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REACTIVE FLOW MODELING OF RECENT EMBEDDED GAUGE AND METAL 
ACCELERATION EXPERIMENTS ON DETONATING PBX-9404 and LX-17 

C.  M .  Tarver, N .  L. Parker, H. G. Palmer 
6.  Hayes and L. M. Erickson 

Lawrence Livermore National Laboratory 
University of California 

Livermore, California 94550 

ABSTRACT 

The igni t ion and growth model of the reactive flow d u r i n g  

shock i n i t i a t i o n  and detonation wave propagation i n  the 

heterogeneous sol i d  explosives PBX-9404 and LX-17 i s  compared 

t o  recent embedded pa r t i c l e  velocity and stress gauge 

measurements i n  detonati ny PBX-9404 and Fabry-Perot f r ee  

surface velocity measurements of t h i n  metal pl a t e s  accelerated 

by detonating PBX-9404 and LX-17. The  overall agreement 

between the numerical calculations and the various experiinental 

records, which have time resolutions i n  the nanosecond regime, 

i s  very good. The regions o f  disagreement emphasize some of 

the processes involved i n  reactive flow and metal acceleration 

t h a t  a r e  not f u l l y  understood and directions f o r  future 

experimental and model i ny  work. 

calculational r e su l t s  a r e  a1 so compared t o  some previously 

reported back surface pa r t i c l e  velocity yauye and f r ee  surface 

These new experimental and 

Journal of E n e r g e t i c  Materials Vol. 1, 213-250 
T h i s  paper i s  n o t  s u b j e c t  t o  U.S. c o p y r i g h t .  
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v e l o c i t y  measurements f o r  detonating PBX-9404. 

records and the  numerical r e s u l t s  c l e a r l y  demonstrate t h a t  

detonating PBX-9404 a t t a i n s  p a r t i c l e  v e l o c i t i e s  and pressures 

i n  excess o f  t he  Chapman-Jouyuet (CJ) values i n  l e s s  than ten  

m i l l ime te rs  a f t e r  detonat ion has been establ ished and t h a t  the 

r e s u l t i n g  detonat ion reac t i on  zone has a steady p r o f i l e  f o r  i t s  

e n t i r e  l eng th  o f  propagation. 

The experimental 

INTRODUCTION 

1 The i g n i t i o n  and growth model o f  reac t i ve  f l o w  dur ing 

snock i n i t i a t i o n  and detonat ion wave propagation has 

success fu l l y  ca l cu la ted  a g rea t  deal o f  one- and two-dimensional 

experimental data on sol i d  heterogeneous explosives and 

propel 1 ants,2-6 p a r t i c u l  a r l y  on the HMX-based explos ive 

PBX-94047 and the  TATB-based expl os i  ve LX-1 7 

i y n i t i o n  and growth model o f  a detonat ion wave i s  based on the  

Zel ‘dov ich -von Neuniain -Doring” (ZND) model, i n  which 

the steady s t a t e  reac t i on  zone cons is ts  o f  a leadiny shock wave 

f ron t ,  a chemical reac t i on  zone i n  which the shocked unreacted 

explos ive i s  converted t o  reac t i on  products according t o  a 

reac t i on  r a t e  law, and a Chapman”-Jouguet” (CJ) s ta te  a t  

which the  chemical reac t i on  i s  complete and the f l ow  i s  sonic. 

The reac t i on  zone i s  fo l lowed by a non-steady ra re fac t ion  ( o r  

Tay lor )  wave i n  which the  reac t i on  products expand and cool. 

The equations o f  s ta te  and chemical reac t ion  ra tes  used t o  

The 
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model shock i n i t i a t i o n  and detonation i n  PBX-9404 and LX-17 are  

discussed by Tarver and Hallquist and a r e  l i s t e d  i n  Table 

1- 

on the p a r t i c l e  velocity h i s to r i e s  measured by Hayes and 

Tarver f o r  PBX-9404, LX-17 and other explosives u s i n g  a 25 

um thick copper gauge system w i t h  a several nanosecond time 

resolution developed by Hayes.13 These pa r t i c l e  velocity 

h i s t o r i e s  were a l l  measured a t  a depth of 50.8 mm i n  the t e s t  

explosive. One experimental r e s u l t  reported i n  t h i s  paper i s  

the record o f  a Hayes-type pa r t i c l e  velocity gauge a t  a much 

small e r  depth of detonati ng PBX-9404 i n a one-dimensi onal 

experiment conducted i n  the LLNL 101.6 inm gas yun.14 The 

mu1 t i p l e  embedded electromagnetic p a r t i c l e  velocity gauge 

developed by Erickson e t .  a1.15 f o r  shock i n i t i a t i o n  s tudies  

i s  a l so  used t o  study detonating PBX-9404 a t  short  r u n  

distances. 

packages cons i s t  of a 25 Vrn thick aluminum fo i l  encapsulated i n  

a s imilar  thickness of tef lon,  thus yielding a be t t e r  impedance 

match t o  the explosive than the copper Hayes-type gauge b u t  a 

s l i gh t ly  longer time response. 

velocity gauges g i v e  excellent agreement i n  both inert and 

reacting environments. Thicker mu1 t i p l e  pa r t i c l e  velocity 

2 

The descriptions of detonation wave propagation a re  based 

3 

In this appl ication these Eri ckson-type gauge 

The two types of pa r t i c l e  

gauges have been used i n  detonating TNT-based '6,17 and 

16 non-i deal expl o s i  ves. 
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I n  add i t i on  t o  embedded p a r t i c l e  v e l o c i t y  gauges, several 

groups have devel oped the  capabi 1 i ty o f  u s i  ny mu1 ti p l  e embedded 

mangan n s t ress  gauges t o  study shock i n i t i a t i o n  and detonation 

wave processes. 

t u rbu len t  f l ow  produced i n  the  shock t o  detonat ion t r a n s i t i o n  

process, the  25 pm manganin f o i l  has t o  be encapsulated i n  a 

much y rea ter  thickness o f  t e f l o n  insu la t ion .  

gauges per tu rb  the  reac t i ve  f l ow  more than the  p a r t i c l e  

v e l o c i t y  gauges, and the  records are more d i f f i c u l t  t o  

analyze. 

records i n  detonat ing PBX-9404 are  compared t o  i g n i t i o n  and 

growth reac t i ve  f l o w  model p red ic t i ons  i n  the nex t  sec t ion  o f  

t h i s  paper. 

