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ABSTRACT 

The available overdriven Shockwave data for a number of exoplosives 
have been analyzed and compared. The data follows neither a constant gamma 
pattern nor the JWL EOS that fits expansion data to high accuracy. Modifi
cations of the JWL function are proposed to correct for discrepancies and 
also to allow for the appropriate volume dependence of the Grfineisen con
stant indicated by previous and more recent work. The deviations from the 
JWL form of the equation of state appear directly above the CJ point for 
9404 and lETN while Pentolite and TNT agree with this form over a portion 
of the Hugoniot. The comparisons with other experiments and a theoretical 
EOS indicate nonequilibrium behavior. 

INTRODUCTION 

The gamma [V = (V/P) (BP/^Vjg] law form [1] of explosive 
equation of state (EOS) was considered adequate until the middle of the 
sixties. Large expansion experiments on detonated sperical charges showed 
that this form needed to be modified. This resulted in the inclusion of a 
term of the form expC-RV). It was noted that this term was undesirable at 
high pressure, since it tended to depress the value of the adiabatic gamma 
(F) above the CJ point [3]. This violated the constant T approximation 
that had been so useful. This contention was supported by high pressure 
shock wave measurements on composition-B from England [4]. Nevertheless 
the need for the exponential term in an equation of state constrained by 
the CJ hypothesis was established. Further work with more accurate data 
from cylinder expansions required the addition of a second exponential to 
further increase the slope of the isentrope [5]. More recently, shock-wave 
measurements 16] over a larger range of pressures, that indicate a failure 
of the r law form, have demanded a closer look at'the high pressure form. 

DATA ANALYSIS AND EOS CORRECTIONS 

The 1970 Shockwave data [6] were analyzed with the best molybdenum EOS 
available at that time. Better data are now available and a new Hugoniot 
fit was used in a reanalysis 17] of the data. In addition, a reflected 
Hugoniot approximation used before was replaced with a self-consistent 
simple elastic-plastic model for the EOS. The Hugoniot function used is a 
quadratic of D over Op with coefficients C Q = 5.1135 km/s, Sj = 1.24922, 
83= -1.41008E-3 s/km. This analysis slightly reduced the particle veloc
ities within the uncertainty of the data and increases the slope of the 
Dg-Op curve. 

The data was compared to the Hugoniot predicted by the JWL EOS; For 
9404 [8] the computed shock speeds fall signficantly below the measured 
ones if the 37.0 GPa. CJ pressure is used in the determination of the 
constants. The experimental adiabatic T may be calculated from an isen
trope determined with the Grilneisen equation and the Hugoniot curve as a 
reference line. This yields. 



Pg = P H * "̂  !E„ - B^ + Ĵ  P^ dV] 
with the constant k ^ y/V and y the GrCineisen constant. This function is 
integrated numerically from the CJ point to yield the isentrope consistent 
with the Hugoniot and the value of k. The result is a value of Tg^p that 
is considerably larger than that predicted by the CJ slope (F^j = 
P J ^ V P C J ' ^"^ consistent with the behavior described below. 

In order to determine the coefficients for a useful overdriven deton
ation product EOS the CJ pressure may have to be modified to be consistent 
with the higher value of T. This worked well for PETN [8], but is not 
sufficient in other cases as we shall see. It has also been shown before 
that the value of Y rises from its gas phase value of about .3 to .65 or 
.7 for reTN 19] and HNB [10]. Recent calculations on PETN [9j and 9404 
yield similar results except that the presence of a graphite to diamond 
transitions and a possible phase separation of a nitrogen rich phase in
creases this value to as much a .9 in the transition regions. Additional 
corrections are therefore needed. 

