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UNREACTED HUGONIOTS FOR POROUS AND LIQUID EXPLOSIVES*

R.L. Gustavscn and S.A. Sheffield
Los Alamos National Laboratory

Group M-7, MS P952

Numerous authors have measured the Hugoniots of a variety of granular explosives pressed to different
densities. Each explosive at each density was typically then treated as a umquc material having its own
Hugoniot. By combining methods used by Hayes, Sheffield and Mitchell (for describing the Hugoniot of
HNS at various densities) with Hermann's P-_x model, it is only ncc.e_saryto know some thermodynamic
constants or the Hugoniot of the initially solid material and the porous material sound speed to obtain
accurate unrcacted Hugoniots for the porous explosive. We discuss application of this method to several
materials including HMX, PETN, TNT, and Tetryl, as well as HNS. We also show that the "Universal
Liquid Hugoniot" can bc used to calculate the unreacted Hugoniot for liquid explosives. With this method
only the ambient pressure sound speed and density are needed to predict the Hugoniot. Applications
presented include nitromethane and liquid TNT.

obtained by fitting to Hugoniot measurements on
INTRODUCTION single crystals of explosives. These arc generally

much less sensitive to shock initiation.
Equation of state (EOS) information is

difficult to obtain on porous explosives as these
materials arc very sensitive to the shock initiation POROUS EXPLOSIVE EQUATION OF STATE
of detonation. Even at pressures of only a few
kbar, shock velocities cannot be obtained from The formalism for the equation of state which
transittimemeasurementsbccausctheexplosiveis isusedinthispaperwasdevelopedby Hayes,and
starting to react and accelerate the wave. In wedge was first used to describe the porous explosive,
tests, wave acceleration is often apparent well HNS (hcxanitrostilbene) by Sheffield, Mitchell
before the onset of detonation. Because of the and Hayes.1 lt was lateramended by Setchell and
early onset of reaction, measurements of pressure TaylofZ to be used in Hermann's P-tz model.3
or particle velocity in transmittedwaves provide Thus, the ideas arenot new, but neither have thcy
unreliableequationofstateinformationasweil. seenwidespreadapplication.

The bestEOS informationhasbeenobtainedin The method is based on constructinga
flyingplateexperimentsusingflyersmade ofwell completethermodynamicpotcntialfunctionfor
characterizedmaterialswhose velocitieswere thefullydenseexplosive,namelylhcHelmholtz
accuratclymeasured and whcn pressureor Frcc Energy.The specificform which Hayes
particlevelocity was measured at the chosefortheHclmholtzFreeEnergyisl
flyer/explosiveinterface.Datafromthesetypes

have been more interested in the initiation F(T,V) = Cv - TO 1+ 7 Or° - V
properties, and have hence used wedge

Because of the difficulties in making reliable +T -4N(N-1) (1)EOS measurements on porous explosives it is

often useful to construct a Hugoniot using [(_-)_¢'q (_0"0) ]
thermodynamicconstantsobtainedfromstaticand -(N- 1 1- -1
hydrostaticmeasurements,thebulksoundspe.cd
of theporousexplosive,and thcntoproperly
accountforthcporosity.Ifhydrostaticdatais
Unavailable,thethermodynamicconstantscan bc

t Workpcrfotmedundextheauspicesof theU.S.Departmentof Encagy.
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where Cv is the specific heat at constant volume, describe the energy at average pressure P and
7 is Gruneisen's parameter, Vo is the specific volume V in the porous explosive if modified to
volume of the fully dense explosive at zero describe only the solid portion:
pressure, Kris the bulk modulus at constant
temperature, and N is a constant. This E=E(Pot, V/ot). (5)
construction assumes Cv and )'tic' are constants,

while the bulk modulus is Eqs. (3), (4), and (5) are now augmented by
def'ming tx as a function of the shock pressure P.

I_._ _ A simple form for o_(P)t such as the foUowingK r =/fro . (2) one suggested by Herman,3 is sufficient.

These constants are readily obtained from static o_=1+(o: 0 (6)
thermodynamic measurements and hydrostatic
pressure - volume measurements. _z= 1 """(P > Pr)

In order to describe the compaction of the
porous explosive in the framework of Hermann's In r:, (6), o_0 is the original distension,
P-o: model,3 Eq. (1) must be recast in the form Oto="_00/Vo, and V0o is the initial specific
P(E,V) or E(P,V). Setchell and Taylor 2 have volume of the porous explosive. P: is the pressure
shown that at which the material crushes to solid density.

Herman has also shown how P: can be determined

E(P,V)= P _'CvTo(Vo-V ) from measurements of the sound speed in the
"ylV V porous material.3 Different values of Ps must be

used for different initial porosities.

Kt0 -I solved for g such that the energy is the same asNr/V that given by the Hugoniot jump condition,<.,oy0r,",,/'-" ::.,.,,.<,.,.._,.,.,.Oiven the quality of much ofthe expeiimental EDS data, further sophistication
N(N- 1)/to-o) (3) inan isu w  - tod.

Table I. lists the thermodynamic constants for
the explosives HMX, HNS, PETN, TNT, and

F___1. (3) describes the behavior of the fully dense Tetryl. Brief comments about where these
explosive. While Eq. (1) is a complete constants were obtained, and how well they fit the
thermodynamic EOS, EtA.(3) is not. data follow.

