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ON UNDERWATER DETONATIONS, 1. A NEW METHOD FOR PREDICTING THE 
U DETONATION PRESSURE OF EXPLOSIVES 

H. G i l l .  L. Asaoka and E. Bdroody 
Syotnesis and Formulat ions Branch. R 1 1  

Naval Surface Weapons Center 
Ind ian  Head, Maryland 20640 

AHSTRACT 

The exper imental  de tonat ion  pressure o f  exp los ives  has been found t o  
c o r r e l a t e  reasonably we l l  w i th  t h e  t h e o r e t i c a l  s p e c i f i c  impulse and dens i t y  o f  
these compositions. Two data se ts  were sub jec ted  t o  l i n e a r  regress ion  
ana lys is ,  g i v i n g  a numbe o f  poss ib le  c o r r e l a t i o n s ;  however, t he  equat ion  
con ta in ing  I sp  x Uensity5, a Kamlet-Jacobs l i k e  te rn .  was found t o  show t h e  
best r e l a t i o n s h i p  f o r  p red ic t i ny ,  today's p l a s t i c  bonded explosives.  The 
complete equat ion  i s :  

Pexptl = 44.4 ( I s p  x Dens i ty2)  - 21 

INTROOUCTInN 

Explosives be ing  developed f o r  m i l i t a r y  use i n  recent  years have 

cons is ted  o f  polymeric b inde r  matr ices.  f i l l e d  w i th  energe t i c  iny red ien ts .  

The multi-component, non-homogeneous composi t ions which have been and a re  

be ing  developed, espec ia l l y  those con ta in ing  metal  powders, have non- ideal  

de tonat ion  p roper t i es  (an i d e a l  exp los i ve  i s  one t h a t  can be descr ibed 

adequately by t h e  s teady-s ta te  theory ) ( ' ) .  

s i m p l i f i e d  computation method can p r e d i c t  t he  de tonat ion  p roper t i es  o f  i d e a l  

explosives,  bu t  cannot always p r e d i c t  those o f  t h e  l ess  i d e a l  ones, and it 

o f f e r s  l i t t l e  p o s s i b i l i t y  o f  be ing  used t o  accu ra te l y  p r e d i c t  t he  p roper t i es  

o f  me ta l l i zed  composi t ions.  (Underwater exp los ives  con ta in ing  metal powders 

a re  o f  spec ia l  i n t e r e s t  t o  the  Navy due t o  t h e i r  p o t e n t i a l  t a r g e t  damage 

enhancement. ) 

The Kamlet-Jacobs (KJ)(') 

The authors o f  t h i s  paper, p rope l l an t -o r i en ted  chemists, who i n  recent  

years became more i nvo l ved  i n  exp los ive  development, have observed t h e  

J o u r n a l  of  E n e r g e t i c  Materials v o l .  5 ,  287-307 (1987) 
T h i s  pape r  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 .  
Pub l i shed  i n  1987 by Dowden, Brodman & Devine,  I n c .  
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reiiiarkable s i m i l a r i t y  between the thermodynamic proper t ies needed t o  ca l cu ld te  

t h e  perfonnance cha rac te r i s t i cs  o f  propel lants  and those of explosives. 

s i m i l a r i t y  i s  especia l ly  evident between the Phi term ( 2 )  i n  the Kamlet-Jacohs 

equation and the spec i f i c  impulse ( I s p )  i n  the p rope l l an t  ca lcu lat ions.  

Therefore. i t  appeared reasonable t o  examine the s u i t a b i l i t y  o f  using s p e c i f i c  

impulse (Isy), which i s  e a s i l y  obtained from the computer code, t o  

co r re la te  the detonation proper t ies o f  explosives. T h i s  paper repor ts  the 

resu l t s  of our study i n t o  the re la t i onsh ip  between I sp  and detonat ion 

pressure. 

ve loc i t y  and t o  cy l i nde r  energy. Ue hope t o  eventual ly  use the  I sp  

ca lcu lat ions f o r  p red ic t i ny  the explos ive performance o f  meta l l ized 

compositions. 

propel lant  formulators t o  obta in  rocket performance parameters o f  me ta l l i zed  

propel 1 ants. ) 

This 

Later  papers w i l l  describe how Isp i s  re la ted  t o  detonation 

(PEP computer ca l cu la t i ons  have been used f o r  many years by 

*See appendix f o r  an explanation o f  the PEP code and a sample p r in tou t .  
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D t  T O I A T  ION CALCULAT I UNS 

The Kamlet-Jacob (KJ) equation accurately p red ic t s  the measured 

detonation pressure f o r  a l a rye  number o f  explosive compounds. The KJ 

equation i s  given by:(') 

2 PCJ'KM 

where 

K = 15.58 

= N(flff) ' /2(Q)1/2 = ph i  

do=  loadiny aensity o f  explosive. g/cc 

PcJ = Chapman-Jouyuet Oetonation Pressure i n  Ki lobars 

N = number o f  moles o f  gas from one gram o f  explosive 

MU = average molecular weight o f  gases produced during explosion 

0 = heat o f  detonation i n  ca l l g ,  ca lcu lated using the HzO/CO~ a r b i t r a r y  

F i r s t ,  we wanted t o  see i f  the Isp could be d i r e c t l y  subst i tu ted f o r  the 

phi i n  the equation: Y(exptl) = phi x density2. 

