i t i c a l  de tona t ion  v e l o c i t y  was reproduced t o  w i t h i n  5% accuracy ( 

F igure 1 ) .  Change necessary t o  implement the  equat ion o f  s t a t e  

r o u t i n e s  i n  t h e  two codes r e s u l t e d  i n  d i f f e r i n g  r a t e  law parameters 

be ing used i n  each code. Th is  was n o t  thought t o  a f f e c t  t h e  r e s u l t s  

o f  t he  study. 

EXPERIMENTAL 

I n  a l l  experiments an a i r  s e n s i t i s e d  w a t e r - i n - o i l  emulsion 

exp los i ve  o f  composit ion 78.7% Ammonium N i t r a t e ,  16% Water, and 

5.3% O i l s  and Sur fac tan ts  was used. The t w o  voidage l e v e l s  used 17% 

and 25%, correspondina t o  d e n s i t i e s  o f  1.06g/cc and 1.14g/cc, were 

obta ined by the  a d d i t i o n  o f  ho l low g lass spheres o f  diameter 

between 75pm and 90pm, t o  t h e  prepared, de-aerated, emulsion. The 

exp los i ve  was c a r t r i d g e d  i n  m a n i l l a  paper s h e l l s  i n  two charge 

diameters, t h e  c r i t i c a l  diameter, and tw ice  t h e  c r i t i c a l  diameter 
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FIGURE 1 
Variation o f  Detonation V e l o c i t y  with Charge Diameter 
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i.e. 8mm, 16mm, and lOmm, 20mm, for the high and low voidage 

compositions respectively. The cartridges were initiated by a 

commercial 8" detonator and a small Pentolite pellet. The 

detonation was allowed to run at least 6 charge diameters before 

any measurements were made. 

Flash Radiography 

Detonating cartridges were photographed using a 300kV X-ray 

flash system. The apparatus, which was of the Field Emission type 

730/2710 now supplied by Hewlett Packard, produced a flash of 

approximately 50ns duration when pulsed at a potential of 3OOkV. 

The images were recorded using 3M XUD film and TRIMAX 16 

intensifying screens, enclosed in a cassette designed so as t o  

protect film and screens from the detonation o f  the explosive which 

was between 200mm and 300mm away. The exposed films were developed 

using Ilford PHENSOL developer in a semi-automatic process. 

The experimental design is shown in Figure 2. The twisted wire 

probe wound round the pentolite pellet acted as a trigger for the 

X-ray apparatus; the probe was always placed close to the end of 

the pellet in contact with the emulsion explosive. Immediately 

before detonation was initiated in the Pentolite, a potential 

difference of  110 volts was applied to the wires of the probe SO 

that as soon as the detonation wave caused the necessary conditions 

at the probe, an electrical pulse would be produced, which, with 

the aid of a delay unit, was used to initiate the flash X-ray at 

various times later, In all experiments, the cartridge was placed 

36 1 

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



DETONATOR 

POLYMETHYLMETHACRYLATE BASE 

FIGURE 2 
Experimental Arrangement for Flash Radiography 

Not to scale 
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2.35m f rom t h e  X-ray tube. 

Image data were acqu i red  f rom t h e  sciagrams by means o f  an 

Optronics P-1000 r o t a t i n g  drum scanner which was used t o  scan t h e  

r e g i o n  o f  i n t e r e s t  o f  each sciagram, and reco rd  t h e  measured 

o p t i c a l  d e n s i t y  va lues as a 256 by 256 a r r a y  o f  numbers f o r  

process ing us ing  a microcomputer system which was coupled t o  a 

framestore. A t y p i c a l  image o f  a 20mm diameter c a r t r i d g e  acqui red 

and s t o r e d  i n  t h i s  way i s  shown i n  F igu re  3. The curved de tona t ion  

wave i n  t h e  c e n t r e  can be seen moving i n t o  t h e  undetonated 

exp los i ve  i n  t h e  lower  h a l f  o f  t h e  image. 

