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UNREACTED IIUGONIOTS FOR POROUS AND LIQUID EXPLOSIVES:!

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

Nunicrous authors have measured the Hugoniots of a varicty of granular explosives pressed to different
densitics. Each explosive at each density was typically then trcated as a unique material having its own
lTugoniot. By combining methods used by Hayes, Shefficld and Mitchell (for describing the Hugoniot of
1INS at vaiious densities) with 1lemiann’s P-a imodel, it is only necessary to know some thermodynamic
constants or the Hugoniot of the initially solid malcnnl and the porous material sound speed to obtain
accurate unrcacted Hugoniots for the porous explosive. We discuss application of this meihod to several
materials including 1IMX, PETN, TNT, and Tectryl, as well as 1INS. We also show that the "Universal
Liquid ITugoniot™ can be used to calculate the unreacted Iugoniot for liquid explosives. With this mcthod
only the minbient pressure sound speed and density arc necded to predict the llugoniot. Applications

prescnted include nitromethane and liquid TNT.

INTRODUCTTION

Pquation of state (EOS) infoumation is
difficult to obtain on parous explosives as these
umterials arc very scnsitive to the shock initiation
of ‘Ictonation. Even at pressures of only a few
kbar, shock vilorities cannot be obtained from
tiansit time icasurcinents because the explosive is
startiny (o renct amd accelerate the wave. In wedge
tests. vave acceleration s often apparent well
before the onset of detonation, Because of the
cily ousct of rcaction, measurements of pressure
or patticle vclouly it uansmitted waves provide
umcliable equation of state infounntion as well.

‘The best EOS infornation has been obtnined in
flying plate experiments using flyers made »f well
chinacterized matetials whose velocities weie
necmntely mcasured and when piessuie or
putticle  velocity was measured at  the
flycr/eaplosive inteiface, Dnta from these types
of eapetiments is unconunomt, as most iesearchiers
have bLeen more interested in the initimion
propetties, and have hence used wedge
experiments,

Because of oe difliculties in making 1eliable
EOS measuiements on pmous eaplosives it is
ofte.t uaeful to constioet a Hogoniot using,
thrimodynmic constauts obtaied from static amd
hiydhostatic measurements, th bulk somud speed
al the porous explosive, nid then to properly
arcamt far the porosity, I hythastatic dia is
mavailoble, the thempsdynmic constimts can he

obtained by fitting to Hugoniot measurcinents on
single ciystals of explosives. These are gencerally
much less sensitive to shock injtiation

POROUS EXPLOSIVE EQUATION Ol STATE

‘Iic formnlism for the equation of state which
is used in this paper was developed by llayes, and
was first used to describe the porous explosive,
IINS (hrmmllmhlbcnc) by Shefficld, Mitchell
and Hayes.! It was later ameinded by Setchell and
Taylor? to be used in lennann's P-@ niodel.3
Thus, the ideas aie not new, bat neither have they
scen widesprend :ppli('nliun.

The mcthwd is biased on constiucting a
complete thermadynanic potential function for
the fully dente exyplasive, mimely the Helinholtz
'ice Eneigy. The specific form which Hayes
cliose fur the |lc‘mhn|l1 Fice Lneipy 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 C, and 7/V arc constants,
while the bulk modulus is

Kr =Ky, (—‘(}T @

These constants arc readily obtained from static
thermodyuamic mieasurcmeats and hydrostatic
pressure - volume micasurcments.

In order 10 describe the comipaction of the
porous explosive in the franework of 1lcnnann’s
P-a model,3 Eq. (1) must be recast in the form
P(E.V)or E(P.V). Sctchell and Taylor? have
sliown that

. Py, ..
(P ‘/ R V -V
l'( ’ ) 7IV V(V")( 0 )

. Ky, _K.V.D_Y 1]
Nrivi\ v )

N

Kr.Yo 4 )
TEITA J )

(N ')(IJ;—] 1}

Fay. (3) desciibes the behavior of the fully dense
ceaxplosive.  While Eq. (1) is a complete
theimaodynzniic EOS, FA!. (3) is not,

Herninm's theary, as modified by Cinoll
mud Holt? states that in & porous mnterial, . (3)
desaibes the salid potion. ‘e distension of the
potons watetinl is

a VIV, (4)

whete Vois the specific volmne of the panons
caplasive at a given pressne aud encipy, and V,
is the specific volnnie of the salid explosive nt the
same pressuie vl eneigy. I in the porous
nmterinl the pverage pressuee is £2 mul the nverage
specilic volume V. then the pessme i the solinl
portion iz Paand the specific volmne of 1the sohr
peation in Vi Faguation (3) can thas be usel 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). )

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

a=14(a,-1)(1-PP,)-(PSP,) (6)
a=1 ~(P2P,)

In tq. (6), ap is the original distension,
ay =V/Vo., and Vp, is the initial specific
volunic of the porous explosive. P, is the pressure
at which the material crushes 10 solid density.
Herman has also shown how P, cant * determined
from measurcments of the sound .peed in the
porous muterial.3 Different vilues of P, must be
used for different initial porosities.

