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UNREACTED HUGONIOTS FOR POROUS AND LIQUID EXPLOSIVES!

R.L. Gustavser and S.A. Sheffield
Los Alamos National Laboratory
Group M-7, MS P952

Numerous authors have measured the Hugoniots of a varicty of granular explosives pressed to different
densitics. Each explosive at each density was typically then treated as a unique material having its own
Hugoniot. By combining methods used by Hayes, Shefficld and Mitctell (for describing the Hugoniot of
IINS at various densities) with Hermann's P-a model, it is only necessary to know some thermodynamic
constants or the Hugoniot of the initially solid material and the porous material sound speed lo ebtain
accurate unrcacted Hugoniots for the porous explosive. We discuss application of this meihod to several
materials including HMX, PETN, TNT. and Tetryl, as well as 1INS. We also show that the "Universal
I.iquid Hugoniot™ can be used to calculate the unreacted Hugoniot for liquid explosives. With this mcthod
only the ambient pressure sound speed and density are necded to predict the Hugoniot. Applications

presented include nitromethane and liquid TNT.

INTRODUCTION

Pquation of state (EOS) information is
difficult to obtain on porous explosives as these
materials arc very sensitive to the shock initiation
of ‘Ictonation. Even at pressures of only a few
kbar, shock vilorities cannot be obtained froin
tansil ime measurcments because the explosive is
sinrting to react and accelerate the wave. In wedgpe
tests, wave acceleration is often apparent well
before the onset of detonation, Because of the
cily onsct of reaction, ncasurements of pressure
or paaticle velocity in transmitted waves provide
unicliable equation of state information as well.

The best EOS information hias been obtnined in
flying plate experiments using flyers made »f well
characterized materials whose velocities were
accirately mecasured and when pressure or
particle  velocity was measured at  the
flyer/explosive intciface. Data from these types
of eaperiients is unconunon, as most 1esearchers
have heen more interested in the initintion
propetties, and have hence used wedpe
experiments.

Because of ‘e difficulties in making eliable
EOS measurements on porous explosives it is
oftea useful to comstiuct a Hugoniot using
thermodynamic constants obtained from static and
hydiosiatic measuiements, th bulk sound speed
of the porous explosive, and then to properly
account far the porosity. If hydiostatic data is
vnavailable, the thennodynamic constants can be

obtained by fitting to Hugoniot measurements on
single crystals of explosives. These are generally
much less sensitive to shock initiation

POROUS EXPLOSIVE EQUATION OFF STATE

‘Ihe formalism for the equation of state which

is used in this paper was developed by Hayes, and

was first used to describe the porous explosive,
1INS (hexanitiostilbene) by Sheffield, Mitchell
and Iayes.! It was later amended by Sctchell and
Taylor? to be vsed in Hermann's P-a model.3
Thus, the ideas are not new, but neither have they
scen widespread :ppli(-nlinn.

The mcthod is based on constiucting a
complete thermedynamic potential function for
the fully dente explovive, namely the Helmholtz
Fiee Encigy. The specific foun which Hayes
chose for the llr‘mhulu Fice Lnergy is!
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where Cy is the specific heat at constant volume,
Y is Gruneisen's parameter, Vq is the specific
volume of the fully dense explosive at zero
pressure, Kris the bulk modulus at constant
temperature, and N is a constant. This
construction assumes Cy, and y/V are constants,
while the bulk modulus is

Kr=Kr, (—‘(}T )

These constants arc readily obtained from static
thermodynamic measurcmeats and hydrostatic
pressure - voluime measurcments.

In order to describe the compaction cof the
porous explosive in the framework of [lcnnann's
P-a model,3 Eq. (1) must be recast in the form
P(E.V)or E(P,V). Sctchiell and Taylor? have
shown that
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Iq. (3) desaibes the behavior of the fully dense
cxplosive,  While FEq. (1) is a complete
thes modynemic EOS, IEA!. (3) is not,

Hermann's theory,d as modified by Canoll
and Hott? states that in & porous material, Fap. (3)
describes the solid portion. The  distension of the
potous material is

a VIV, (4)

whete Vois the specific volume of the puoious
explusive at a given pressure and encrgy, and V,
is the specific volume of the solid explosive ot the
sime pressuie and encrgy. 0 in the porouas
matetinl the avetage pressure is /2 nud the averape
apecific volue V, then the pressnie in the solid
pottion is Pacand the specific volime of the sold
pertiom is Vi Tguation (3) can thus be used to

describe the energy at average pressuic P and
volume V in the porous explosive if modified to
describe only the solid portion:

E=E(PaV|a). )

Eqgs. (3), (4), and (5) arc now augimnented by
defining a as a function of the shock pressure P.
A simple form for o(P), such as the following
one suggested by chnan,i is sufficient.

a=14(a,-1)(1-PP,) (PSP} (6)
a=1 ...(p;_-_P‘)

In lﬁ (6), ap is the original distension,
ap =V/Vo, and Vy, is the initial specific
volume of the porous explosive. P, is the pressure
al which the material crushes to solid density.
Herman has also shown how P, cant * determined
from measurcments of the sound .peed in the
porous material.3 Different values of P, must be
used for different initial porosities,

Given P and a(f'), Eq. (5) is then itteratively
soived for ¥V osuch that the encrgy is the same as
that given by the Hugoniot jump condition
E -I’/?.(Vm ~V). Given the quality of much of
the experimental EOS data, fwrther sophistication
in an EQOS is unwananted.