The f o l l o w i n g  methods which were used f o r  computer image 

a n a l y s i s  have been descr ibed more f u l l y  p r e v i o u s l y 1 l ’ l 2 .  The 

sciagram image was c a l i b r a t e d  i n  terms o f  o p t i c a l  d e n s i t i e s  versus 

i n t e g r a t e d  exp los i ve  d e n s i t i e s  over  t h e  measured pa th leng ths  by 

us ing  data gathered f rom t h e  image o f  t h e  undetonated exp los i ve  

immediately ahead o f  the.  p o s i t i o n  o f  t h e  wavefront .  A s a t i s f a c t o r y  

est imate o f  t h e  coord inates o f  t h e  wavefront  was obta ined by, i n  

e f f e c t ,  s u b t r a c t i n g  an image o f  t h e  undetonated exp los i ve  from t h a t  

o f  t he  detonated exp los i ve .  The d i f f e r e n c e  image t h a t  r e s u l t e d ,  and 

f rom which no ise  f l u c t u a t i o n s  had been removed by a t h r e s h o l d i n g  

opera t i on ,  was processed i n  t h e  computer t o  produce coord inates o f  

t h e  wave f r o n t  p o s i t i o n .  Assuming a x i a l  symmetry f o r  t h e  wave, 

these coo rd ina tes  were then  used i n  con junc t i on  w i t h  the 

c a l i b r a t i o n  data f rom t h e  o r i g i n a l  image t o  produce es t ima tes  o f  

t h e  average m a t e r i a l  d e n s i t i e s  a t  a l l  p o s i t i o n s  behind the  
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FIGURE 4 
Contour Plot o f  Processed Radiograph 
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wavefront. A t y p i c a l  dens i t y  contour r e s u l t i n g  f rom t h e  a n a l y s i s  i s  

d isp layed i n  F igure 4. Note t h a t  t h e  contour p l o t  r e f l e c t e d  bo th  a 

d i s t r i b u t i o n  of i n t i a l  d e n s i t y  through the  charge and n a t u r a l  

f l u c t u a t i o n s  i n  the detonat ion process i n  t h e  exp los i ve .  

Detonat ion V e l o c i t y  Measurements 

Detonat ion v e l o c i t y  measurements were made us ing  the  t ime o f  

f l i g h t  o f  t h e  shockwave i n  t h e  exp los i ve  between two f i b r e  o p t i c  

probes 200mm apar t .  Each probe consis ted o f  a l e n g t h  o f  l m m  

diameter p l a s t i c  o p t i c a l  f i b r e ,  one end o f  which was i n s e r t e d  i n t o  

a t h i n  wa l l ed  aluminium end cap t h a t  acted as an a i r  gap which 

luminesced upon a r r i v a l  o f  t he  shock. The o the r  end was terminated 

by a f a s t  responding photo-diode t o  p rov ide  an e l e c t r i c a l  sw i t ch  t o  

gate a d i g i t a l  t imer .  

The c r i t i c a l  diameter was ascer ta ined by f i n d i n g  the  minimum 

diameter i n  which detonat ion would propagate. Th is  was performed 

separa te l y  f rom t h e  detonat ion v e l o c i t y  measurement, t o  prevent  t he  

probes d i s t u r b i n g  the  f low.  

Op t i ca l  Photography 

O p t i c a l  s t reak  photography was used t o  measure t h e  shape o f  

t he  shock f ron t  ,as i t  emerged from t h e  end o f  t h e  exp los i ve  

c a r t r i d g e .  An Imacon 790 image conver t i ng  camera was used t o  

perform the  measurements. Streak records were d i g i t i s e d  manually on 

a microcomputer b i t p a d  and t h e  c e n t r a l  20° arc  o f  t h e  p r o f i l e  was 

f i t t e d  t o  a c i r c l e .  These measurements have been repo r ted  

p rev ious l y  . 5 
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P a r t i c l e  V e l o c i t y  Measurements 

The e l e c t r o m a g n e t i c  p a r t i c l e  v e l o c i t y  t echn ique  had p r e v i o u s l y  

been used t o  measure t h e  r e a c t i o n  p r o f i l e s  i n  t h e  compos i t i ons  and 

charge d iamete rs  of i n t e r e s t  . The gauge t r a c e s  were reana lysed  t o  

de te rm ine  t h e  p a r t i c l e  v e l o c i t y  p r o f i l e  i n  t h e  d e t o n a t i o n ,  and t h e  

p a t h o l o g i c a l  ( s o n i c )  p o i n t  i n  t h e  f l o w .  

