
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 16 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Energetic Materials
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713770432

Underwater performance of polyurethane - PETN explosives
P. D. Katsabanisa; M. Rizkb

a Department of Mining Engineering, Queen's University Kingston, Ontario b Military Engineering
Section, Defence Research Establishment Suffield, Ralston, Alberta

To cite this Article Katsabanis, P. D. and Rizk, M.(1992) 'Underwater performance of polyurethane - PETN explosives',
Journal of Energetic Materials, 10: 2, 97 — 126
To link to this Article: DOI: 10.1080/07370659208018231
URL: http://dx.doi.org/10.1080/07370659208018231

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713770432
http://dx.doi.org/10.1080/07370659208018231
http://www.informaworld.com/terms-and-conditions-of-access.pdf


UNDERWATER PERFORMANCE OF POLYURETHANE - PETN 

EXPLOSIVES 

P.D. Katsabanis 

Department o f  Min ing Engi n e e r i  ng , Queen I s U n i v e r s i t y  

Kingston, On ta r io  

and 

M. R i z k  

M i l i t a r y  Engineer ing Section, Defence Research Establ ishment 

S u f f i e l d ,  Ralston, A l b e r t a  

Detonat ion v e l o c i t i e s  and pressures f o r  Polyurethane Foam - 
PETN charges a t  a d e n s i t y  o f  0.6 g/c+ have been determined 

exper imen ta l l y  and compared t o  t h e o r e t i c a l  p r e d i c t i o n s  obta ined by 

t he  TIGER code, us ing  the  BKW equat ion o f  s t a t e  w i t h  the  RDX f i t  and 

a new f i t  developed f o r  low d e n s i t y  explosives. I t  was found t h a t  

t he  exp los i ve  e x h i b i t s  a non- ideal  performance a t  small charge 

diameters. I n  o rde r  t o  determine the  equat ion o f  s t a t e  o f  t h e  
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de tona t ion  produc ts  o f  t h e  exp los i ve  i n  underwater app l i ca t i ons ,  

aquar i  um exper iments were conducted and compared w i t h  hydrodynamic 

c a l c u l a t i o n s  performed by t h e  TDL code. HOM equat ion  o f  s t a t e  

parameters were ob ta ined by us ing  a t r i a l  and e r r o r  approach so t h a t  

good agreement i s  observed between exper imental  de tona t ion  

v e l o c i t i e s  and gas expansion h i s t o r i e s  underwater. Using t h i s  

technique, HOM parameters were ob ta ined i n  t h r e e  d i f f e r e n t  charge 

diameters.  I t  was found t h a t  a t  a diameter o f  70 mn t h e  de tona t ion  

behaviour o f  t h e  exp los i ve  i s  i d e a l  w h i l e  non- idea l  performance i s  

e x h i b i t e d  a t  t he  sma l le r  d iameters o f  19 mn and 45 mn. 

The de tona t ion  c h a r a c t e r i s t i c s  o f  very  low d e n s i t y  condensed 

exp los i ve  systems have been i n v e s t i g a t e d  by T u l i s  and Aust ing  who 

examined n i t r o c e l l u l o s e ,  foamed PETN and foamed n i t r o c e l l u l o s e  / 

n i t r o g l y c e r i n e  a t  d e n s i t i e s  o f  0.25 g/c+ and 

X e ~ g u o ' ~ )  examined t h e  de tona t ion  parameters o f  po lyure thane 

/ PETN foams a t  PETN concen t ra t i ons  between 40% and 50% and 

d e n s i t i e s  between 0.3 g/cm3 and 0.9 g/cm3. 

Anderson(4) ob ta ined de tona t ion  parameters o f  po lyure thane / 

PETN mixes a t  a PETN concen t ra t i on  o f  60% and d e n s i t i e s  between 0.15 

g/cm3 and 0.7 g/cm3. The recorded de tona t ion  v e l o c i t i e s  o f  foam 

s labs  were between 1500 and 3300 m/s. 

The present  study examines a po lyure thane / PETN system a t  a 
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PETN concentration o f  60% and a density of 0.6 g/cm3 in order to 

establish equation of state parameters for modelling underwater 

performance. 

For most explosives of military interest and a number o f  

comnercial emulsion explosives, which exhibit ideal detonation 

performance, equations like the Becker - Kistiakowsky - Wilson and 

the Jacobs - Cowperthwaite - Zwisler have been used to calculate 

detonation properties assuming complete reaction and chemical 

equilibrium. Fits o f  the results obtained by these equations are 

a1 so used in hydrodynami c codes to model expl osi ve perf onnance. 