Using the P(exptl), phi, and densi ty  data presented i n  Table 1 ( t h i s  data 

i s  from the o r i g i n a l  paper by Kamlet and Dickinson published i n  19613(~) and i s  

composed mostly o f  pressed and melt-cast ideal  explosives). and the  Isp of  t he  

compositions calculated from the PEP code; the  phi x density2, and the Isp x 

density' o f  a number o f  explosives were p l o t t e d  against t h e i r  respective 

experimental detonation pressures (see Figures 1 and 2). A l i n e a r  regression 

analysis o f  the data gave t h e  r e s u l t s  shown i n  Table 2. 
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A very yood c o r r e l a t i o n  was observed f o r  bo th  r e l a t i o n s h i p s ,  a l though the  

KJ equat ion y a w  a s l i y h t l y  b e t t e r  H2-co r re la t i on  c o e f f i c i e i l t  and Standdrd 

e r ro r .  

de tonat ion  pressure was now c l e a r l y  demonstrated. 

The v a l i d i t y  o f  us iny  the  Isp i n  p lace  o f  t he  ph i  f o r  de termin ing  

Next, we wanted t o  f i n d  ou t  i f  t he  axpoflent of 1 On t h e  I sp  and the  

exponent o f  2 on the  dens i t y  gave the  bes t  f i t  t o  data. 

rey ress ion  ana lys i s  was conducted on t h e  da ta  i n  Table 1, us ing  an equat ion  o f  

t he  form I n  P(expt l )  = N I n  ( I s p )  + M I n  (Dens i t y )  + i n t e r c e p t .  

presented below 

This t ime the  l i n e a r  

Tlie r e s u l t s  

N = 1.51 ?; 0.18 14 = 1.95 i 0.11 

i n d i c a t e  t h a t  t he  exponents should be approximately 1.5 f o r  Isp and 2.0 f o r  

dens i ty .  

A s i m i l a r  l i n e a r  reyress ion  ana lys i s  was then conducted on another da ta  

set .  

shown i n  Table 3. 

cas t  exp los ives ;  bu t  u n l i k e  Table 1, i t  a l s o  con ta ins  a number o f  p l a s t i c -  

bonded composi t ions (PBXs). (PBXs are  rep resen ta t i ve  of  todays'  s ta te -o f - the -  

a r t  m i l i t a r y  exp los ives) .  

Th is  da td  was ob ta ined from t h e  LLHL (Exp los ives  Handbook(5) and i s  

Like Table 1. Table 3 i s  composed o f  some pressed and me l t -  

These exponents were found t o  be q u i t e  d i f f e r e n t :  

N = 0.93 i .0 .21  W = 2.25 f 0.11 

The Table 3 da ta-se t  i nd i ca tes  t h a t  t he  exponent o f  t h e  I s p  i s  

approximately 1.0 and the  exponent o f  t he  d e n s i t y  i s  approx imate ly  2.25. 

A l i n e a r  rey ress ion  ana lys i s  was then  conducted on t h e  r e l a t i o n s h i p s  as 

determined from t h e  I n - l n  analyses o f  da ta  from both  Tables 1 and 3. Table 4 

sliows these resu l t s .  

well as the  Phi x dens i t y *  w i t h  the  exper imental  de tona t ion  pressures g iven i n  

Table 1. But i t  showed the  poorest  c o r r e l a t i o n  f o r  t h e  LLNL data  i n  

Indeed, the  te rm I ~ p l . ~  x dens i t y2* "  d i d  c o r r e l a t e  as 
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Table 3. yave t t ie  bes t  

c o r r e l a t i o n  w i t h  tne  da td  i n  Table 3.  but  gave the  l eas t  c o r r e l a t i o n  f o r  t h e  

da ta  froin Tdb l r  1. Hecause a l l  tnese terms c o r r e l a t e d  reasonabiy w e l l  w i t h  

the  exper imental  de tonat ion  pressure (K2W.YS). and s ince  I s p  x dens i t y2  was 

an acceptable coinpromise between t h e  two se ts  o f  exponents. t he  exponents 1 

and 2 were chosen. Also, because Table 1 contained most ly  i d e a l  exp los i ve  

composi t ions,  w h i l e  Table 3 contained many less  i d e a l  composi t ions,  e.g. PHX- 

exp los ives  formed from energet ic  s o l i d s  and b inder  i ng red ien t ;  t h i s  equat ion  

was se lec ted  as more rep resen ta t i ve  o f  today 's  s ta te -o f - the -a r t  composite 

compositions. 

t h e  I sp  x dens i ty '  f unc t i on  was der ived  from the  da ta  i n  Table 3. 