To surv ive f o r  reasonable times i n  the 

Thus these s t ress 

However, a s e t  o f  f ou r  embedded manganin gauge 

Jus t  as the  t ime r e s o l u t i o n  o f  the embedded p a r t i c l e  

v e l o c i t y  yauyes has recen t l y  been improved, two new techniques 

have been developed t o  study metal acce le ra t ion  by detonation 

waves w i t h  nanosecond reso lu t ion .  The Fabry-Perot technique o f  

measuring the  f r e e  surface v e l o c i t y  o f  t h i n  metal p la tes  dr iven  

by detonat iny PBX-9404 and LX-17 described by Erickson e t .  

a1.23 7s used i n  the  paper t o  measure the f r e e  surface 

v e l o c i t y  h i s t o r i e s  o f  t h i n  aluminum and copper p la tes  i n  101.6 

lnia gun experiments and the ear ly - t ime r a d i a l  copper wa l l  

v e l o c i t i e s  i n  the c y l i n d e r  test.24 The second technique i s  

a lso  a l a s e r  based ve loc i t y  in te r fe rometer  system c a l l  OKVIS 
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f o r  Optically Recorded Velocity Interferometer System, i n  which 

the motion o f  very thin metal fo i l s  t h r o u g h  a water medium i s  

recorded by a nigh speed electronic streak camera. Sheffield 

e t .  a1.25 have measured this  foil  motion u s i n g  ORVIS for 

several explosives, i ncl udi ng the TATB-based explosive 

PBX-950Z7 and  TNT. Al'tshuler e t .  a1 .26 have also reported 

using a similar laser technique on other detonating 

explosives. The ignition and growth model i s  used in th i s  

paper t o  calculate the Fabry-Perot records for PBX-9404 and 

LX-17 and i n  Sheffield e t .  a1 .25 t o  calculate the ORVIS 

records for PBX-9502 and TNT. A great deal i s  being learned 

about  the equations of s ta te  and reaction rates of detonating 

explosives and about  the equations of s ta te  and time-dependent 

processes i n  metals and other iner t  materials by these 

comparisons o f  experimental records and numerical modeling 

results. 

reported metal acceleration experiments t h a t  have led t o  

considerable controversy. 27-31 

Nurnerical models can also be compared t o  previously 

In th i s  paper the ignition 

and growth model f o r  PBX-9404 i s  compacted t o  the back surface 

particle velocity gauge measurements of Davis and Rainsay 

and the free surface velocity measurements on thicker riietal 

plates by Craig34 and Cast e t .  a1.35 using the reflected 

wire technique. 

the new experimental d a t a  and t o  determine the abi l i ty  o f  the 

ignition dnd growth iiiodel t o  calculate a l l  o f  the available 

data .  

32,33 

The main purposes o f  this paper are t o  present 
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EMBEDDED GAUGE RESULTS FOR PBX-9404 

As discussed i n  the Introduction, the Hayes-type and 

Erickson-type embedded particle velocity gauges are now 

yiel di ng good agreement in  iner t  material s and detonati ng 

explosives. 

i n  detonating PBX-9404 u s i n g  Erickson-type gauges of the 

thicknesses l i s ted  on Fig. 1 a t  depths of 10 mm and 14 min. 

This experiment used a non-metallic ( teflon) flyer plate 

impacting the PBX-9404 a t  2 mm/ps and imparting approximately 

tl GPa pressure a t  the interface. 

detonation a t  t h i s  i n p u t  pressure i s  2-3 mm so the detonation 

wave i s  well established by the time i t  arrives a t  the f i r s t  

gauge s t a t i o n  10 mrti into the PBX-9404. 

additional Erickson-type gauge records from the same experiment 

a t  the same depths i n  PBX-9404 w i t h  slightly thicker teflon 

insulation, a s  l is ted on the F ig .  2. Also shown i n  Figs. 1 and 

2 are the calculated particle velocity histories in the teflon 

ju s t  behind the aluminum gauge element. 

described by the ignition and growth model using the parameters 

l isted in Table I. 

aluminum, teflon, and the other iner t  materials modeled i n  t h i s  

paper are l i s ted  i n  Table 11. 

th i s  paper generally use 20 zones per rm i n  the reacting 

explosive and corresponding zone dimensions for different 

Figure 1 contains two particle velocity histories 

The run distance t o  

Figure 2 shows two 

The PBX-9404 i s  

The equations of s ta te  parameters for 

The calculations reported in 
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density and impedance inert  materials. Occasionally a very 

finely zoned calculation w i t h  100 zones per mm of explosive i s  

used t o  resolve the reaction zone in great detail. Similar 

particle velocity histories are shown i n  Fig.  3 for  a 

Hayes-type gauge (50 bm of copper i n  th i s  experiment which had 

nearly identical in i t ia l  conditions a s  the experiment described 

i n  Figs. 1 and 2 )  and for the calculated particle velocity 

history in the PBX-9404 just behind the copper gauge. 

particular gauge was a thicker experimental design t h a t  did n o t  

yield as accurate a representation of the flow a s  the standard 

gauge used by Hayes and Tarver3 (25 b m  of copper). 

the agreement between the experimental records and calculated 

histories, which were normalized t o  Hayes-type gauges a t  a 

depth of  50.8 mm, i n  Figs. 1-3 i s  quite good considering the 

inherent time responses of these gauge packages. 

the excellent agreement between the gauge records and 

calculations i n  the rarefaction or Taylor wave a t  particle 

velocities below 2 mm/ps proves t h a t  these gauges faithfully 

record the flow for  more than a microsecond. Although the 

experimentally recorded peak particle velocities are not quite 

as  high as the ZND model calculations i n  the f i r s t  0.1 v s ,  

these records indicate t h a t  the detonation wave front i n  

PBX-9404 attains particle velocities and pressures in excess of 

the CJ values i n  less  t h a n  ten millimeters af ter  detonation has 

been estaDl ished. 