This is for example the case with the HOM equation of state for 

gasesc5) which calculates pressure and temperature, given the 

internal energy, specific volume and mass fraction of the 

undecomposed material. Another method which has been popular in 

performance calculations using hydrodynamics is the calibration of 

an equation of state of the detonation products by means of an 

experiment. A typical example i s  the Jones - Wilkins - Lee (JWL) 

equation which is calibrated by a cylinder test and a trial and 

error approach. 

The modelling o f  the performance of low density polyurethane - 

PETN explosives requires special attention because the explosive 

can exhibit non-ideal behaviour which cannot be modelled by the 

previous techniques. The behaviour of the explosive at different 

diameters has to be examined first by comparing measured and 

theoretical values of the detonation velocity and pressure. 
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Equat ion  o f  s t a t e  parameters can be determined l a t e r ,  u s i n g  t h e  

p rev ious  f i nd ings .  

EXPERIMENTAL DETERMINATION OF DETONATION PARAMETERS 

a. Detonat ion  V e l o c i t v  

Detonat ion  v e l o c i t i e s  o f  c y l i n d r i c a l  charges o f  t h e  

po lyure thane / PETN s o l i d  foam a t  a d e n s i t y  o f  0.6 g/crn3 were 

determined a t  a v a r i e t y  o f  d iameters by us ing  s t r e a k  camera 

photography. 

The charges were primed by  509 o f  Detasheet C and t h e i r  l e n g t h  

t h e  was 30 cm except f o r  one o f  t h e  5.1 crn diameter charges and 

charge having a diameter o f  lOcm which had a l e n g t h  o f  90 cm. 

The r e s u l t s  o f  t h e  t e s t s  a re  shown i n  Table 1. The de tona t ion  

v e l o c i t y  v a r i e d  accord ing  t o  t h e  t e s t  d iameter.  The c r i t i c a l  

d iameter appears t o  be c lose  t o  19mn w h i l e  t h e  maximm v e l o c i t y  

observed was c lose  t o  3600 m/s f o r  charges having diameters l a r g e r  

than 51  mn. 

b. Detonat ion  Pressure 

The de tona t ion  pressure o f  t h e  s o l i d  exp los i ve  foam was 

measured a t  va r ious  diameters by means o f  t he  aquarium technique. 

The exper imental  se t  up i s  shown i n  F igu re  1. I n  t h i s  

experiment, t h e  v e l o c i t y  o f  de tona t ion  i n  the  exp los i ve  charge and 

t h e  i n i t i a l  t r ansmi t ted  shock v e l o c i t y  i n  the  l i q u i d  a r e  measured. 
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TABLE 1 

Detonation Velocity Measurements with the Streak Camera Method 

Diameter 
(m) 

19 
19 
19 

25 
25 

51 
51 
51 
51 
51 

70 
70 
70 

102 

Density 

0.55 
0.60 
0.60 

W m 3 )  

0.58 
0.54 

0.58 
0.60 
0.60 
0.60 
0.60 

0.60 
0.60 
0.60 

0.60 

Velocity of Detonation 
(m/s) 

2704 
2750 

failed 

3248 
3054 

3183 
3362 
3155 
3311 
3650 

3404 
3486 
3569 

3550 

~ ~~~~~~~~ ~~ ~~~ ~~~ 

From the transmitted shock velocity in the liquid and the known 

Hugoniot o f  the liquid, the initial pressure in the liquid can be 

calculated. The corresponding detonation pressure can be calculated 

by the following re1 ationshipc6,: 

where P, is the detonation pressure 

P, is the pressure in the liquid 

p, is the initial density o f  the explosive 

p ,  i s  the initial density of the liquid 

Us, is the initial shock velocity in the liquid 
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Us, i s  t h e  de tona t ion  v e l o c i t y  of t h e  explos ive .  

In t h e  case  o f  t h e  aquarium experiments f o r  t h e  s o l i d  foam 

explos ive ,  water  was s e l e c t e d  a s  t h e  gauge l i q u i d .  The Hugoniot o f  

water  i s  well known[5) and i t  can be expressed a s :  

where both shock and p a r t i c l e  v e l o c i t i e s  a r e  i n  m/s. 

According t o  c a l c u l a t i o n s  by the Tiger  code, t h e  de tona t ion  

p res su re  f o r  t h e  exp los ive  foam should be 27Kbar, t h e  de tona t ion  

v e l o c i t y  3796 m/sec and t h e  p a r t i c l e  v e l o c i t y  1100m/sec. A t  t h i s  

p a r t i c l e  v e l o c i t y  t h e  p re s su re  in  t h e  water i s  h igher  than 27 Kbar 

i n d i c a t i n g  t h a t  the r e f l e c t e d  wave in  t h e  exp los ive  i s  a weak shock 

inc reas ing  the  p re s su re  s l i g h t l y  above t h e  C-J po in t .  This  means 

that  t h e  e r r o r  a s soc ia t ed  wi th  the assumption of l i n e a r i t y  o f  t h e  

