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EQUATIONOF STATEFOR THE DETONATION?RODUCTS
OF SEVERALSIMPLEEXPLOSIVES “

M. S. Shaw,B. L. Iiolian,and J. D. Johnson

Effectivesphericalpotentialsfor NZ 02, NO, CO, and C02 are cbtainedby

fitting to various experimentaland calculatedquantities. An equaticnof

state for mixturesof these moleculesis determinedby usingidealmixingand

the hard-sphereperturbationtheoryof Ross.] Calculationsare then compared

with Hugoniotdata for N2 + 02 mixturesand overdrivenNO detonationswith ex-

cellent agreement. Also, the detonationvelocitiesof 03/02 mixtures,NO,

TNM, and HNB were calculatedand were foundto be in very goodagreenentwith

experiment.

In previouswork,2,3 we have shown that the configurationalpart of the

Helmholtzfree energy for an anisotropicmoleculalsystemcan be obtainedby

using an equivalentsphericalpotential. We have also shown how to obtain

that effectivepotentialwhen the anisotropicpotentialis known or can-be

well approximated. We have chosenthe ROSS1 procedureto evaluatethe con-

figurationalfree energy,AC) for the sphericalpotentialbecauseIt is both

fastand accurate(2% or betterin dense fluids). It is basedon a variation-

al principle (see, e.g., Mansoori and Canfield4and Rosaiah and Ste115),

Ac SAo+~~go(r)($(r) - $O(r)) d3r . (1)

That is, the true configurationalfree ●ner-v is boundedfrom above by the
6

iirst two \erms of the A ●xpansionperturbationtheoryof Zwanzig. The ref-

erence system configurationalfree energy, radialdistributionfunction,and

pair potentialare d~noted

for the true system is $.

accuraterepresentationsof

added ● functionF12(~)NkT
.-

energyfor an r“’d potential.
hand side with respectto ~

then approximatedthe radial

for the hard-aphcresystem.

Aot 8.) and $., respectively.The pair potential

For a hard-spherereferencesystem,lonvenimt and
8

gO(r)7and A
?

are known. Ross foundthat if one

= .(q4/2+ q + q/2)NkTto Eq. (1),then the fre~

couldbe well reproducedby’minimizin8the right-

= npd3/6,where d is the hard-sphereradius, He

distributionfunctionfor the r
-12

systemby that

Thik gave



Ac 5A0 +f~ gc(r,0)O(r)d3r+F12(q)NkT , ,

which is then minimizedwith respectto q. In practice,the Laplacetran:-
*om4,7

is usedwh~n a simplefunctionalformof $(r) is chosen.

‘l’heother contributionsto the Helmholtzfree energy,A, for a single

species are well approximatedby several simple, separablecontributions.

(Note that the resultingprocedurefor obtainingA is essentiallyt jt of

?9 and Ree.10b0ss However,the sphericalpo~entialsare obtainedid a totally

differentmanner.) The translationaland rotationaldegreesof freedomcan be

separatedexactly to give ideal contributionsprovidedthe bond lengthsare

kept constant. (Hinderedrotationeffectsand “collisions”are incorporated

in the configurationalfree ●nergy.) The vibrationaldegreesof freedomare

treatedas isolatedquantumvibrators. We have shownthat this is a very good
11 12approximationfor nitrogea. McQuarrie is a convenientsourcefor the form

of thesecontributions,Electronicexcitationsare includedusingan isolated
13 -1moleculeSahamodel, Electroniclevelsup to about60,000cm are incl;ded.

This cutoffwill nob causesignificanttruncationerrorsbelowaround10,OOO°K.