This 

However, 

In particular 
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As discussed i n  the In t roduct ion,  manganin s t ress  gauges 

requ i re  t h i c k e r  i n s u l d t i o n  than p a r t i c l e  v e l o c i t y  gauges and 

thus per tu rb  the  reac t i ve  f l ow  t o  a g rea ter  extent .  However, 

these s t ress  gauges do accurate ly  record the  f l o w  associated 

w i t h  detonat ion waves i n  PBX-9404, as demonstrated i n  F ig .  4. 

Four manyanin yauge records, each gauye cons is t i ng  o f  25 p m  of 

manyanin w i t h  275 p111 of t e f l o n  on each side, are shown i n  F ig .  

4 a t  depths of 5, 10, 15 and 20 inin o f  PBX-9404 i n  an experiment 

w i t h  a s ta in less  s tee l  f l y e r  p l a t e  t h a t  impar ts  approximately 

12 liPa i n t o  the  PBX-9404. The run  d is tance t o  detonat ion i s  

there fore  1-2 mm so even the  5 mm deep gauge should be i n  the 

detonat ion regime. 

The ca lcu la ted  pressure h i s t o r i e s  i n  the t e f l o n  zones j u s t  

behind the manyanin gauge elements are a l so  shown i n  F ig .  4. 

These ca l cu la t i ons  show the two o r  th ree  peak s t ruc tu re  created 

by the i n t e r a c t i o n  o f  the  gauge package mate r ia l s  w i t h  the 

detonat ion wave. 

the  presence o f  the  r e 1  a t i v e l y  t h i c k  mangani n gauge package 

seems t o  pe r tu rb  the detonation f low more than the  ca l cu la t i ons  

pred ic t ,  the  ayreement between the exper imenta l ly  measured and 

the  ca lcu la ted  ear ly- t ime pressure peaks i s  exce l len t .  

c lose  agreement Detween the measured and ca lcu la ted  peak 

pressures a t  the  10 mm yduge i s  another i n d i c a t i o n  t h a t  

pressures i n  excess o f  the CJ values are a t ta ined i n  l e s s  than 

Except f o r  the 5 mm deep gauge record, where 

The 
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t en  m i  11 imeters o f  detonation propagation. However, the  

ayreernent i n  the ra re fac t i on  wave reg ion i s  no t  as good as f o r  

the p a r t i c l e  v e l o c i t y  yauyes. 

FAdRY-PEROT MEASUKElJlENTS FOR DETONATING PBX-9404 

The Fabry-Perot technique has been used t o  measure the f ree  

surface v e l o c i t y  o f  t h i n  metal p la tes  accelerated by detonat i  ng 

PBX-9404 i n one-dimensional gas gun experiments and cy l i nde r  

tes ts .  

copper f l y e r  p l a t e  impacted 17 mm o f  PBX-9404 a t  1.25 mm/bs 

impar t ing a 9 GPa shock pressure i n t o  the  PBX-9404. The 

r e s u l t i n g  f r e e  surface v e l o c i t y  records o f  t h i n  copper o r  

a1 umi num p la tes  accel erated by the  detonati  ng PBX-9404 are 

shown i n  Figs. 5, 6, and 7 f o r  a 0.5 mm t h i c k  copper p la te ,  a 

0.5 rmn t h i c k  aluminum plate,  and a 0.25 mm t h i c k  copper p la te,  

respect ive y. The i y n i t i o n  and yrowth ca lcu la t ions  f o r  each 

experiment are inc luded i n  Fig. 5, 6, and 7. 

rey ions o f  v e l o c i t y  decrease o r  "pul l-back" and subsequent 

reshock are resolved by both the Fabry-Perot records and the 

ca lcu lat ions,  and the  ove ra l l  agreement i s  excel 1 ent. Since 

the Fabry-Perot technique has the  best  t ime reso lu t ion  o f  a l l  

o f  the experimental techniques appl ied t o  PBX-9404 metal 

accelerat ion, the ca l cu la t i on  o f  the ve loc i t y  h i s t o r i e s  i n  Fig. 

5-7 i s  the toughest one-dimensional t e s t  o f  the i g n i t i o n  and 

I n  the 101.6 nun gas gun experiments, a 6 mm t h i c k  

The various 
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yrowth model f o r  detonatiny PBX-9404. 

peak and valley velocity values may be due t o  several factors ,  

including spa11 of the metal plates.  Further experimentation 

and calculational model development can cer ta inly address such 

physical processes on a nanosecond time scale. 

The small differences i n  

The  cylinder test24 has long been used t o  measure the 

radial  copper wall motion produced by detonati ny explosives, 

and calculat ions of this motion a r e  then used t o  define the JWL 

equation of s t a t e  parameters o f  the reaction products.36 The 

standard s t reak camera technique can not record the e a r l i e s t  

wall motion, b u t  the Fabry-Perot technique can resol ve 

this motion, t h u s  enhancing the usefulness of the cylinder 

test. Figure 8 shows the Fabry-Perot and calculated radial  

copper wall velocity h i s to r i e s  f o r  a 0.254 cm thick copper wall 

driven by a 2.54 cm diameter cylindrical  detonation of 

PBX-9404. The i n i t i a l  measured wall velocity i s  s l i gh t ly  l e s s  

than the calculated value, which i s  a general trend t h a t  i s  not 

understood a t  the present time b u t  t h e  overall agreement i s  

yood. 

nearly identical  t o  these i y n i  t ion and growth calculations,  

because the e f f e c t s  of the t h i n  PtlX-9404 reaction zone ( d  

R?aCtiOn time of l e s s  than 2U ns o r  a reaction zone length of 

l e s s  than 0.2 irim) decay d u r i n g  tne shock wave t r a n s i t  throujn 

the r e l a t ive ly  thick copper wall. However, a s  will be 

Calculations without a resolvable reaction zone a re  
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demonstrated f o r  LX-17 i n  the next section, the i n c l u s i o n  Of  

the  f i n i t e  thickness reac t ion  zone i s  essent ia l  f o r  cy l i nde r  

t e s t  ca l cu la t i ons  f o r  explosives w i th  r e l a t i v e l y  t h i c k  reac t ion  

zones. 