Hugoniot of the explos ive  (P-Up p lane)  i s  n e g l i g i b l e ;  thus water  i s  

a good s e l e c t i o n  of a gauge l i q u i d .  

um experiments a r e  shown i n  Table 2 .  The r e s u l t s  of t h e  aquar 

TABLE 2 

Detonation P res su re  Measurements 
~~ ~ 

Charge Diameter Density Pressure  
(m) (g/cm3) (Kbar) 

51 0.6 25 
51 0.6 25 

70 0.6 23 
70 0.6 25 
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The detonation pressure for both 51 and 70 mn charge diameters are 

about 25 Kbar. Although more tests were performed, the detonation 

pressures are not reported because the streak camera records were 

not clear and could not be interpreted reliably. It is suspected 

that the unclear records were due to jetting which was unavoidable 

because of the nature of the foam. 

The observed detonation pressures did not vary significantly 

between the various tests. This was expected because the detonation 

velocities in the diameters of 51 and 70mn are close. From the 

measured detonation velocity and pressure for the 70mn charge the 

value for the foam can be calculated by using the following 

equati~n'~): 

Therefore y = 2.06 which is in agreement with published experimental 

data C 5 g 7 ) .  

THEORETICAL DETERMINATION OF DETONATION PARAMETERS 

Detonation parameters for the polyurethane foam / PETN 

explosive were calculated and compared to the experimental data to 

estimate the extend of the non-ideality of the explosive. The 

calculations were based on the assumptions of chemical equilibrium 

and complete reaction and were performed by the TIGER code@). 

In the runs for the polyurethane - PETN explosive, the BKW 
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equation of state with various sets of parameters and compatible 

libraries of thermodynamic data for the detonation products as well 

as the JCZ3 equation of state with the library of thermodynamic data 

adopted by Queen's Uni versi ty(9) were used. 

The composition by weight for the explosive was 60% PETN and 

40% polyurethane and the density 0.6 g/cm3. The following data were 

used for the ingredients: 

Po 1 vuret hane Estanel(lo): 

Chemical formula: C5.11H1,53N0. 1901, ,6 

Heat of formation: -95000 cal/mole 

Density: 0.8744 g/cm3 
PETN!~~:: - 

Chemical formula: C5H,N,0,, 

Heat of formation: -127199 cal/mole 

Oensi ty: 1.76 g/cm3 

The results of the calculations are shown in Table 3. 

TABLE 3 

Predicted Ideal Detonation Parameters for the Polyurethane Foam 
/ PETN ExDlosive 

Equation of State Library of Data Detonation Detonation 
Velocity Pressure 
(m/s) (Kbar) 

BKW (Ori g i nal ) SRI 3827 26.9 
BKW (Original) LLNL 4127 30.6 
BKW (RDX fit) Queen's 3796 26.2 
JCZ3 Oueen's 3660 21.7 
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The detonation parameters calculated with the BKW equation 

with the RDX f i t  and the Queen's Library are very close t o  the 

experimental values obtained in the case of the large diameter 

charges. The r e su l t s  obtained with the SRI values were similar 

while there were significant discrepancies in the case of the L L N L  

TABLE 4 

Experimental and Calculated Results f o r  Low Density PETN 

Density Ex p e r  i men t a1 Calculated Equation 

(g/cm3) (m/s) Kbar (m/s) (Kbar) 

0.5 3600 24 3644 20.0 JCZ3 
0.6 3970 4057 
1.0 5541 87 5734 88.0 

Detonation Detonati on  of 
Velocity Pressure Velocity Pressure S ta te  

0.5 3600 24 4237 29.5 SRI-BKW 
0.6 3970 4543 39.5 
1.0 5541 87 5702 95.6 

0.5 3600 24 4428 31.6 LLNL- 
0.6 3970 4773 42.0 B K W  
1.0 5541 87 6089 306.5 

0.5 3600 24 4096 27.4 QUEEN'S 

1.0 5541 87 5720 94.0 
0.6 3970 441 7 37.1 RDX-BKW 

data and the JCZ3 equation o f  s t a t e .  

Similar calculations were conducted f o r  low density PETN 

experimental data f o r  which could be f o u n d  in the l i t e r a tu re (5 ) .  The 

calculated and experimental values f o r  t h i s  case are sumnarized in 

Table 4. The BKW equation o f  s t a t e  with the LLNL l ib rary  y ie lds  

higher detonation ve loc i t ies  than the experimental data while the 
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JCZ3 equat ion  o f  s t a t e  y i e l d s  lower de tona t ion  pressures.  