We have used idealmixing for our detonationproductsEOS. Idealmixin8

takes into accountthe distinguishabilityof diff~rentmoleculesbu. assumes

the total energy of a contlgurationof particlesis independentof any inter-

changeof particles, This is exact if all pair potentialsare identical. For

‘2’ “2’ NO, and CO, th~.smay bc a very 8cod approximation.For C02 mixedwith

any of the above, ~his may not be as good,However,more accuratemixin8the-

oiies requirecrosspotentials,i,e.,not only $aa atid@bb but also$ab, For

zero pressurefluidmixtures,a few percentchan8ein the crosspotentialmay

leadto a chan8ein si8n of excessproperties.
28

Also, it is not certain tht

an #ccuratemixing theory for sphericalpotentialsis still accuratefor●f-

fectivesphericalpotentialsrepresentingvery anisotropicpotentials. We in-

tend to look,atmoleculurmixtureswith moleculardynamics,hut we will con-

tinuewith idealmixin8until it is cle~rwhat works betterfor molecularmLx-

t.urcz, Equilibriumcompositionof the detonationproductsis foundby mini-

mizing the Gibbs free ●nergy of the mixture. A slightlymodifiedformof the

procedllrdof White et al.
14,15

W4S used. o

The effrctivesphericalpotentialsused are given it)Table 1. The param-

●ters ●re for an exponential-sixpotenti~l,

_o-



( 0)$(r)-a~6 6ea(1-r/r*)-a~6 . (3)

The determinationof the N2 potentialIS well describedin the previouspa-
3per. The 02 potentialwas fit directlyto the Hugoniotdata rather than

finding the effective sphericalpotentialthat reproducesthe nonspherical

thermodynamicsthat fits the Hugoniot, The NO potentialwas from a fit by

Pacl?6to viscosityand virialdata. We chosethe potentialthat not only had

a good fit to this databut also was “parallel”to the N2 and 02

the repulsiveregion. Becausethere is considerableuncertainty

tentiill,we decreased& by 5% to get a slightlybetter fit to

detonationvelocity. However, the unadjustedpotential gave

withinthe experimentaluncertainty.The CO potentialwas taken

potentialsin

in the NO po-

the liquidNO

results well

to be identi-

cal to that for N sincethe two are isoelectronic.2 In addition,this poten-

tial gives a Hugoniotthat agreeswithin experimental●rror with the data of

Nellis,et al.17at 53,4 kbar and 99.6 kbar. Higherpressuredatu almostcer-

tainly includessome reactionto C02 + C and is, therefore,not useful_for

determininga LO potential. The C02 potentialis a sphericalpotentialfit to

the thermodynamicsof a very anisotropicpotential. The ai~isotropicpotential

is an atom-atompotsntialwith interactionsites only n the oxyRens. The

well depth,c; well minimumposition,r~~;and O-O separation,g, were taken

from a normal der.sitysimulationof solid Cn, by Gibbonsand Klein.18 Th~
19

~teepnessparametera was fit to the cold cur~e of LeSar and Gordon, whose
22

theoryagreesextremelywell with the 296°R isoth~rmmeasuredby 01.inger up

to 100 kbar. This potentiaithenugreesreasonablywell with the C02 Hugoniot
21of Zubarevand Telegin. However,an over~lireductionby 10% gives the best

fit to the,data. Ihe data is so sparse that there is a much greateruncer-

tainty in the C02 potentialthan for N2 and 02. New C02 Hugoniotda’.awould

be very useful.

Resultsare givenprimarilyillthe furm of figurescomparingwith ilata.

First the fits to data are shownand thenthe comparisonwith datd not used in

fittingthe potentials. Fig’Jre1 showsour theoryfor N2 comparedwith data,

Above 40 GPa ncw physicssuch ati dissociation,significantexcitationof elec-

troniclevels,etc. enter i~.}the problemand we have rmt triedto fit that re-

gion. Fi8ure2 showsour best least.squaresfit to the 02 data with a spheri-

cal exponential-cixpotential. Figure 3 compareswith reflectedshock data

and gives very good agreement. Figure 4 c~.@aresour theory with the C02

.9.
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data. In Fig. 5 we shcw the repulsivepart of the potentialsgiveni-nTable

I. Ncte that the p~:ametersare not entirelyindepe,ldent.Therefore,a look

at the table alone .s not sufficientto order the potentials. Also, the at-

tractive part.of the potemtial makesa fairlysmallcontributionto I-!lether-

modynamicsin regionsof interestto detonationproducts.