FMRY -PEROT MEASUgEMENTS FOR LX-17 

Four FaDry-Perot f ree  surface ve loc i t y  measurements have 

been made using LX-17 t o  accelerate t h i n  metal p la tes  i n  the 

101.6 mm gas gun, and a cy l i nde r  t e s t  has a lso  been f i r e d .  

F iyure  9 shows the Fabry-Perot record and the ca lcu la ted  f r e e  

surface v e l o c i t y  o f  a 0.243 mm t h i c k  aluminum p l a t e  accelerated 

by 17 mm o f  LX-17 t h a t  was impacted by a 6 mm copper f l y e r  

p l a t e  moving a t  1.89 mm/ps. 

TATB i n t e r f a c e  t o  approximately 16 GPa, which r e s u l t s  i n  a run  

distance t o  detonat ion o f  5-6 mm i n  ~ x - 1 7 . ~ ~  The ca lcu la ted  

v e l o c i t y  h i s t o r y  i s  i n i t i a l l y  s l i g h t l y  high bu t  then c lose ly  

ayrees w i t h  the  Fabry-Perot record f o r  the e n t i r e  2 ps 

rdedsured. 

experiments i n  wnich copper p la tes  are used instead of 

a1 umi num. 

v e l o c i t i e s  o f  a 0.433 mm copper p la te  accelerated by 14 mm o f  

LX-17, which was i n i t i a t e d  by 3 mm o f  PBX-9404 t h a t  had been 

impacted by a 6 mi1 copper f l ye r  p l a t e  w i t h  a ve loc i t y  of 1.14 

mrdps. 

This f l y e r  ve loc i t y  shocks the 

The agreement i s  no t  as c lose i n  the other  th ree  

F i  gure 10 compares the measured and ca lcu la ted  

The i g n i t i o n  and growth models of both Pax-9404 and 
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LX-17 a r e  used i n  t h i s  calculat ion t o  shock i n i t i a t e  PBX-9404 

from an i n i t i a l  pressure of approximately 6 GPa and then 

i n i t i a t e  the LX-17 from the PBX-9404 reactive flow. The 

calculated early-time ve loc i t i e s  a re  s l i g h t l y  higher than the 

Fabry-Perot record, while the 1 ater-time agreement i s  good. 

T h i s  i s  a lso the case i n  F i g .  11 which compares measured and 

calculated velocity h i s to r i e s  f o r  0.249 mm copper plate  driven 

by 1 7  inm of LX-17 which was impacted by a 6 mm thick copper 

f l y e r  p l a t e  a t  1.95 rm/vs. 

the motion of a 0.1026 mm copper p l a t e  accelerated by 17  mm of 

LX-17 i n i t i a t e d  by a copper f l y e r  p l a t e  impact of 1.89 m m / ~ s ,  

and again the calculated early-time motion i s  s l i yh t ly  higher 

tnan t h e  experimentally measured motion. 

Figure 12 shows the f i r s t  0.6 us of 

T h i  s early-time disagreement could mean t h a t  the current 

model of the LX-17 reaction zone has the wrong pressure-tine 

p ro f i l e  o r  i s  too thick. 

with multiple embedded p a r t i c l e  velocity gauges, since the 

explosive mass and f l y e r  p l a t e  mass and velocity l imitat ions 

t n a t  prohibited such s tudies  i n  the 101.6 mm gas g u n  without 

overdri vi ng LX-17 w i t h  another explosive have recently been 

overcoine. 

velocity measurement i s  better than those w i t h  copper plates ,  

the detondtion wdve model f o r  LX-17 may be accurate. 

calculated early-time veloci t ies  may be due t o  the increased 

T h i s  poss ib i l i t y  will soon be studied 

However, since the agreement with the a1 umi num plate  

The hiyh 
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reaction ra tes  i n  the par t ia l ly  reacted LX-17 adjacent t o  the 

copper plate  a f t e r  this material i s  reshocked by the reflected 

shock wave created a s  the detonation wave front s t r i k e s  the 

copper. Since the yrowth reaction ra te  has a p dependence 

f o r  LX-17 and the reflected pressure i n  the reacting LX-17 

adjacent t o  the copper plate  exceeds 60 GPa, this LX-17 reacts 

much inore rapidly than i n  the steady s t a t e  detonation wave, 

wnich has a reaction zone length of approximately 2 mm 

corresponding t o  a reaction time of approximately 0.25 CIS. 

T h i s  t h i n  layer of rapidly reacting LX-17 may t h e n  impart some 

additional early-time momentum t o  the copper plate. The 

reflected pressure from an aluminum plate  i s  much lower, 

approximately 40 GPa, and the reaction r a t e  i n  the doubly 

shocked LX-17 i s  not a s  rapid as i n  the case of copper. 

e f f e c t  i s  shown i n  F i g .  13, which  contains calculated fract ion 

reacted h is tor ies  as  various distances in to  LX-17 near the 0.24 

mm aluminum and copper plates  whose Fabry-Perot records are 

shown in  F i g s .  9 and 11, respectively. These metal plates  

e f f e c t  the redction ra tes  i n  approximately 1 mm of LX-17 

adjacent t o  the plates ,  and the stronger reflected shock wave 

froin the copper plate  increases the LX-17 reaction r a t e  more 

than the reflected shock from the aluminum plate. 