Since the  BKW equat ion  w i t h  the  RDX parameters has been q u i t e  

success fu l ,  i t  was decided t h a t  f u r t h e r  c a l c u l a t i o n s  would be 

performed w i t h  t h i s  equat ion.  Furthermore, i t  i s  semi -empi r i ca l  and 

has been c a l i b r a t e d  on t h e  bas i s  o f  h igh  d e n s i t y  exp los ives ,  a 

separate f i t  was at tempted t o  improve t h e  c a l c u l a t i o n s  f o r  low 

d e n s i t y  composi t ions.  

I t  was observed t h a t  t h e  above equat ions do no t  p r e d i c t  the 

exper imental  de tona t ion  v e l o c i t y  - d e n s i t y  r e l a t i o n s h i p s  for a 

v a r i e t y  o f  exp los ives  below 1.0g/cm3. 

For PETN t h e  exper imental  r e l a t i o n s h i p  i s ( ’ ) :  

0 1854 + 3 6 3 9 f  

where D i s  t he  de tona t ion  v e l o c i t y  (m/s) and 

P i s  the  i n i t i a l  d e n s i t y  o f  t he  exp los i ve  (g/cm3). 

The c a l c u l a t e d  r e l a t i o n s h i p  ob ta ined by us ing  t h e  parameters 

f i t t i n g  RDX and t h e  BKW equat ion  o f  s t a t e  i s  

D 2427 t 330710 

which  r e s u l t s  i n  h igh  v e l o c i t i e s  o f  de tona t ion  a t  t h e  low 

d e n s i t y  regime. 

By us ing  a t r i a l  and e r r o r  approach, the  f o l l o w i n g  parameters 

were i d e n t i f i e d  namely: 

a = 0.54; p = 0.72; K =  7.50 and 8 = 400 

T i g e r  w i t h  the  new BKW equat ion  o f  s t a t e  parameters g i ves  the  

f o l l o w i n g  de tona t ion  v e l o c i t y  - dens i t y  r e l a t i o n s h i p  f o r  low dens i t y  

PETN: 
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D = 1966 + 3695P 

Th is  i s  very  c lose  t o  the  experimental 

For the  Polyurethane foam / PETN explos ive,  t h e  low dens i t y  

f i t  r e s u l t e d  i n  a detonat ion v e l o c i t y  o f  3630 m/s and a detonat ion 

pressure o f  23 Kbar. These r e s u l t s  a r e  very c lose t o  the  

experimental measurements f o r  t he  l a r g e  diameter charges. 

I n  add i t i on ,  f o r  low dens i t y  (0.732 g/cm3) TNT, t he  ca l cu la ted  

v e l o c i t y  o f  de tona t ion  was 4248 m/s which i s  very  c lose t o  the 

experimental de tona t ion  v e l o c i  ty(7) o f  4240 m/s. Unfo r tuna te l y  most 

o f  the data a v a i l a b l e  t o  the  author  a re  f o r  h igh  d e n s i t y  explosives; 

f o r  t h i s  reason the  new BKW equat ion o f  s t a t e  parameters cannot be 

ex tens i ve l y  v e r i f i e d .  However the parameters were tes ted  and were 

found t o  be p h y s i c a l l y  c o r r e c t  f o r  explos ives having an i n i t i a l  

dens i t y  smal ler  than 1 g/cm3. F o r  these cases, (aP/aT),>O and 

(aP/aV),<O w h i l e  f o r  h igher  d e n s i t i e s  sometimes the  d e r i v a t i v e  

(aP/aT), becomes negat ive which i s  n o t  p h y s i c a l l y  c o r r e c t .  

EQUATION OF STATE DETERMINATION 

From the  comparison between ca l cu la ted  and experimental 

r e s u l t s  i t  f o l l o w s  t h a t  t he  polyurethane foam / PETN exp los i ve  

behaves non- idea l l y  a t  diameters smal ler  than 70 mn. Therefore, i t  

was decided t o  o b t a i n  HOM equat ion o f  s t a t e  parameters f o r  t h e  

products  o f  de tona t ion  a t  t h e  va r ious  diameters o f  i n t e r e s t  by us ing  

a r e l a t i v e l y  simple t e s t  f o r  the c a l i b r a t i o n .  F o r  t h i s  purpose an 
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approach similar to the one used by Maderc5,l3, was considered. This 

is outlined in the following. 