We introduce the variable volume dependent y by adding a fourth term 
to the JWL isentrope, so thats 

P = A ' - V * + Be«-^^' + C/^*l + f , s e 
where f = aV^/U+bV^)^. This leads to the standard JWL EOS form in which 
0) is now replaced by Y, which is defined bys 

Y = MfC + av'"*^/Cl+bV^)^]/IC + ai)/'/{2b(l+bV^)}] 

improve the energy independent part of the EOS we proceed as fol-

we check if the data allows us to change P^J '" match the 
Hugoniot. 
we may replace the energy independent part of the Gruneisen func
tion to describe the high pressure region. The data indicates 
that this should be a polynomial which includes a term of the 
form Ao/{ao - V) that allows for a rapid change in slope near 
the point where the EOS forms are joined. 
we may apply a correction to the JWL form. A useful correction 
term is; 

6P - Rj^A^Iln acoshiV-V^j/R^ - (V-V^j/R^J , 

where A3, R3 and V^ are constants. 

EOS CHARACTERISTICS AND HYDRO CALCDLATIONS 

We have used the third option (or form) to fit the data. The correct
ions for-9404 and PETN must be applied directly above the CJ point. This 
results in a sharp change in the value of T near this point. Our re-evalu
ation of the PETN data [8] has reduced the probable value of Ppj suffi
ciently to make the correction term small, as opposed to the behavior of 9404 
shown in Fig. 1. It is also clear from Fig. 1 that the correction term 
reproduces the data accurately. 
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Fig. Is r vs. p - upper curve. Fig. 2: As Fig. 1 but for TNT. 

D vs. Up-lower curves 
and data, for 9404. 

In contrast to 9404 and PETN, the correction to the JWL form for TNT 
(Fig. 2) and 50/50 Pentolite do not occur right at the CJ point but at 
smaller volumes. The best fits for these explosives cause an even higher 
r excursion than was needed for 9404. The reason for this behavior is 
far from clear- Comparisons with theory and further experimental work may 
clarify the picture. 

The equation for 9404 was used to 
reproduce an experimental velocity 
guage wave profile [11] (see Fig. 
3). The wave profile calculation 
reproduces the Taylor wave well, but 
it is about 3 percent low near the 
front. Here a structure reminiscent 
of a broad von Neuman spike is 
noticeable. The Beta burn formul
ation used in these calculations 
cannot reproduce such features. 

The effect of detonation wave buildup time is illustrated in Fig. 4a, 
where a couple of one-dimensional hydro code calculations are compared to 
the results of a plate acceleration experiment [12]. Erickson and cowork
ers used the 4 inch L M L gun to initiate a 17 ma piece of 9404 with a 
copper plate moving at 1.27 km/s. The measured velocity profile is that 
of a .5 mm copper plate that is accelerated by the detonated 9404. The 
calculation predicts a somewhat higher average shock speed, but accurately 
predicts the initial three acceleration pulses. Further improvement is 
obtained by increasing the time over which the detonation wave builds up 
to full pressure. Both the decrease in average wave velocity and the 
improved agreement during the later stages of the acceleration indicate 
that burn conditions are important in this experiment. 

The sensitivity of these calculations to the equation of state is 
illustrated in Fig. 4b. Here we compare the empirical EOS of 9404 and a 
theoretical EOS with the same plate velocity data. The theoretical EOS is 
an equilibrium calculation of the product species that uses a statistical 
mechanics approach to compute the pressure and energy of the mixture of 
product species. The interaction potentials are determined with the 
corresponding states principle and indclude a dipole interaction for 
water. The agreement of Hugoniot calcu- lations of individual product 
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Fig.3s 9404 wave-profiles. 
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Fig. 4s Plate acceleration profiles as 1-rapid build-up to detonation, 
2 - 2.5 mm build-up. bs 1 - P^j =37.0 GPa, Empirical EOS. 
2 _ PQJ m 34.0 GPa theoretical EOS. 

species with experiment is good and has been discussed before [10]. This 
theoretical EOS for 9404 closely reproduces the experimental JWL expansion 
isentrope below the CJ point. The lower (34.0 GPa) CJ pressure predicted 
by theory clearly shows up as a lower initial acceleration of the plate. 
The last part of the velocity profile, however, shows sightly better 
agreement with the data than the empirical equation. 