5 

DISCUSSION 

It was t h e  o b j e c t  o f  t h i s  work t o  asses t h e  a b i l i t y  o f  v e r y  

d i f f e r e n t  c a l c u l a t i o n a l  schemes t o  p r e d i c t  t h e  f l o w  i n  s teady  

s t a t e  d e t o n a t i o n s ,  g i v e n  t h a t  t h e  d a t a  used t o  pa ramete r i se  t h e  

r e a c t i o n  r a t e  models i n  t h e  schemes was i d e n t i c a l .  The comparison 

was based on t h r e e  c r i t e r i a ,  t h e  a b i l i t y  o f  t h e  models t o  c a l c u l a t e  

t h e  f l o w  i n  t h e  shocked u n r e a c t e d  e x p l o s i v e ,  t h e  a b i l i t y  o f  t h e  

models t o  coup le  t h e  chemica l  e x o t h e r m i c i t y  t o  t h e  f l o w ,  and t h e  

a b i l i t y  o f  t h e  models t o  r e p r e s e n t  t h e  behav iou r  o f  t h e  d e t o n a t i o n  

p r o d u c t s  a f t e r  r e a c t i o n  had occu r red .  These benchmarks were 

r e f l e c t e d  i n  one o r  more o f  t h e  measurements made on t h e  e x p l o s i v e .  

V a r i a t i o n  o f  t h e  i n i t i a l  d e n s i t y  o f  t h e  e x p l o s i v e  p r o v i d e d  

s u f f i c i e n t l y  d i f f e r e n t  r e a c t i o n  and f l o w  behav iou rs  t h a t  t h e  

comparison c o u l d  be rega rded  as o f  a genera l  n a t u r e .  

The f i r s t  comparison t h a t  was made was on t h e  v a r i a t i o n  o f  

s h o c k f r o n t  r a d i u s  o f  c u r v a t u r e  w i t h  charge d iamete r .  The shock 

f r o n t  c u r v a t u r e  as measured o p t i c a l l y  and by f l a s h  rad iog raphy ,  was 

p l o t t e d  a l o n g  w i t h  t h a t  p r e d i c t e d  by  DYNAZD ( F i g u r e  5 ) .  The d a t a  

f r o m  t h e  hydrocode was ana lysed  i n  t h e  same manner as t h e  s t r e a k  

367 

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



photographs. The g e n e r a l l y  good agreement extended over t h e  

diameter and voidage range used, though t h e  s c a t t e r  i n  the  

experimental data made q u a n t i t a t i v e  assessments impossib le .  

It can be i n f e r r e d  f rom these r e s u l t s  t h a t  t h e  unreacted 

equat ion o f  s t a t e  and m i x t u r e  r u l e s  i n  t h e  hydrocode were 

adequately rep resen t ing  t h e  l o c a l  sound speed i n  the  area c lose  t o  

the  shock f ron t .  However edge e f f e c t s  which were c l e a r l y  v i s i b l e  i n  

t h e  o p t i c a l  and rad iog raph ic  records were much reduced i n  t h e  

hydrocode data; t h i s  was a t t r i b u t e d  t o  d e f i c i e n c i e s  i n  t h e  

unreacted equat ion o f  s t a t e  i n  areas o f  s t rong  r a r e f a c t i o n , i . e .  

where unreacted m a t e r i a l  had moved f a r  f rom i t s  h u g i o n i o t  s t a t e .  

The nex t  p o i n t  o f  re fe rence  t o  be used was t h e  c a l c u l a t i o n  o f  

t he  p a t h o l o g i c a l  o r  sonic  p lane  i n  the  f l o w  i . e .  t h e  p o s i t i o n  

behind the  shock where son ic  communication w i t h  the  shock was l o s t .  

Th i s  two-dimensional analogue o f  t h e  Chapman-Jouguet p o i n t  was 

q u a n t i f i e d  i n t o  a s i n g l e  va lue  by a s c e r t a i n i n g  the  p o s i t i o n  o f  t he  

p a t h o l o g i c a l  p o i n t  on t h e  charge ax i s ,  and c a l l i n g  t h i s  t h e  'CJ 

d i s t a n c e ' .  The v a r i a t i o n  o f  'CJ d i s tance '  w i t h  charge diameter was 

ca l  cu l  a ted  and compared t o  Val ues measured us ing  t h e  

e lect romagnet ic  gauge technique.  Both CPEX and DYNAZD reproduced 

the  c o r r e c t  form f o r  t h e  dependance o f  'CJ d i s tance '  on charge 

diameter. They were i n  good agreement w i t h  each o the r ,  and were 

w i t h i n  exper imenta l  e r r o r  o f  t h e  measured values ( F igu re  6 ) .  As 

t h e  p a t h o l o g i c a l  p o i n t  i s  c o n t r o l l e d  by the  m ix tu re  equat ion o f  

s t a t e  o f  t h e  r e a c t i n g  explos ive,by t h e  chemical r e a c t i o n  r a t e ,  and 
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by t h e  coup l i ng  of energy between t h e  chemical exo the rm ic i t y  and 

t h e  hydrodynamic f low,  the  agreement prov ided s t rong Val i d a t i o n  o f  

t h e  two c a l c u l a t i o n a l  proceedures. 