First, the detonation velocities calculated theoretically 

using TIGER are compared to the measured detonation velocities. For 

the smaller diameter charges when the measured detonation velocity 

is significantly lower than the one predicted, the reaction at the 

detonation front is considered to be incomplete. Then, additional 

calculations are performed by varying the amounts of constituents 

withheld from chemical reaction at the detonation front until 

agreement i s achieved between measured and calculated detonation 

velocity. The constituents can later on be allowed to react in the 

expansion zone according to a decomposition model which has to be 

ver i f i ed experimental 1 y . 
The calculated HOM parameters are then used in a two 

dimensional Lagrangian code to simulate an aquarium test described 

in the following section. Calculated product expansion and shock 

wave histories are compared to the experimental ones and this serves 

as an indication of the validity of the decomposition model adopted 

in the expansion zone. The procedure is repeated until a close 

match between experimental and calculated results is observed. 

a. The Aauarium exDeriment 

The aquarium experiment designed for this work i s  shown in 

Figure 2. The explosive, foamed inside a Plexiglas tube having wall 

thickness of 3.2 mn, is detonated underwater. The slit o f  the 
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s t r e a k  camera i s  perpendicular  t o  t h e  a x i s  of the  tube a t  a point  

located away from t h e  i n i t i a t o r  (normally 4 diameters from t h e  

i n i t i a t o r  and 3 diameters from the o ther  f r e e  end). T h u s  the 

loca t ion  of t h e  wall of t h e  tube and t h e  shock wave t ransmi t ted  t o  

the  water  can be recorded from t h e  cu t  off  of t h e  l i g h t  produced by 

an argon f i l l e d  l i g h t  bomb, located opposi te  t o  t h e  camera. A 

typ ica l  example o f  a s t r e a k  camera record i s  shown i n  Figure 3 .  

The s t r e a k  camera records were d i g i t i z e d  by an o p t i c a l  d i g i t i z e r  

( S t e c o m t e r  by Carl Zeiss  Jena) .  

b. Hvdrodvnamic c a l c u l a t i o n s  

The aquarium experiments were model 

code':'). The explosive was b u r n t  by us 

method. 

ed by using the  TDL 

ng the sharp shockI5) 

For the  s imulat ions,  t h e  ca lcu la t ion  domain was divided i n  

c e l l s  having a s i z e  of 1.5875 mn x 1.5875 mn. The detonat ion starts 

by assuming t h a t  a small p a r t  a t  t h e  bottom end of t h e  explosive 

cy l inder  i s  completely decomposed. 

RESULTS 

The aquarium experiments conduc ed wi h explosive charge 

diameters of 19, 44 and 70 mn were modelled according t o  the method 

out1 i ned previously. 

In order  t o  model non-ideal performance by using t h e  TIGER 
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code, c o n s t i t u e n t s  must be f i x e d  so t h a t  t hey  a re  w i t h h e l d  f rom 

r e a c t i o n .  I n  c a l c u l a t i n g  the  thermodynamic s t a t e  o f  t h e  system, the 

mole numbers of t h e  f i x e d  species must be spec i f i ed ,  and t h e  mole 

numbers o f  t h e  o t h e r  species must be c a l c u l a t e d  u s i n g  the  

e q u i l i b r i u m  and t h e  s t o i c h i o m e t r i c  cond i t i ons .  For  t h e  approach t o  

work, exp los i ve  i n g r e d i e n t s  have t o  be ab le  t o  appear as products.  

Since po lyure thane i s  t h e  non exp los i ve  i ng red ien t ,  i t  was 

decided t h a t  i t  i s  the  o n l y  i n g r e d i e n t  which can decompose p a r t i a l l y  

a t  t h e  diameters o f  i n t e r e s t .  I n  o rder  t o  be ab le  t o  model p a r t i a l  

r e a c t i o n  o f  t h e  polyurethane, da ta  f o r  s o l i d  po lyure thane had t o  be 

prov ided i n  the  thermodynamic l i b r a r y  o f  t h e  TIGER code ( re fe rence  

s t a t e ,  OLD equat ion  o f  s t a t e ) @ ] .  

The r e l a t i o n s h i p  between heat capac i t y  a t  cons tan t  p ressure  

and temperature was c a l c u l a t e d  f rom the  heat capac i t y  a t  cons tan t  

volume and the  c o m p r e s s i b i l i t y  and thermal expans iv i t y  c o e f f i c i e n t s  

f o r  po lyure thane which were assumed t o  be 10 ( l /Mbar )  and 0.0001 

(1 /K)  r e s p e c t i  ve l  y. 

The heat c a p a c i t y  a t  cons tan t  volume as a f u n c t i o n  o f  

temperature was c a l c u l a t e d  by us ing  t h e  TDF code prov ided by 

Maderf l5) .  Fo r  t he  c a l c u l a t i o n s  t h e  Debye t h e t a  was es t imated t o  be 

1420 i n  o rde r  t o  match t h e  molar heat capac i t y  of  t he  po lyure thane 

(Cv=35 ca l /mo le) .  Heat c a p a c i t i e s  were c a l c u l a t e d  f o r  a range o f  

temperatures f rom 300 K t o  4000 K. 