LX-17 growth reaction ra te  i s  approximately doubled by the 

reflected shock from the aluminum plate,  the calculations 

predict  t h a t  the reaction i n  the 0.125 mm o f  LX-17 nearest t o  

3 

T h i s  

Althouyh the 
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the aluminum i s  quenched before completion by the rarefaction 

wave created when the shock wave reaches the free surface of 

the aluminum. 

plate calculation, since the LX-17 yrowth reaction rate i s  

increased by a factor of 8 i n  the reflected shock wave. The 

problem i s  complicated by the fac t  t h a t  equations of s ta te  for 

the unreacted explosive and the reaction products may n o t  be 

applicable a t  these pressures. Further experimentation w i t h  

the Fabry-Perot and other techniques with very thin metal fo i l s  

may eventually address these h i g h  pressure reaction rates and 

equation of s ta te  problems for detonating solid explosives w i t h  

relatively thick reaction zones, such as LX-17. For explosives 

l ike PBX-9404 w i t h  very narrow reaction zones, experimental 

observation of such effects  represents quite a challenge. 

T h i s  i s  not  predicted t o  occur i n  the copper 

The Fabry-Perot technique has also been used on a LX-17 

cylinder t e s t  u s i n y  a 0.254 cm copper wall and a 2.54 cm 

diameter LX-17 charge. 

developed t o  study the early wall motion. The Fabry-Perot, 

prism, and calculated radial copper wall velocities are 

compared i n  Fig. 14. As for  PBX-9404, the in i t ia l  calculated 

velocity i s  higher than the Fabry-Perot value, b u t  then the 

agreement amony the three curves i s  excellent. A t  l a te r  times 

these new experimental techniques agree with the streak camera 

records, and of course the reaction product JWL equation of 

A prism technique38 has also been 
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s t a t e  i s  f i t  t o  tha t  later-time expansion data. A CJ 

calculation without a resolved reaction zone and using a CJ 

pressure of 27.5 GPa for  LX-17 predicts velocit ies much lower 

than the data i n  F ig .  14, and t h u s  the ignition and growth 

ZHD-type model should be used for  explosives w i t h  re la t ively 

thick reaction zones. By incorporating the Fabry-Perot, prism 

and the igni t ion and yrowth techniques, the cylinder test  has 

recently become an even more useful tool for  measuring the 

metal acceleration a b i l i t y  of h i y h  explosives. 

CALCULATIONS OF PREVIOUS PBX-9404 DATA 

Since the ignition and yrowth model of detonating PBX-9404 

accurately calculates  the new mu1 t i p l e  embedded par t ic le  

velocity and stress gauge records and the Fabry-Perot metal 

acceleration records, i t  i s  used i n  th i s  section t o  calculate 

previously reported back surface par t ic le  velocity gauge data 

and f r e e  surface velocity measurements on detonating PBX-9404. 

T h i s  par t ic le  velocity gauge data was obtained by Davis and 

Ramsay 32s33 u s i n g  a probe consisting of 75 pm of aluminuin 

backed by 6.35 mm of teflon tha t  was placed beh ind  various 

thicknesses of the t e s t  explosives, which are shock i n i t i a t e d  

by plane wave lenses. 

experimental par t ic le  velocity hi s tor ies  reported by Davis and 

Kamsay 32s33 for  various thicknesses of PBX-9404 from 12.7 mbn 

Fiyure 15 contains the f ive  smoothed 
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t o  203.2 mm and the corresponding iynition and growth 

calculations of the particle velocity histories i n  the teflon 

just Dehind the aluminum gauye. 

calculated curves i n  F ig .  15 are caused by the detonation wave 

reaction zone traversing the aluminum gauge element and then 

enteriny the teflon backing. 

particle velocity histories remain higher t h a n  the experimental 

records for approximately 0.5 US. 

The early-time peaks in the 

In general the calculated 

As mentioned i n  the Introduction, free surface velocity 

measurements of plates accelerated by detonating explosives 

have long been used t o  infer detonation wave parameters, such 

as CJ pressure and reaction zone width.  

these measurements i s  quite complex and has led t o  considerable 

debate. 27-31 

i g n i t i o n  and growth model calculations i s  presented in this  

section. The most famous and complete free surface velocity 

study i s  the pioneering work of Craig u s i n g  the reflected wire 

techniq~e.~ '  Craig's results are most fully discussed by 

Mader and Craig.34 The measured free surface velocities of 

aluminum (2024 Dural) plates of various thicknesses accelerated 

by various thicknesses of PBX-9404 were reported a s  single 

values and trien plotted as  functions o f  plate and explosive 

thicknesses. 

t h a t  led t o  var ious  interpretations and further 

experimentation. Craig's measured vdlues for Dural aluminum 

The interpretation of 

The comparision of some of th i s  d a t a  with 

The resulting curves contained changes in slope 
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p la tes  dr iven by PBX-9404 detonations i n i t i a t e d  by plane waves 

lenses are compared t o  i g n i t i o n  and growth ca lcu la t ions  o f  

these experiments i n  Fig. 16-19 f o r  1.27 cm, 2.54 cm, 5.08 cm, 

and 10.16 c n  t h i c k  PBX-9404 charges, respect ive ly .  

c o n s t i t u t i v e  models o f  aluminum w i t h  d i f f e r e n t  degrees o f  

soph is t i ca t i on  and d i f f e r e n t  mater ia l  proper ty  values were 

tes ted  and had l i t t l e  e f f e c t  on the peak f ree  surface 

ve loc i t i es ,  b u t  the models d i d  e x h i b i t  d i f f e r e n t  ve loc i t y  

decrease o r  "pul l-back" rates. The ca l cu la t i ons  shown i n  Figs. 