A comparison was a l s o  made between the  measured p a r t i c l e  

v e l o c i t y  p r o f i l e s  and those p r e d i c t e d  by CPEX and DYNA2D (F igu re  

7 ) .  The CPEX p r e d i c t i o n s  were found t o  be i n  good agreement w i t h  

t h e  gauge t r a c e s .  I n  t h e  DYNAZD s imu la t i ons  it was c l e a r  t h a t  

a r t i f i c i a l  v i s c o s i t y  and t h e  a l g o r i t h m  used f o r  negat ing i t s  e f f e c t  

on t h e  chemical r e a c t i o n  r a t e ,  f i r s t  caused an overshoot i n  t h e  

p r e d i c t e d  p r o f i l e  fo l lowed by a compensating abrupt  f a l l .  Th i s  was 

a l s o  r e f l e c t e d  i n  t h e  d e n s i t y  c a l c u l a t i o n s  discussed below. 

Dens i t y  p r o f i l e s  measured by f l a s h  radiography p rov ided  data 

t o  check t h e  o v e r a l l  combination o f  r e a c t i o n  ra te ,equa t ion  o f  s t a t e  

and m i x t u r e  r u l e  models. For t h e  d e n s i t i e s  and charge diameters o f  

i n t e r e s t ,  t h e  sciagrams reso lved  t h e  f l o w  f i e l d  f r o m  t h e  shock f ron t  

through t o  t h e  p o i n t  a t  which t h e  chemical r e a c t i o n  had e i t h e r  

proceeded t o  complet ion o r  had been f rozen  by expansion processes 

o c u r r i n g  i n  t h e  f l ow .  The rad iog raph ic  data however requ i red  

c a r e f u l  i n t e r p r e t a t i o n .  For c l a r i t y  t h e  comparison between 

c a l c u l a t i o n  and measurement has been made i n  two stages. 

A t  a l l  d e n s i t y  and diameter combinations the  rad iog raph ic  data 

has been d i sp layed  w i t h  t h e  CPEX p r e d i c t i o n  ( Figures 8,9 ) .  I n  

th ree  cases 8mm, lOmrn, and 20 mm t h e  c a l c u l a t e d  d e n s i t y  was h ighe r  

than measured c lose t o  t h e  shockf ront ,  i n  good agreement over a 

s h o r t  range, and then  again h ighe r  than the  measurements f a r  from 
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FIGURE 7 
Particle Velocity Profiles in High Density Emulsion 
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FIGURE 8 
Density Profile for Low Density Emulsion 

CPEX vs Radiographic Data 
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FIGURE 9 
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FIGURE 10 
Density Profile for Low Density Emulsion 
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t he  shock. I n  the case o f  t h e  10mm. diameter c a r t r i d g e ,  t he  CPEX 

p r e d i c t i o n  was h ighe r  than measured c lose  t o  the  shock b u t  then i n  

good agreement a t  a l l  o the r  d i s tances .  A s i m i l a r  t r e n d  was noted 

w i t h  the  DYNAZD p r e d i c t i o n s .  Apar t  from the  area i n  which the  

a r t i f i c i a l  v i s c o s i t y  was a c t i v e  t h e r e  was good agreement between 

CPEX and DYNA2D ( F igu re  10 ) .  

The apparent l a c k  o f  agreement between CPEX o r  DYNAZD and the  

rad iog raph ic  data was p a r t l y  caused by smearing due t o  motion o f  

t he  shock du r ing  exposure o f  t h e  X-ray f i l m ,  p a r t l y  due t o  the  

f i n i t e  beam w i d t h  o f  t he  X-ray generator ,  and p a r t l y  due t o  s p a t i a l  

averaging i n h e r e n t  i n  rad iography.  The exposure t ime  o f  50ns 

r e s u l t e d  i n  t h e  de tona t ion  wave t r a v e l 1  i n g  0.2mm dur ing  

radiography. The X-ray beam was con ica l  i n  na tu re  and emanated n o t  

from a p o i n t  b u t  f r o m  a f i n i t e  ape r tu re ,  causing a beam smear o f  

0.5mm a t  t h e  c a r t r i d g e  p o s i t i o n .  The smearing due t o  these e f f e c t s  

was a x i a l  i n  n a t u r e  and t h e r e f o r e  would have been most s i g n i f i c a n t  

i n  reg ions  o f  l a r g e  a x i a l  d e n s i t y  g rad ien ts ,  i . e .  c lose  t o  the wave 

f r o n t .  