F o r  t he  equat ion  o f  s t a t e  o f  t h e  s o l i d  products,  t he  

compressi b i  l i t y  and thermal e x p a n s i v i t y  da ta  used p r e v i o u s l y  were 
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used in this case as well. The rest of the coefficients were set to 

zero. The calculated coefficients for the thermodynamic library of 

the TIGER code are shown in Table 5. 

TABLE 5 

Coefficients for the Librarv of the TIGER code for Polyurethane 

0.341 
-1.296 
-0.341 
-0.031 
-2.095 
-4.263 

0.708 
-0.145040 E+06 

0.219600 E+02 

A.. 80.0 
1.0 E-04 
0.0 
1.0 E-05 
0.0 
0.0 
0.0 
0.0 
0.0 

Figure 4 compares the experimental and calculated expansion 

history of the gaseous detonation products for the 19mn diameter 

charge assuming complete reaction when calculating the HOM 

parameters. Because the experimental data 1 ie below the calculated 

curve it is inferred that the reaction is not complete in the 

detonation wave. detonation wave. The fact that the calculated 

detonation velocity is larger than the measured one also supports 

this conclusion. 

Following a trial and error approach, the amount o f  
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po lyure thane w i t h h e l d  from r e a c t i o n  i n  the  T I G E R  code was ad jus ted  

u n t i l  t h e  c a l c u l a t e d  and measured de tona t ion  v e l o c i t i e s  were c lose .  

F o r  t h e  19 mn charge diameter, t h i s  happened when a l l  o f  t he  

po lyure thane was assumed t o  be unreacted and i n  chemical and thermal 

e q u i l i b r i u m  w i t h  the  PETN de tona t ion  products.  The r e s u l t i n g  

c a l c u l a t e d  expansion h i s t o r y  i s  shown i n  F igures  5 i n  which t h e  

exper imental  curve  i s  a1 so inc luded.  

However, t h e  agreement between c a l c u l a t e d  and exper imental  

r e s u l t s  i s  no t  s a t i s f a c t o r y  which i n d i c a t e s  t h a t  some po lyure thane 

must r e a c t  i n  t h e  expansion zone. F o r  s i m p l i c i t y ,  t h e  mass f r a c t i o n  

o f  t he  po lyure thane was assumed t o  vary  l i n e a r l y  w i t h  pressure f r o m  

t h e  e f f e c t i v e  C-J pressure  down t o  1Kbar. 

I t  was found by i t e r a t i o n  t h a t  t h e  agreement between 

exper imental  and c a l c u l a t e d  curves was good when 50% o f  t he  

po lyure thane was a l lowed t o  r e a c t  i n  t h i s  fash ion .  The c a l c u l a t e d  

expansion h i s t o r y  ob ta ined by us ing  t h e  BKW equat ion  w i t h  the  RDX 

f i t  i s  shown i n  F igu re  6 w h i l e  t h a t  ob ta ined by us ing  the  low 

d e n s i t y  f i t  i s  g i ven  i n  F igure  7 .  The corresponding HOM parameters 

a re  g i ven  i n  Table 6. 

The above procedure was repeated f o r  t h e  charge having a 

diameter o f  45 mn. Resu l t s  produced w i t h  the  RDX and the  low 

d e n s i t y  f i t s  on t h e  bas i s  o f  complete r e a c t i o n  be fore  t h e  C-J p lane 

a re  shown i n  F igures  8 and 9 r e s p e c t i v e l y .  The bes t  match between 

c a l c u l a t e d  and exper imental  expansion h i s t o r i e s  f o r  t he  o r i g i n a l  RDX 

f i t  were ob ta ined when 25 % o f  t h e  po lyure thane was al lowed t o  reac t  
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TABLE 6 

HOM Parameters for the Polyurethane Foam / PETN Explosive when 
50% of Polyurethane Reacts Between C-J and lKbar 

Parameter 

A 
8 
C 
D 
E 
K 
L 
M 
N 
0 
4 
R 
S 
T 
U 

Value 

RDX Fit Low Density Fit 

-.432408733823 E+01 -.447447773211 E+01 
-.145023207994 E+01 -.108462060801 E+01 
-.616239100216 E-01 -.195403950020 E+OO 

.267025593885 E-01 .467819367075 E-01 
-.202729869034 E-02 -.307845445832 E-02 
-.155096425901 E+01 -.115505480809 E+01 

.325163613531 E-01 .623887464039 E-01 

.192313842847 E-02 .409117510658 E-02 

.432629366378 E-04 .999992454199 E-04 

-.231022900804 E+OO -.208037595351 E+OO 
.283810268281 E-01 -265676506126 E-01 

-.197007809373 E-02 -.287844517172 E-02 
.272021727609 E-04 -121418923539 E-03 

.276226598098 E+OO .457019626097 E+OO 

-756153587549 E+01 .756055559270 E+01 

.900000000000 E+OO .900000000000 E+OO 

.100000000000 E+OO .100000000000 E+OO 

in the detonation wave and 50% behind it. The calculated detonation 

velocity was 3290 m/s which is close to the experimental one. For 

the case o f  the low density fit the best prediction was obtained 

when 50% of the polyurethane was allowed to react in the detonation 

wave while the rest was let to react behind it. The calculated 

detonation velocity was 3300 m/s. Figures 10 and 11 compare the 

measured and predicted expansion histories. The HOM parameters for 

both fits are given in Table 7. 