POROUS EXPLOSIVE DATA

Table 1. lists the thenmodvnamic constants for
tke explosives HMX, HNS, PETN, TNT, and
Tettyl,  Brief comments ubout where these
constants were obtuinad, and how well they fit the
data follow.

Ky, and N for PETN weie obtained by fitting,
the hydiostat obtained by Olinger and Cady.?

Table 1. Thenmodynamic constants by explosive.
Explo | po Ky, | N 714 Cy
Yo' Mbar pfem® Jond? [ps? [K

HMX [ 100 Toa29 o] 200 1 1.05007)
HNS | 174 JOaq6 3.8 | 2.82 | 0k9(109)
PEINL L7 foatol 7| 204 | noogto)
TNT [ 105 Joog2| 7.3 | 151 | 108109
Teuyt| 113 oo fro2] 156 | 1ovgoy




We have also used the values of ¥ , and Cy
contained in Ref. 5. Using these values and the
crystal density of 1.775 g/cm3 reproduces Shock
Hugoniot measurcments at 1.775, 1.75, and 1.71
g/cm3 6 fairly well, as shown in Figure | and 2.
Using the P a formalism with values of P, = 15
and 3.5 kbar respectively, also reproduces the
1.60 and 1.40 g/cm3 data shown, which were
sclected from the reports of Wackerle and
coworkers.7.8 These data were obtained using x-
cut quartz and manganin pressure gauges. As
porous explosive Hugoniot data go, thesc are
excellent. As is typical there is more scatter in
the P-V than the U, - u, plane.

K1, andN for HMX were obtained from fits
to the hydrostatic pressure - volume data of
Olinger, Roof and Cady.? 7y and €y arc as
reported in Ref. 9, as well.  These constants,
ieproduce the 1.891 g/ce HMX Tlugoniot!0 quite
well up to pressures of about 100 kbar,  Above
100 kbar, ncither the 1.891 nor the single crystal
HMX Hugoniot!! is reproduced vay well,
possibly because of a phase transition in the 1IMX
at a pressure near 100 kbar.!2 These constants
with P, set equal to 2.5 kbar nicely reproduce our
Huponiot measwements on 1.24 pfcc HMX.
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Figure 2, Mugoaiots for PETN in the Uy - up plane.
Symbuols represent the same data sets as those in Figure 1,
Solid curves are calculations, Thic data shown in this fipure
cuver a wider puessure range than those in Figuie 1.

The constants we show for the ¥ and Cy of
[INS were obtained from Sctchell and Taylor.2
While Sctchell and Taylor? also claimed to have
improved estimates for KTo andN, we found that
they do not reproduce the data of Ref, 1. as well
as the ariginal constants 1eported by Shefficld et
ald Henee we list Ky andN fiom Ref, 1.

For INT, yand Cy, were obtained from
values for the volume coefficient of thenmal
expansion and €, 13 combined with values of Ky,
and N obtained ll;nm fitting to single aystal TN
Huponiot  data. 14 Relations among  the
thermaodynamic constants weie used with an
iterative procedure to arrive at the final valuer,

For Teuyl, pomd values of the thermodynamic
constants were not available in the literatuse,
Because of its chemical similarity with TN, we
set yand Gy equal to the ‘TNT values, Ky
md N were then obtained by least squares fitting,
to the 170 pfec (903 % of crystal dennity)
Huponiot datac of Lindsttom 1 Lindutiom's data
for lower densities of tennyl were obtained from
wedpe experiments and have sipntficant woatter (in
the I V plane) 13



LIQUID EXPLOSIVES EQUATION OF STATE

Liquid explosives and many other liquids have
cquations of state, which for the purpose of
redicting shock states are well defined by the
Universal Liquid Hugoniot” first ?roposcd by
Woolfolk, Cowperthwaite, and Shaw.16

Us _ 137~ 0372/ 4.1 6222 %)
G G

In Eq. (7)., U; and u, are, as usual, the shock
and particle velocity, while C,is the sound
velocity at zecro pressure, Figure 3 shows
measured shock and particle velocities for the
explosives liquid TNT!7 and nitromethane. 18-20
The solid curves were calculated using Eq. (7)
and Cg = 1.55 mumfjis for liquid TNT2! and G =
1.30 inm/j1s for nitromethane. Reproduction of
the experimental data is excellent, Unfortunately,
virtually no Hagoniot information exists for other
liauid explosives. However, we have found that
Fq. (7) works well for every otlier liquid we have
tried.

9] Liquid TNT
o Nitromethane
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Figare A Togoniots for liquid TNT aned pittcmethane in the
Us ) plane. Fxperimental datis friom Gam!7 fon hoguid
UNT and fiom Refs, (4R 21) for nitiomethane, Sabid Linee,
were caleulated from gy ().
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