16-19 used the 2024 Dural aluminum equation o f  s ta te  l i s t e d  i n  

Table I 1  and the  Steinberg-Guinan model4' t o  describe the 

h i  gh s t r a i  n r a t e  c o n s t i t u t i v e  behavior. 

t e n s i l e  s t rength o r  spa11 models were used, bu t  such models 

e x i s t  and could be appl ied as required. The f r e e  surface 

v e l o c i t y  h i s t o r i e s  i n  Figs. 16-19 thus represent the  maximum 

r a t e  o f  "pul l-back" t h a t  the aluminum could exh ib i t .  

apparent from Figs. 16-19 t h a t  Cra iy 's  measurements agree more 

c lose ly  w i t h  the  ca lcu la ted  peak v e l o c i t i e s  as the length  o f  

the  PBX-9404 cnarye increases and thus the steepness of  the 

"pull-back," which i s  d i r e c t l y  r e l a t e d  t o  the steepness o f  the 

ra re fac t ion  wdve i n  the Pax-9404 reac t i on  products, decreases. 

For the steepest "pull-back" (1.27 cm PBX-9404 charges i n  Fig. 

161, Craig's values l i e  U.2-0.25 us behind the ca lcu lated peak 

ve loc i t i es ,  0.1-0.15 us behind f o r  2.54 crfl charges i n  Fig. 17, 

0.05-0.1 u s  behind f o r  5.08 cm charges i n  F ig.  18, and qu i te  

Various 

No t ime dependent 

It i s  
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c lose t o  the  peak values i n  Fig. 19 f o r  10.16 cm charges, w i t h  

the  exception o f  t he  5.09 cm aluminum p la te ,  which i s  most 

1 i k e l y  slowed by s ide  ra re fac t ions .  The disagreement between 

the ca l cu la ted  and measured i n i t i a l  f r ee  v e l o c i t i e s  f o r  the  

shor tes t  charge leny ths  remains a mystery. 

technique has an inherent  t ime response since a f i n i t e  length  

and a f i n i t e  t ime must be measured and d i f f e r e n t i a t e d  t o  ob ta in  

a f r e e  surface ve loc i t y .  The actual  value o f  t h i s  t ime 

response i s  unknown. 

metal c a l c u l a t i o n a l  study o f  Lambourn and H a r t l e ~ , ~ ~  the 

experimental value o f  f r e e  surface v e l o c i t y  1 i e s  between the  

ca l cu la ted  i n i t i a l  f r e e  surface v e l o c i t y  and the mean ve loc i t y  

over the  f i r s t  "pul l-back" period. 

tne  e f f e c t i v e  pressure from approximately 30 GPa a t  1.27 cin t o  

37.5 tiPa a t  10.16 cm used by Mader42 t o  ca l cu la te  Cra ig 's  

f ree sur face v e l o c i t y  measurements does no t  seein t o  be 

compatible w i t h  the  embedded gauye and Fabry-Perot data. 

The r e f l e c t e d  wi re 

As concluded i n  the  c lass i ca l  explosive 

The concept o f  bu i ldup o f  

A f u r t h e r  compl ica t ion  i s  the  p o s s i b i l i t y  o f  spa11 o f  these 
29 r e l a t i v e l y  t n i c k  aluminum plates. 

demonstrated t h a t  much o f  the  ava i l ab le  data i s  cons is tent  w i t h  

approximately 1 inm o f  aluminum being spa l led  o f f  the r e s t  o f  

the  p l a t e  and t h a t  t he  dimensions o f  the  spa l led  sect ion would 

depend most s t rong ly  on the  pressure p r o f i l e  i n  the detonating 

explos ive and the  dynamic t e n s i l e  s t rength  o f  the p l a t e  

Veretennikov e t .  a l .  
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material. Since the shock veloci t ies  i n  these aluminum plates  

a re  7-8 mn/Ps, the t r a n s i t  time of the shock and subsequent 

release wave through 1 mm of aluminum i s  approximately 0.25 

P S .  Therefore techniques, such a s  Fabry-Perot, t h a t  can 

resolve the f i r s t  few nanoseconds appear t o  be necessary t o  

accurately measure the i n i t i a l  velocity of metal acceleration 

by detonating explosives. 

The above cornparision i s  f o r  aluminum plates,  and fur ther  

comparisons f o r  other plate  materials were made t o  check the 

conclusions reached f o r  aluminum. Fiyure 20 shows Craiy's  

measurements and the calculat ions f o r  plexiglas plates  driven 

by 10.16 cm of PBX-9404. As f o r  aluminum, the ayreement i s  

quite close since 10.16 cm of PBX-9404 has a re la t ively gradual 

pressure decay. Two sets of f ree  surface velocity data from 

the reflected wire technique are  available f o r  magnesium, 

although the types of magnesium used were s l igh t ly  d i f fe ren t  

(see Table 11). Figure 21 shows Craig's measurements and the 

calculations f o r  magnesium plates  driven by 1.27 cm of 

PBX-9404, while F ig .  22 shows the Cast e t .  a1.35 measurements 

and tne calculat ions f o r  magnesium pla tes  driven by 11-43 cm of 

PBX-9404. As shown f o r  aluminum plates,  the free surface 

velocity measurements from the reflected wire technique are 

approximately 0.25 p s  down t h e  calculated velocity history 

curves f o r  1.27 cm charges and are very close t o  the calculated 
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peak veloci t ies  f o r  11.43 charges. 

technique r e s u l t s  f o r  Plexiglas and magnesium are  consistent 

w i t h  those f o r  aluminum plates. 

pressure prof i le  and the h i g h  s t r a i n  r a t e  properties of the 

plate  inaterial must be carefully considered when analyzing free 

surface velocity data for  t h i n  explosive charyes. 