Given P mnd a(f'), q. (5) is then ittetatively
soived for ¥V osuch that the energy is the same as
that piven by the Hugomniot jump condition
E -I’/?.(Vm ~V). Given the guality of much of
the experimental EOS data, further sophistication
in an EOS is wnwananted,

POROUS EXPLOSIVE DATA

Table L. lists the thermodyvnamic constants for
tle explusives TIMX, IINS, PETN, INT, and
Tetiyl.  Brief commuents nbout where these
contlanas were obtaizad, mid how well they it the
data follow.

K1, and N for PETN weire obtained by fitting:
the hydinstat obtained by Olinger and Cady.3

Tuble 1. Thenmadynmmic constants hy explasive.
K. [N 7V Cy

Explo | po o
pJem' fen? fps? K

[¥174

pJem'] Mhar
mMx | 190 Jorotosf 2.00 1.05¢(103)
NS | 174 [oa4a] 35 | 282 | 0s9(10%)
PETNL 177 1001007.0 f 204 | LOOCI0Y)
TNT | 165 joog?2]7.3 1.51 LOR(10Y)
Tengt| 023 fao [102] 1aa | rokgoy)




We have also used the values of ¥ , and Gy
containcd in Ref. 5. Using these values and the
crystal density of 1.775 g/cm3 reproduces Shock
Hugoniot measurements at 1.775, 1.75, and 1.71
g/cm3 6 fairly well, as shown in Figure 1 and 2.
Using the P a formalism with values of P, = IS
and 3.5 kbar respectively, also reproduces the
1.60 and 1.40 gfcm3 data shown, which were
selected from the rcports of Wackerle and
coworkers.”.8 These data were obtained using x-
cut quartz and manganin pressurc gauges. As
porous explosive Hugoniot data go, these are
excellent. As is typical there is miore scatter in
the P-V than the U, - u, pline.

Kz, andN for HMX were obtanied 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,
1cproduce the 1.891 g/ce IIMX Hugoniot!0 quite
well up to pressuies of about 100 kbar,  Above
100 khar, ncither the 1.891 nor the single crystal
HMX  Tlugmniot!! is reproduced vay well,
possibly becanse of a phase transition in the 1HHMX
at a pressire near 100 kbar.12 “These constants
with P, set equal to 2.5 kbar nicely reprodnce our
Hngonot measmemems on 1.24 pfec 1HIMX.
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Fipme 2. Hugmims for PEETN in the Uy - up plane.
Symbuly iepresent the sune daa sets as those in Figine 1.
Solal canves aie calcutanions, The data shown in ihis fipure
cover a wider puessuie 1ange than those in Figue 1.

The constimts we show for the ¥ and Cy of
1INS were obtained from Sctchell and Taylor.2
While Sctehell and Taylor? also claimed to have
improved estimates for KTo ad N, we found that
they do not repradnee the data of Ref, 1. as well
as the aoniginal constants teported by Sheflirkd et
k! Henee we list Ky mndN fiom Ref, 1.

For TNT, yand Cy, were obtained fium
values for the volume coefficient of thermal
expansion ind ¢, 13 combined with values of Ky
ad N abtained ll;um fitting to single caystal Nt
Hugoniot  data.!4  Relations amonp the
thenmmlynamic conmstants weie uzed wih au
ierative procednte to anive at the final valuner,

For Tenyl, pomd values of the thennodynamie
amstmty were not aviilable in the literabne,
Mecanne of its chemical similatity with TN, we
set. yand G equal 10 the "INT valves, Ky
md N were then abtained by least squares fithing
v the 170 pfec (983 'K of arystal density)
Hugoniaot datac of Fimlztton I Limdationn’s datp
hn lower densities of tenyl were obtained fiom
werlpe experiments and have sigaifican =cattenr (in
the 2* V plane) 13



LIQUID EXPLOSIVES EQUATION OF STATE

Liquid explosives and many other liquids have
equations 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 _ 1.37- 0372/ 1.1 6222 N
G Co

In Eq. (7). U; and u, are, as usual, the shock
and particle velocity, while C,is the sound
velocity at zero pressure.  Figure 3 shows
measured shiock and particle velocitics for the
cxplosives liquid TNT!7 and nitromcthane. !8-20
The solid curves were calculated using Eq. (7)
and Gy = 1.55 mmyjis for liquid TNT2! and (§, =
1.30 mmJ/jis for nitromethane. Reproduction of
the experimental data is excellent. Unfintunately,
virtually no lIngoniot information exists for other
licuid explosives. However, we have found that
Fq. (7) works well for every other liguid we have
tricd.
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UNT amd i Refa, (R 21 O ninninetlcme . Sobud Tinee,
were caleutaed oo Gy (7).
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