Hermann's theory,:_ as modified by Carroll /frn and N for PETN were obtained by fitting
and Holt4 states that in a porous material, F_xI. (3) the hy_ostat obtained by Olinger and Cady.5
describes the solid portion. The distension of the
porous material is

Table 1. Thermodynamic constants by explosive.
ct=V/V,, (4)

Explo- Po Kt, N y/V Cv
where V is the specific volume of the porous sive
explosive at a given pressure and energy, and V, g]cm 3 Mbar g/cn_ cn_/._..: .[K
is the specific volume of the solid explosive at the tIMX 1.90 0.129 10.3 2.09 1.05(10-5)
same pressure and energy. If in the porous HNS 1.74 0.146 3.5 2.82 0.89(10-5)
material the average pressure is P and the average PETN 1.77 0.110 7.1 2.04 L00(10-y)
specific volume V, then the pressure in the solid ....
portion is Po: and the specific volume of the solid TNT ] 1.65 0.982 7.3 1.51 1.08(10-y)
portion is V/or. Equation (3) can thus be used to Tetryl- 1.73 0.072 10.2 1.56 1.08(10-5)



lt

We have also used the values of )' , and Cv PETN .contained in Ref. 5. Using tl2ese values and the

crystal density of 1.775 g]cm _ reproduces Shock

Hugoniot measurements at 1.775, 1.75, and 1.71 ! 5 .. /

g]cm 3 6 fairly weil, as shown in Figure 1 and 2.
Using the P-a formalism with values of Ps = 15 4 a ..-"
and 3.5 kbar respectively, also reproduces the
1.60 and 1.40 g]'cm3 data shown, which were o ..'""

selected from the reports of Wackerle andcoworkers.7,8 These data were obtained using x-
cut quartz and manganin pressure gauges. As
porous explosive Hugoniot data go, these are

excellent. As is typical there is more scatter in _ f "_°""

the P-V than the Us"up plane. .t:
Kt0 and N for HMX were obtained from fits o_ 1 ..-_"

to the hydrostatic pressure - volume data of
Olinger, Roof and Cady. 9 _' and Cv are as 0 j .... I ....
reported in Ref. 9, as weil. These constants, 0 0.5 1 1.5
rwenrnducethe 1.891 g/ce HMX Hugc,aiot 10 quite Particle Velocity (mm/ps)

_ll"up to pressure.s of about 100 kbar. Above
I00 kbar, neither the 1.891 nor the single crystal Figure 2. Hugoniots for PETN in the Us - Up plane.
HMX Hugoniot I I is reproduced very weil, Symbolsrepresentthe samedata sets as those in Figure I.
possibly because of a phase transition in the HMX Solidcurvesarecalculations.The datashownin thisfigure
at a pressure near 100 kbar. 12 These constants covera widerpressurerangethanthoseinFigure1.
with Ps set equal to 2.5 kbar nicely reproduce our
Hugoniot measurements on 1.24 g/ce HM')C

The constants we show for the 7' and Cv of
- I-tNS were obtained from Setchell and Taylor. 2

30 _ _ ET N W'nile Setchell and Taylor 2 also claimed to have
a improved estimates for KT0 andN, we found tha!

__ they do not reproduce the data ot rc.el. 1. as wen

tx 1.78 as the original constants reported by Sheffield ct.
1.75 al.l Hence we list Kro andNfrom Ref. 1.o

t_ 20 For TNT, Tand Cv, were obtained from
_ ra 1.71 values for the volume coefficient of thermal

o 1.78 expansion and Cp 13 combined with values of Krn

:_ _ _ 1.30 andN obtained from fitting to single; crystal TNT

_10 1.60 Hugoniot data. 14 Relations among thethermodynamic constants were used with an
rx. 1.40 iterative procedure to arrive at the final values.

1.40 For Tetryl, good values of the thermodynamic

_,..,_. constants were not available in the literature.
Because of its chemical similarity with TNT, we

• I .... 77 r :- r _.- 1-.-0 '" set "/,and Cv equal to the TNT values. Kro
0.45 0.5 0.55 0.6 0.65 0.7 andN were then obtained by least squares fitting

Volume (cmVg) to the 1.70 g/ce (98.3 % of crystal density)Hugoniot data of Lindstrom. 15 Lindstrom's data

Figure 1. HugoniotsforPE-I'Nin the P-Vplane. The initial for lower densities of tetryl were obtained from
density is notedbesideeach symbol. Smoothcurves were wedge experiments and have significant scatter (in
calculatedusingthe initial density notedbeside the curve the P-V plane). 15
symbol. Ps was3.5kbar for the 1.40g/crn3PETNand 15
kbar forthe 1.60g/cre3 PETN.
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LIQUID EXPLOSIVES EQUATION OF STATE ACKNOWLEDGMENTS
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Figure 3. Hugonio_ for liquidTNTand nitromethane in the
Us - up plane. Experimentaldata is from Garn 17 for liquid
TNT Lad from Refs. (18-21)for nitromethane. Solid lines
were calculated from Eq.(7).