For the 70mn diameter charges the calculated and experimental 

expansion histories are shown in Figures 12 and 13. The 

calculations were performed by using both the RDX and the low 
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TABLE 7 

HOM Parameters f o r  Polyurethane / PETN w i t h  Spec i f i ed  % o f  
Unreacted Polyurethane i n  the  Detonat ion  Wave. 

Pa rame t e r 

A 
8 
C 
D 
E 
K 
L 
M 
N 
0 
4 
R 
S 
T 
U 

Value 

RDX f i t  Low Dens i ty  F i t  
(75% Unreacted) (50% Unreacted) 

-.409177626653 E t 0 1  -.399638556946 E t 0 1  -. 135979296492 E+01 - .140465444672 E t 0 1  
- .303467015082 EtOO - .418201038253 E+OO 

-.833233416081 E-02 -.360546320314 E-01  
-.230813613345 E t 0 1  -.111089684908 E t 0 1  
-.273489980917 EtOO .665948991895 EtOO 
-.115904463106 EtOO .156174169443 EtOO 
-. 154801581469 E-01 .189888797366 E - 0 1  
-.713510340904 E-03 .901781763415 E-03 

-.154463855243 E+OO -.158211127477 EtOO 
- .138648400991 EtOO - .145474320584 EtOO 

.946237307333 E-01 .lo9425527257 EtOO 
-.186872191203 E-01  -.237276688534 E-01  

.119052035130 EtOO .232786481714 EtOO 

.759538653236 E t 0 1  .761038153857 E t 0 1  

.900000000000 EtOO .900000000000 EtOO 
.lOOOOOOOOOOO EtOO .100000000000 EtOO 

d e n s i t y  f i t  f o r  t h e  BKW equat ion  o f  s t a t e  and by assuming complete 

r e a c t i o n  and chemical e q u i l i b r i u m .  The HOM parameters a re  g i ven  i n  

Table 8.  

The c a l c u l a t e d  and exper imental  shock wave h i s t o r i e s  were a l s o  

compared i n  order  t o  f i n d  t h e  bes t  f i t  f o r  t he  equat ion  o f  s t a t e  o f  

t h e  de tona t ion  products.  The agreement between exper imental  and 

c a l c u l a t e d  r e s u l t s  was good f o r  t h e  p r e v i o u s l y  mentioned "bes t "  

cases. I n  general ,  t h e  shock wave h i s t o r i e s  d i d  no t  prove t o  be 

very  s e n s i t i v e  t o  t he  s l i g h t  v a r i a t i o n s  o f  t he  assumed decomposi t ion 

law. They demonstrated however t h a t  decomposi t ion does occur i n  the  
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TABLE 8 

HOM Parameters for Polyurethane / PETN with Complete Reaction. 

Parameter 

A 
B 
C 
D 
E 
K 
L 
M 
N 
0 
Q 
R 
S 
T 
U 

Value 

RDX fit Low Density Fit 

-.34848879570 E t 0 1  
-.21496823562 E t O l  

-.15569431476 E-01 
-33220066970 E-03 

-.13941390613 E t 0 1  

.4761781051B E-01 
-30692213786 E-02 
-75006958360 E-04 

-.45278527117 EtOO 
.lo781549629 E-00 

-.14329755850 E-01 
.68939603493 E-03 

.20194652205 EtOO 

.36810532862 EtOO 

.77637845496 E t 0 1  

-.35355302590 E t01  -. 23278450535 E t o i  
,32257681601 EtOO 

-.38126666323 E-01 
.16683854555 E-02 -. 15433094523 E t 0 1  

.37615413695 E-01 

.24473720358 E-02 

.60403994705 E-04 

- .40687233905 E+OO 

-.14090928022 E-01 
.71131905489 E-03 

.29739491105 EtOO 

.77195044801 E t01  

.lo706406241 EtOO 

,90000000000 EtOO .90000000000 E+OO Ev .10000000000 E+OO .10000000000 E+OO 

expansion zone as can be shown in Figures 14  and 15 where the 

measured and predicted shock wave histories for 19 mn diameter 

charge are compared. 