In Figs. 6 and 7, we comparein p,V and p,E spacethe Hugoniotfor over-

driven NO detonationsand an equimolarmixture of N2 and 02. Therr is ex-
20

cellentagreementwith Schott’s data. Where the two iiugoniotscross,the

thermodynamicstatesare identical. The uncertaintyin the crossingpointis

smallestin p,E and the calculatedcrossingis in excellentagreement:~iththe

data. Figures8 and 9 comparewith P,u data for the same systems. FigurelC
P

gives Us,up comparisonsfor overdrive NO detonations.Note that thl~initial

densitiesare lower than that for the Ramsay and Chiles26 measurementof the

detonationvelocityof NO. In Fig. 11 we have the detonationvelocity25 for

03/02 mixtures. Consideringthe scatterin the data, the agreementis very

good. Finally,the detonationvelocitiesand pressuresfor NO, TNM, andK<B

are comparedwith experimentin Table 11. Again the agreementis very gwd.

We have an equationof statefor detonationproductsthat is in very good

agreementwith experimentfor explosivescontainingsome or all of C,II,Oand

for which there is no solid carbonin the products. We will investig~~tethe

EOS for solid carbon,H20, and other productsin order to extend the capa-

bility to the more common CHINO●xplosives. Also, mixing questiouswill be

gddressedusingmoleculardynamics.

-4”



TABLE I
.

EXPONENTIAL-SIXPOTENTIALPARMETERS

u ~*(fi)

‘2 13.474 4.251

NO 12.08 3.995

02 13.117 4.110

co 13.474 4.251

Coz 13.781 4.096

TABLE II

DETONATIONVELOCITIESOF N0,26

PO D
expt

Explosive Formula (g/cm3) (m/s)

NitricOxide NO ].294 5620t7G

TNM cN408 ].638 6360

HNB c6N6012 1.973 9335

c/k (°K)

75.0

117.1

75.0

75.0

335.0

P D P
exDt talc talc

(k.ba~) (m/s) w——

loot15 5621 98

159 6539 158

400 9405 382
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Fig, 1.
!iugoniotfor nitrogen. Solid line is the theorywith p. =
0.808 g/cm3. Dashed line is the theory with p. = 0.820
g/cm3. Data are +, LASL ShockHugoniotData;23o, Zubarev
and Telegin;2; A, Nellisand Mitchell.24 ~
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Fig. 2,
Hugoniot for oxygen. Solid line is the present theory.
Data are +, IASL ShockHugoniot Data.23
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Fig. 3.
Reflected shock for oxygen. Solid llne is the principal
Hugoniot for the present theory. Dashed lines are the
reflectedHugoriiotsfor the presenttheory. Data are from
LASL Shock Hugoniot data23 with a differentsymbol for
each firstshock,
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Fig. 4,
Hugoniot for carbon dioxide. SOli~ lirieis the present
theory, Data are 0, Zubarev and ‘felegin,2]The initial
density is 1.45 fJcm3,

-~.

—



..,.
\ \ ‘...

.

\ ,.
\ .,

\ ,.
\ ,.

\ “.

\ ..

,..

\
\“..

\ ..

\

\ ‘.

\ “..
\ $.,

2.002.2S 2.50 2.75 3.00 3,25 3.50 3,75 4.00

RADIUS (ANCSTROM)

Fig. 5.
Effective spheric;’: potentials. Parameters are given in
Table I and the curves are labeled.
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Fig, 6.
.

Hugoniotsfor NO and equimolarN2 + 02. Solid line is the
presenttheoryfor N2 + 02 and o is the data from Schott,20
Dashed line is the theor:~for overdrivenNO and + is the
data from Schtitt,20
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Fig. 7.
Hugoniots for NO and equimolar N2 + 02. “Solid line is the
present theory for N2 + 02 and o is the data from Schott.20
Dashed line is the theory for overdriven NO and + is the
data from Schott.20
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Shockvelocityvs particlevelocityfor NO, Solid line is
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