On the  o t t ie r  hand. the  term 1spl-0 

Thus, t h e  equat ion f o r  c a l c u l a t i n g  t h e  de tonat ion  pressure from 

P(exptl) = 44.4 I sp  x dens i ty '  - 21 

The v a l i d i t y  o f  t h i s  r e l a t i o n s n i p  can be b e t t e r  demonstrated by p l o t t i n g  

the  var ious  va r iab les  aga ins t  t he  experimental de tonat ion  pressures y i  ven i n  

Table 3. 

dens i ty ,  and t h e  I s p  x densi ty2.  respec t ive ly .  as a func t i on  o f  t h e  de tonat ion  

pressure.  F i y u r e  3 demonstrates t h a t  t he  Isp alone showed some c o r r e l a t i o n .  

F i yu re  4 shows t h a t  t h e  dens i t y  alone yave a much b e t t e r  c o r r e l a t i o n  bu t  t h e  

da td  i s  q u i t e  sca t te red .  I n  F igu re  5, where t h e  te rm I s p  x dens i t y  i s  used, 

we see a s i g n i f i c a n t  improvement i n  the  co r re la t i on .  a l though LX-17, which has 

a l a r y e  dens i t y  and a r e l a t i v e l y  small I sp ,  i s  s t i l l  f a r  f rom the  l i n e .  

F igu re  6 shows t h e  r e s u l t  o f  us ing  Isp x densi tyz.  

composi t ions are  reasonably c lose  t o  the  l e a s t  squares l i n e  and e x h i b i t  a It2- 

c o r r e l a t i o n  c o e f f i c i e n t  o f  0.904. 

The f o u r  p l o t s  (F iyures  3. 4, 5 and 6) show t h e  Isp,  dens i ty ,  I s p  x 

I n  t h i s  p l o t .  a l l  t h e  
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The 1sp c o r r e l a t i o n  works w e l l ,  a l though the  PEP coiilputer coae uses the  

assumption t n a t  t he  products a re  i d e d l  gases, and t h e  I s p  c a l c u l a t i o n  i s  hased 

on rocket  no to r  pressure cond i t i ons  (expansion f r m  1OllU t o  14.7 k s i ) .  Gases 

a t  t he  very h i y h  pressures of a Chapman-Jouyuet (CJ) de tona t ion  are  no t  

considered idea l .  bu t  F i c k e t t  and udv i s (6 )  s t a t e :  " L i t t l e  i s  known dbOUt the  

p roper t i es  o f  gases i n  the  neighborhood o f  t h e  CJ p o i n t  o f  l i q u i d  and S o l i d  

exo los i  ves ." 

CONCLUSION 

A novel  method has been found t o  p r e d i c t  t h e  Chapman-Jouguet de tonat ion  

pressure:  us iny  t h e  t h e o r e t i c a l  rocke t  performance c a l c u l a t i o n s  from t h e  PEP 

computer code. 

KJ f o r  i d e a l  explosives.  The c o r r e l a t i o n  ob ta ined th rough the  use o f  t h e  PEP 

code have been extended t o  composite exp los ives .  e.9. b inders  f i l l e d  w i t h  

s o l i d  exp los i ve  p a r t i c u l a t e  ma te r ia l .  

This method has been shown t o  agree w i t h  the  e a r l i e r  work o f  
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tiLOSSARV 

Oesiynation 

ETF 
Comp 8 
cy c 1 or 0 I 
EDNA 
FEFO 
HMX 
LX-04 
LX- 10 
LX- 14 
LX- 17 
NG 
NM 
Octol 
PEX-9010 
PBX-9011 
PEX 9404 
Pentol i t e  
PETN 

RUX 
TATB 
TETRY L 
TNB 
TNM 
T NT 
CEF 
Estane 

Viton A 

KEL-F 

t ien lo- t r is  [1,2.S~-oxadiazole-l,4,7-trioxide 
RUX/TNT/UAX (63/36/1) 
ROX/TNT (7S/25) 
Ethylene Dinitramine, (1,2-di-(nitramino)ethane) 
1 . I1 - [ k thy lene -b i s -  (Oxy)]-Bis-[2-f 1 uoro-2,bdin i  troethane] 
Octahydro- 1.3.5,7- t e t r a n i  t ro- 1,3,5, L t e t r a z o c i  ne 
HMX/Viton A (85/15) 
HMX/Viton A (95/5) 
HMX/Est ane (9 5.5/4 -5) 