T h u s  the reflected wire 

The e f f e c t s  of the explosive 

CONCLUSIONS 

Two embedded par t ic le  velocity yauge techniques, the 

embedded mangani n stress gauge technique, and the Fabry-Perot 

f r e e  surface velocity measurement technique a re  demonstrated t o  

y i e l d  accurate data on detonation wave propagation and metal 

acceleration by Pi3X-9404 and LX-17 i n  the nanosecond time 

resolution regime. A l l  of these experimental r e s u l t s  a re  quite 

consi stent when compared throuyh numerical cal cul a t ions based 

on the igni t ion and growth ZND-type model of detonation. This 

calculational model i s  a1 so compared t o  some previously 

reported back surface par t ic le  velocity yauge data and free 

surface velocity measurements on PBX-9404. 

the f i n i t e  reaction zone length of detonation waves i n  ZND-type 

model calculat ions i s  shown t o  be necessary t o  calculate  the 

momentum imparted t o  metal plates,  even f o r  PBX-9404, which has 

a reaction zone length of l e s s  than 0.2 mm,  and especially for  

LX-17, which has a reaction zone length of approximately 2 mln. 

The inclusion of 

232 

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



The abi l i ty  of PBX-9404 t o  a t t a i n  a steady s ta te  detonation 

velocity and CJ pressure in less  than ten millimeters of the 

transition t o  detonation i s  implied by the embedded gauge 

results, the Fabry-Perot results, and the correspondi ny 

calculations. 

predict previously reported back surface gauge and free surface 

velocity da ta  for short r u n  distances of PBX-9404. 

there appears t o  be unresolved differences between the 

experimental measurements. 

However, the calculations do not  accurately 

Therefore 

B o t h  the experimental and theoretical understandi ny of 

detonation wave phen0iiIena and tne subsequent effects on iner t  

materials are s t i l l  developiny. The current embedded particle 

velocity yauje techniques have an inherent time response of a 

few nanoseconds and may slightly perturb the chemical energy 

release rates i n  the explosive in contact with the gauge. 

These gauges and the manganin stress gauges, as well as new 

experimental techniques, wi 11 undoubtably yi el d improved data  

i n  the near future, and the numerical models can then be 

further refined. 

other new techniques t o  metal acceleration by shock init iated 

and detonating explosives will yield finely resolved data on 

equations o f  s ta te  and high pressure reaction rates o f  

explosives dnd on n i y h  strain rate and spa11 phenomena of plate 

raaterials. 

Continued-application of Fabry-Perot and 

Tnis da ta  can a l so  be incorporated into 
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computational model s. 

interactions o f  llydrodynamics and chemical energy release that  

control detonation wave propagation mechanisms 4 3 9 4 4  are s t i l l  

unobservable i n sol 1 d explosives, new experimental and 

theoretical results such as those presented i n  this  paper are 

certainly producing an accurate macroscopic description o f  

detonation wave phenomena. 

A1 though the complex microscopic 

TABLE I 

EQUATION OF STATE AN0 REACTION RATE PARAMETERS FOR PBX-9404 AND LX-17 

JUL EQUATION OF STATE: p I A( l  - U/R1V)e41V + B ( l  - u/R2V)e42V + Y E / Y  

P8X-9404 LX-17 
Unreacted Explosive Reaction Products Unreacted Exulosive 

A (Mbar) 9522 8.524 778.1 
8 (Mbar) 

R l  
R2 
Y 

E (Mnar-cc/cc) 

I n i t i a l  Ternperature (K) 

Snedr Hodulus (Mbdr) 
V ie la  bt rengtn (Mnar) 
I n i t i a l  Density (g/cm3) 

M a t  CdPClty (Mbar/K) 

-0.05944 
14.1 

1.41 
0.8967 

2.781x10-5 

2Yd 
0.0454 

0.002 
1 .a42 

Octonation Uave P a r w t e r s  
Detonation Veloc i ty  (nmlrs )  8.80 

Pressure (mar) 0.39~31 
Relat ive Volume 0.720Y 

P a r t i c l e  Veloc i ty  (mnlps) 2.456 

0.1802 
4.6 

1.3 
0.38 
0.102 

iX10-5 

8.80 
0.370 
0.7406 
2.283 

-0.05031 
11.3 

1.13 
0.8939 

2.487~ I D-5 

2Jd 
0.0354 

0.002 
1.895 

7.5136 
0.3374 
0.6914 
2.344 

Reaction Products 

6,5467 

0.071 236 
4.45 

1.2 
0.35 
0.069 

1x10-5 

7.596 
0.275 
0.7485 
1.910 

React ion  Rate Parameters: a F / a t  - l ( 1  - F ) 2 / 9 ( p s / ~ o  - + G ( l  - F)2/9F213Pz 

1 (rs-') 44 50 
G (ps - l  Rbar-Z) B50 500 
Z 2.0 3.0 
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I I I I I I - - Experimental records - 
2.4 - 

E 2.0 - 
E 

.z 1.6 - : - 
5 1.2 

& 0.8 - n 9404 W W :  14 mm PBX 9404 gauge: 

(Erickson type gauge) - 
Calculated particle 
velocity histories 

- - A n 
1 
x 

- 
Teflon flyer plate 
Initiation of PBX 9404 

- 
I 

5. 

- 
Q 

0) 
0 

- 
- - 

10 mm PBX 

25 pm Teflon 5 0  gm Teflon 
0.4 25pm A1 2 5 p  A1 

.- 
CI 

- - 
- - 
- 25 pm Teflon 50 pm Teflon - 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 
Time (ps)  

0 I I I I 

Figure 1. Embedded Erickson-type gauge and calculated 
particle velocity histories in detonating PBX 9404. 

0- 

10 mm 
PBX 9404 
gauge: 
50 pm Teflon 
25 prn A1 
50 pm Teflon a 

- Experimental records 
(Erickson type gauge) 

velocity histories 
' -- Calculated particle 

\ Teflon flyer plate initiation 

14 mm PBX 9404 gauge: 
127 pin Teflon 
25 pm A1 
127 prn Teflon 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 

Time (ps) 

Figure 2. Additional Erickson-type embedded gauge and 
calculated particle velocity histories in detonating 
PBX 9404. 
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01 - 
r 
h 0.4 

.U 0.8 

Figure 3. Hayes-type embedded gauge and calculated particle 
velocity histories in detonating PBX 9404. 