Spa t ia l  averaging i n  t h e  rad iographs was s i g n i f i c a n t  i n  a l l  

reg ions where t h e r e  was a s t r o n g  r a d i a l  dependency i n  the  f l o w  

f i e l d .  The f low codes c a l c u l a t e d  the  t r u e  a x i a l  dens i t y  p r o f i l e :  

o (z )  = ~ ( z ) ,  r = O  1 

b u t  t he  rad iographs y i e l d e d  : 

2 

Thus i f  the re  was a l a r g e  r a d i a l  v a r i a t i o n  i n  dens i t y ,  the 
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rad iography acted t o  s p a t i a l l y  average t h e  data. Th is  r a d i a l  

averaging increased t h e  discrepancy a t  t he  shock f r o n t ,  and caused 

a l l  of t h e  apparent e r r o r  i n  t h e  c a l c u l a t e d  p r o f i l e s  f a r  f rom the  

shock. 

The f l o w  f i e l d  i n  a t y p  ca l  detonat ion,  was c a l c u l a t e d  by 

DYNAPD (F igu re  11). Close t o  the shock the re  was a s i g n i f i c a n t  

r a d i a l  d e n s i t y  g rad ien t .  T h i s  g rad ien t  f l a t t e n e d  o u t  on moving back 

f rom t h e  shock , as t h e  i s o p i c n i c s  changed from convex t o  concave. 

Far from t h e  shock, l a t e r a l  expansion was w e l l  developed and the re  

again e x s i s t e d  a s t r o n g  r a d i a l  d e n s i t y  dependence. The areas o f  

g r e a t e s t  e r r o r  between f l o w  c a l c u l a t i o n s  and measurements thus 

corresponded t o  those areas i n  which the re  were s t rong  r a d i a l  f l o w  

g rad ien ts .  The anomolous agreement found i n  the  case o f  t h e  lOmm 

c a r t r i d g e ,  was due t o  the  detonat ion being ve ry  c lose  t o  the 

c r i t i c a l  p o i n t .  Under t h i s  c o n d i t i o n  the  r e a c t i o n  zone was g r e a t l y  

extended, v i t  t h e  DYNAZD s i m u l a t i o n  (F igu re  12). The e f f e c t  o f  t h i s  

extens ion o f  t h e  r e a c t i o n  zone was two f o l d .  The shock appeared 

e f f e c t i v e l y  t h i c k e r  t o  the  x- ray beam, so t h e  measured d e n s i t y  and 

c a l c u l a t e d  d e n s i t i e s  agreed, even c lose  t o  t h e  shock f r o n t ,  and the  

i n f l e c t i o n  p o i n t  i n  t h e  i s o p i c n i c  r a d i u s  o f  cu rva tu re  occurred 

f a r t h e r  back i n  t h e  f l ow ,  c r e a t i n g  a l a r g e  area i n  which the re  was 

l i t t l e  r a d i a l  dependence i n  t h e  f l ow .  Fu r the r ,  t he  chemical 

r e a c t i o n  was so slow t h a t  inward moving l a t e r a l  r a r e f a c t i o n s  f r o z e  

the  r e a c t i o n  so as t o  leave a h igh  dens i t y  low pressure s h e l l  o f  

unreacted exp los i ve  around t h e  expanding detonat ion products .  Th i s  
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FIGURE 11 
DYNAZD D e n s i t y  F i e l d s  a t  20mm 

FIGURE 12 
DYNAZD D e n s i t y  F i e l d s  a t  lOmm 
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FIGURE 13 

8mm Diameter  Charge 
DYNAZD A x i a l  D e n s i t y  P r o f i l e s  vs Pseudo X-Ray Data f o r  
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FIGURE 14 

lOmm Diameter  Charge 
DYNAZD A x i a l  D e n s i t y  P r o f i l e s  vs Pseudo X-Ray Data f o r  
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s h e l l  acted t o  weight  t h e  s p a t i a l  d e n s i t y  average toward the  value 

a t  the charge a x i s .  