CLUSI OMS 

The detonation parameters of cylindrical charges of 

polyurethane / PETN foams at a PETN concentration of 60% by weight 

and a density of 0.6 g/c+ have been established for both ideal and 

non-ideal detonation conditions. A new low density PETN fit for the 

BKW equation of state was also derived. In addition the gaseous HOM 
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equat ion  of s t a t e  parameters f o r  t h e  i d e a l  and two non- idea l  

de tona t ion  cases were determined us ing  aquarium exper iments and 

hydrodynamic c a l c u l a t i o n s .  

Reasonably good agreement between c a l c u l a t e d  r e s u l t s  and 

exper imental  measurements was achieved by t h e  adopted method o f  

s o l u t i o n .  Charges o f  70 mn diameter detonated almost i d e a l l y ,  as 

was ev iden t  by comparison o f  bo th  t h e  c a l c u l a t e d  and measured 

v e l o c i t i e s  o f  de tona t ion  and t h e  expansion h i s t o r i e s  o f  t h e  

de tona t ion  products.  The de tona t ion  f o r  the  45 mn and t h e  19m 

diameter charges was shown t o  be non- idea l .  I n  t h e  non- idea l  

de tona t ion  cases i t  was demonstrated t h a t  a d d i t i o n a l  r e a c t i o n  occurs 

i n  t h e  expansion zone. 

The developed low d e n s i t y  f i t  f o r  t he  BKW equat ion  o f  s t a t e  

r e s u l t e d  i n  p r e d i c t i o n s  o f  t h e  expansion h i s t o r i e s  which were 

comparable t o  the  ones ob ta ined w i t h  the  RDX f i t .  However, t he  

c a l c u l a t e d  de tona t ion  v e l o c i t i e s  were c l o s e r  t o  t h e  measured ones 

f o r  t he  new low d e n s i t y  PETN f i t .  
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FIGURE 1 

Experimental arrangements for measuring detonation pressures by the 
aquarium technique. 

I w o n  M o d  
Explorln ohatgo Llght bomb 
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FIGURE 2 

Aquarium experiment f o r  measuring shock wave and expansion histories 
in water resulting from the detonation of the foamed PETN 

explosive. 
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FIGURE 3 

Typical streak camera record from t h e  aquarium experiment (19mn 
charge). 
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FIGURE 4 

Detonation product expansion histories for the 19mn diameter charge 
when complete reaction i s  assumed (BKW f i t ) .  
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FIGURE 5 

3 

Detonation product expansion h i s t o r i e s  f o r  t h e  19mn diameter charge 
when polyurethane i s  assumed unreacted (BKW f i t ) .  
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FIGURE 6 

Detonation product expansion hi s t o r i e s  f o r  t h e  19mn diameter char  e 
when 50% of t h e  polyurethane r e a c t s  i n  t h e  expansion zone (BKW fit!. 
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Dashed - do t ted  l ine : Colculoted Ad 
0 10 20 30 40 

Time (microseconds) 

FIGURE 7 

Detonat ion  produc t  expansion h i s t o r i e s  f o r  t h e  19mn diameter charge 
when 50% o f  t he  po lyure thane r e a c t s  i n  the  expansion zone (Low 
Dens i t y  f i t )  . 
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FIGURE 8 

Detonat ion  produc t  expansion h i s t o r i e s  f o r  t h e  45mn diameter charge 
when t h e  polyurethane i s  assumed comple te ly  reac ted  (BKW f i t ) .  
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F I G U R E  9 

Detonation product expansion h i s t o r i e s  f o r  t h e  45mn diameter charge 
when the  polyurethane i s  assumed completely reacted (Low dens i ty  
f i t ) .  
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F I G U R E  10 

3 

Detonation product expansion h i s t o r i e s  f o r  the  45mn diameter charge 
when 25% of the  polyurethane r e a c t s  i n  the detonat ion wave and 50% 
i n  t h e  expansion zone (BKW f i t ) .  
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FIGURE 11 

Detonation product expansion h i s t o r i e s  f o r  the 45mn diameter charge 
when 50% o f  the polyurethane reac ts  i n  the detonation wave and 50% 
in the expansion zone (Low density f i t )  . 
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FIGURE 12 

Detonation product expansion hi s t o r i e s  f o r  the 70mn diameter charge 
when complete reaction i s  assumed (BKW f i t ) .  
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FIGURE 13 

Detonation product expansion histories for the 7Omn diameter charge 
when complete reaction is assumed (Low density fit). 
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FIGURE 14 

Shock wave histories for the 19mn diameter charge when the 
polyurethane is assumed unreacted (BKW fit) 
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FIGURE 15 

1 

Shock wave h i s t o r i e s  f o r  t he  19mn diameter charge when 50% o f  t h e  
po lyure thane r e a c t s  i n  the  expansion zone (BKW f i t )  
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