1.2.3-Propanetriol t r i n i  t r a t e  
N i  tromethane 
HMX/TNT (75/25) 
RDX/KEL-F (YO/ 10) 
HMX/Estane (90/10) 
HMX/NC/CEF (94/3/3) 
PETN/TNT (50/50) 
2,2-Bis[(Nitroxy)methyl]-l,3-propanediol d i n i t r a t e  
(Pentaerythr i  to1 t e t r a n i t r a t e )  
Hexahydre 1.3,5-tr ini tro- 1.3.5-triazine 
2,4,6-Trinitro-1.3,5-benzenr?triamine 
&Methyl- N.2.4 , C t e t  ran i  t robenzenami ne 
1.3.5-Trinitrobenzene 
Tetrani tromethane 
2-Methyl- 1.3 .b-tr ini trobenzene 
Tris-b-chloroethylphosphate 
Polyurethane so lu t i on  system from 6. F. Goodrich Co. 
Chl o r o t r i  f l uo roe thy lene /v iny l i d i  ne f l u o r i d e  copolymer (3/1) from 
3M Company 
V i  ny 1 i d i  ne f l u o r  i de/hexaf 1 uoropropylene copolymer (6O/40) from 
DuPont Chemical Co. 

TATB/KEL- F YO0 (92.5/7.5) 
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PPF'tNGIX: THE PEP CODE 

lrae Pr*#pellant Lvaluatirm Program (PEP, was devrlofeci by D . 6 .  
Cruise of Naval Weapons Centzr. China Lake. I t  a-sume5 e n a t  the 9dsQs 
s-P ideal.lI,e products are calculated using d free energy minimization 
te-hnlsoe. F i r s t .  the enthalpy is calculateb for the propellant ar 
l0@B PSlr 'her ,  the prcpellant 1 5  burned and the ga5.e- ewanderl to 14.7 
p C 1 .  The t*it+halpy 1 5  again calculated for t n s  gases at +his lower 
~ r e b ~ ~ i r e .  l h i s  difference ~n the two enthalpirs is proportional to 
+be WOr-1 dorle by the expanding gases and is e<~ressed as the specific 
impulse+ 151'- The  followinr information IS needed to run the PEP: 

1. heat of formation ut each ingredient 

2. atomic formula of each ingredient 

3. composition of propellant or explosive 

A sample calculation is given for  the explosive LX-04, which is 
composed of U5% HHX and 15X Viton A. 

LX64 H C N O F  

HHX -668 .ee4 .em .ee8e.eeee 85.666 61. .6687 
VITON A .664 .6656.6666.866 .6676 15.666 -1881. .6656 
6GRAM ATOM AMOUNTS FOR PROPELLANT UEIGHT OF 166.866 1 .6666 
6 (H ) (I: ) (N ) (0  ) (F ) 

2.576587 1.548873 2.295963 2.295963 .521159 

T f K )  TfF) f ' (ATtt)  P ( P S 1 )  ENTHALPY ENTROPY CP/CU GAS RT/U 
2898. 4757. 68.62 1866.66 -21.87 245.98 1.2584 4.266 15.976 

1.33953 CO 1.14743 N2 .52993 H20 .52164 HF 
.66661 HO .48452 H2 .26926 CO2 .el979 H 

1.66E-63 NO 1.76E-64 0 1.17E-64 F 7.JSE-65 02 
4.33E-65 NH3 3.63E-85 CHO 3.36E-65 CNH 

T ( K )  T ( F )  PtATR) P(PS1) ENTHALPY ENTROPY CP/CV GAS RT/V 
1285. 1718. 1.66 14.78 -91.31 245.98 1.3666 4.246 .236 

1.14797 N2 1.14265 CO .68672 H2 .52116 HF 
.46626 C02 .34691 HZO .66663 NH3 .68682 CH4 

BHYPOTHESIS IHPULSE GARMA THR. T THR. P CF ISP* OPT EX EXH V RHO-ISP 
6 FROZEN 8 f 2867 1341, 37.36 1.575 7.63 78k3. 6 9 . 3  

SHIFTING 1:2512 2577. 37.73 1.569 196.6 7.81 7918. 463.3 

6BoosT UELOCITltS FOR PROPELLANT DENSITY OF .66868 (S.G. OF @ 
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TABLE 2 
Linear  Regression Analysis o f  Data 

Std Error  
R2** (Kbars) 

x v a r i a b l e  Y v a r i a b l e  Intercept  Slope - 
phi x density‘ P(,xptl) -8 f 10* 16.42 .f 0.68 0.969 14 

ISP x h n s i t ~  P(expt1) -15 2 14* 42.8 t 2.2 0.951 18 2 

1 ast-square value o f  t h e  c o e f f i c i e p t  f i t s  standard e r r o r  
** It’ = c o r r e l a t i o p  c o e f f i c i e n t  squared 
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