I -- Calculated particle velocity history - 
I Depth = 18 mm of PBX 9404 - 
I Teflon flyer plate init iat ion of PBX 9404 - 

- 

- I Ini t ial  pressure -8 GPa - 

40 

30 
m a. 
2 
2 a 
2 
n. 2c 

v) Y) 

1c 

c 

10mm 

I I 

Stainless - Experimental Manganin 
flyer plate 
initiation of 
PBX 9404 at an 
initial pressure ---- Calculated pressure 

I 

gauge records (275 pm Teflon, 
25 pm Manganin, 275 prn Teflo 

15mm 

- of -12 GPa histories 

I 1 .o 2.0 
Time (ps) 

*- 

!O mm in 
'BX 9404 

I 
3.0 

Figure 4. Embedded Manganin gauge and calculated pressure 
histories in detonating PBX 9404. 
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P. 

Mater ia l  

A l  (6061) 
A1 (2024 Dural) 
Capper 
Teflon 
Magnesium (Craig) 

Magnesium (Cast) 
Plexiglas (Craig) 

TABLE 11 
EaUATlON OF STATE AN0 CONSTITUTIVE PROPERTIES FOR INERT IUTERIALS 

U n s t i t u t i v e  Propert ies 

Hater i  a1 

A l  (6061) 
A l  (2024 Dural) 
Copper 
Tef ion 
Magnesi um 
PI ex i  91 ds 

p - pressure c . sound ve loc i ty  
E . Interna l  energy I i n i t i a l  density 

a, 51. 52. S3 are constants ’: - r e t r t t r e  conpression (P/Po) 

2.703 0.524 1.40 
2.185 0.5328 1.338 
8.Yj 0.3Y4 1.489 
2.15 0.168 1.123 
1.775 0.4516 1.256 
1.738 0.452 1.233 
1.186 0.2598 1.516 

Snear HOduIus (MDarl 

0.276 
0.286 
0.477 
0.02?9 
0.1656 
0.0232 

52 53 ‘(0 a 

0 0 1.91 0.48 
0 0 2.0 0.48 
0 0 2.02 0.47 
3.983 -5.797 0.59 0 
0 0 1.43 0.33 
0 0 1.54 0.33 
0 0 0.97 0 

Yleld Strengtn ( m a r )  

0.003 (0.0029 + 0.0068 I n  Reference 40) 

0.003 (0.0026 + 0.0076 i n  Reference P O )  

0.003 
0.002 
0.002 
0.w2 
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- Fabry-Perot 
experimental velocities 

history 

6 mm Cu flyer plate 
Flyer velocity = 1.27 mm/ps 
17.007 mm of PBX 9404 
0.501 mm of Cu 
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Time (ps) 

Figure 5. Fabry-Perot and calculated free surface velocity 
histories of a 0.501 mm copper plate accelerated 
by detonating PBX 9404. 
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Flyer velocity - 1.24 mm/pr 
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, - Fabry-Perot 
I experimental velocities 

4' x--x Calculated velocity 
history 
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, - Fabry-Perot 
I experimental velocities 

4' x--x Calculated velocity 
history 

El 
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I I 

6 mm Cu flyer plate 
Flyer velocity = 1.25 mmlpt 
16.852 mm of PBX 9404 
0.250 mm of Cu 

0 0.2 0.4 0.6 

Time ( P S I  

Figure 7. Fabry-Perot and calculated free surface velocity 
histories of a 0.250 mm copper plate accelerated by 
detonating PBX 9404. 
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Figure 8. Fabry-Perot and calculated radial copper wall velocity historin for a PBX 9404 cylinder Wit.  
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6 rnm Cu flyer velocity - 1.89 mmlps 
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Figure 9. Fabry-Paot and calculated free surface velocity histories of a 0.243 mm aluminum plate kmlerated 
by detonating LX-17. 

1.8 I I I 1  

4.2 I I I I  

Time (PSI  

Figure 10. Fabry-Perot aqd calculated free surface velocity 
histories of a 0.433 mm copper plate accelerated 
by detonating LX-17 initiated by PBX 9404. 
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Figure 11. Fabry-Perot and calculated free surface velocity 
histories of a 0.249 mm copper plate accelerated 
by detonating LX-17. 

Figure 12. Fabry-Perot and calculated free surface velocity 
histories of a 0.1026 mm copper plate accelerated 
by detonating LX-17. 
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into LX-17 - 
U 
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Time (rsl 

Figure 13. Calculated fraction reacted histories for LX-17 at various distances from 0.24.mm aluminum and copper plates 
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6 Fabry-Perot experimental record - Prism techniqua experimental record - - Calculated wall velocity history 

2.54 cm diameter LX-17 
0.254 cm thick Cu cylinder wall 

Figure 14. Fabry-Perot, prism and calculatd radial coppr wall WlOCiW historias for an LX-17 cylindar tut. 
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cc. Experimental records 
(prob. ia 75 .urn of Al 
backad by 6.35 mm of Taflonl 

12.7 mm of PEX 9404 
i 
i 

x- -x  Calculated particle velocity historia 1.5 - 

I 1 I I i i I I I i I 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Time Ips1 

Figura 15. Particla velocity hiatories from detonating PEX 9404 determined by Davis' probe and the 
computational simulations. 
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Figure 17. Craig's experimental and calculated aluminum free 
surface velocities for 2.54 cm PBX 9404 charges. 
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Figure 18. Craig's experimental and calculated aluminum free 
surface velocities for 5.08 cm PBX 9404 charges. 
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Figure 19. Craig's experimental and calculated aluminum free 
surface velocities for 10.16 cm PBX 9404 charges. 

Time (ps) 

Figure 20. Craig's experimental and calculated Plexiglas free 
surface velocities for 10.16 an PBX 9404 charges. 
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Figure 21. Craig's experimental and calculated magnesium- 
free surface velocities for 1.27 cm PBX 9404 
charges. 
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Figure 22. Cast's experimental and calculated magnesium- 
free surface velocities for 11.43 cm PBX 9404 
charges. 
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