The overall behavior of the empirical EOS and its differences with 
the theoretical equilibrium EOS imply a lack of complete equilibrium in 
the experiments that go into the empirical form. Further work to close 
the gap between theory and experiment is clearly needed. 

REFEraiNCES 

1) W. E. Deal, Phys. of Fluids, 6, 523 (1958). 
2) M. L. Wilkins, 'B. Squier and B. Halperin, 10th Symp. Int. on Combus

tion, U. of Cambridge, England, 1964 (Combustion Inst., Pittsburgh, 
Pa. 1965) p. 769ff. 

3) J. W. S. Allan, B. D. Lambourn, Fourth Symp. Int. on Detonation, U.S. 
Naval Otd. Lab., Oct. 1965 (ACR-126, U. S. Gov. Printing Office, 
Wash., D.C. 1965) p. 52ff. 

4) I. C. Skidmore and S. Hart, Ibid, p. 47ff. 
5) J. W. Kury, H. C. Hornig, E. L. Lee, J. L. MoDonnel, D. L. Ornellas, 

M. Finger, F. M. Strange and M. L. Wilkins, Ibid. p. 3ff. 
6) J. H. Kineke and C. E. West, Fifth Symp. Int. on Detonation, U.S. 

Naval Ord. Lab., Pasadena, CA 1970 (ACB-184, ONR, #0851-0057 O.S. 
Gov. Printing Office, Wash. D.C. 1970) p. 533ff. J. H. Kineke, jr. 
"Shocked States of Seven Overdriven Explosives," Mtg. April 1971, BRL. 
Proving Grounds, Aberdeen Md. 1971. 

7) M. van Thiel and S. Cochran, J. Appl. Phys., to be published; LUrt. 
Report DCID-91745 1983. 

8) L. Green, E. Lee, A. Mitchell and M. van Thiel, "Shook Waves in Con
densed Matter," Proc. AlP Topical Conference 1983 (Am. Inst, of Phys. 
New York) to be published. 

9) E.L. Lee and H. C. Horning, 12th Symposium int. on Combustion, (The 
Combustion Inst., Pittsburgh, PA, 1969) p. 493 ff. 



10) F. H. Ree, Seventh Symp. Int. on Detonation, Office of Naval Res., 
Annapolis, MD, 1981 (NSWC MP 82-334, Naval Surface Weapons Center, 
White Oak, MD, 1981) p. 646 ff. 

11) B. Hayes and C. Tarver-, Ibid, p. 1029ff. 
12) L. M. Erickson, H. G. Palmer, N. L. Parker and H. C. Vantine, "Shock 

Waves in Condensed Matter," Proc. AIP Topical Conference 1981, seried 
Ed. H. c. Wolfe (Am. Inst, of Phys., New York, 1981) p. 553. 

*Work performed under the auspices of the 0.S. Department of Energy by 
Lawrence Livermore National Laboratory under Contract No."W-7405-Eng-48. 

DISCLAIMtR 

This document was prepared as an account of »ork sponsored b> an agencj of 
the Inited States Government. Neither the I nited States (Huernment nor the 
I nhersitj of California nor an\ of their emplojees, makes anj warrant>, ex
press or implied, or assumes anv legal liabilitj or responsibilit) for the ac-
curac}, completeness, or usefulness of anj information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privateh owned 
rights. Reference herein to anj specific commercial products, process, or service 
b\ trade name, trademark, manufacturer, or otherwise, does not necessarih 
constitute or implj its endorsement, recommendation, or favoring b> the I'nited 
States Government or the I niversitj of California. The views and opinions of 
authors expressed herein do not necessarih state or reflect those of the I nited 
States Government thereof, and shall not be used for advertising or product en
dorsement purposes. 