Th i s  reasoning was t e s t e d  by c o n s t r u c t i n g  a pseudo x-ray 

p i c t u r e  from t h e  hydrocode d e n s i t y  f i e l d s  us ing equat ion ( Z ) ,  and 

comparing t h e  pseudo x-ray data w i t h  the  a x i a l  data (F igures 

13,14). Features p resen t  i n  t h e  r e a l  data were present  i n  t h e  

recons t ruc t i on :  t h e  8mm da ta  d i sp layed  t h e  th ree  areas o f  

error,agreement and e r r o r  on moving back from t h e  shock, b u t  t h e  

lOmm data showed good agreement a t  a l l  d is tances.  T h i s  confirmed 

the  hypothesis, and by i m p l i c a t i o n ,  v i n d i c a t e d  t h e  DYNA2D and CPEX 

ca l cu la t i ons .  

Moreover, t h e  a b i l i t y  o f  t h e  r a t e  law t o  p r e d i c t  accu ra te l y  

the  f r e e z i n g  o f  r e a c t i o n  due t o  l a t e r a l  expansion had been 

demonstrated. 

SENSITIVITY TO CONSTITUTIVE AND RATE MODELS 

Up t o  t h i s  p o i n t  t h e  hydrocode and d i ve rgen t  f l o w  codes had 

been cons t ra ined  t o  use t h e  same c o n s t i t u t i v e  and chemical r e a c t i o n  

r a t e  laws. The e f f e c t s  o f  removing such c o n s t r a i n t s  w e r e  now 

examined. 

CPEX and DYNAZD were used t o  model t he  performance o f  t h e  

condensed i n t r a m o l e c u l a r  exp los i ve  P e n t o l i t e .  As be fo re  both codes 

were r e q u i r e d  f i r s t  t o  reproduce t h e  measured de tona t ion  v e l o c i t y  

charge diameter dependence o f  t h e  composit ion. CPEX was used 

e x a c t l y  as be fo re ,  b u t  DYNA2D was run  us ing t h e  JWL equat ion o f  

s t a t e  f o r  t h e  unreacted and reac ted  explosive13, and a type of 
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Ignition and Growth reaction rate model’. Again the comparison was 

on the predicted axial density profile at close and far from the 

critical diameter (Figure 15). 

Somewhat surprisingly, apart from the region close to the 

shock where the arti’ficial viscosity in DYNALD was active, there 

was excellent agreement between the two calculations. Some effects 

o f  the reaction rate model were noticeable in the 3mm diameter 

simulation: at 2mm from the shock there was a plateau in the DYNAZD 

density profile, associated with the reaction proceeding from being 

PETN dominated to TNT dominated. The excellent correlation between 

the two simulations demonstrated that if the rate law 

parameterisation is adequately performed, different models need n o t  

give differing answers. 

CONCLUSIONS 

The ability of the two different calculational approaches to 

describe steady-state axisymmetric detonation has been demonstrated 

against a variety of experimental measurements. The use of 

detonation velocity-charge diameter data for calibration of the 

reaction rate models in the codes was found adequate for predicting 

the steady-state flow in the explosive. Good agreement was found 

between the two methods, and experiment, for all available data. 

The detail in the simulations was such that anomalies in the 

experimental data could be rationalised in terms of the reaction 

process ocurring in the explosive. 

The two methods were used to examine the effect on the predicted 
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2 . 4  
A DYNAZD 3 MU DIACLTER 
+ DYNAZD 20 MM DIAMETER 
- CPEX 

+ 
+ 

0.6 - 
0.5 - 
0 . 4  - 
0 . 3 ,  I 1 I I I I ,  I I I I I I I ,  

0 2 4 6 8 10 12 14 

DISTANCE FROM SHOCK IW) 

F I G U R E  15 

3mm and 20mm Diameter Charges 
A x i a l  Densi ty  Profiles for DYNAZD and CPEX in Pentolite 
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f l ow  o f  changes i n  t h e  r e a c t i o n  r a t e  and equat ion o f  s t a t e  models. 

P rov id ing  adequate pa ramete r i sa t i on  o f  t h e  models aga ins t  

experimental data was performed, t h e  agreement between the  two 

approaches was n o t  s e n s i t i v e  t o  t h e  form o f  t h e  model used. 
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