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EQUILIBRIUM COMPOSITION OF DETONATION PRODUCTS

M. S) Shaw
Group T-14. Muil Srop B214
Lo~ Alinnos Natioual Laboratory
Los Alomose New Mexico 87545

A new Monte Carlo simulation wethod has been developed by the author
which gives the equilibrinm chemical compositon of a molecular uid di-
rectly. The usual NPT ensemble (isothermal-isobarice) 1s implemented
with N being the number of aroms fustead of molecules.  Chauges in
chemical composition are treated as correlated spatial moves of atoms,
Given the interaction potentials between molecular products, "exact”
(with statistical crror = 1'0) EOS poiuts ineluding the equilibrium chem-
1cal composition can be determned from the simulations. This method
is applied to detonation products at conditions in the region near the
Chapman-Jouget state. For the example of NO, it is shown that the
CJ detonation veloeity can be determined to a few meters per second.
A rather small change i cross potentials is shown to shift the chemical
equilibrinm and the CJ conditions signiticantly.
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INTRODUCTION

The equation of state (EOS) of high explosives
detonation products is a erucial part of any caleu-
lation of the behiavior of reacting explosives and its
offect on adjacent wert materials. In prineiple, one
could caleulate an ab tinitio EOQS by tirst using quan-
tum mechanics methods tor the potentials herween
molecular products and secoud usiug statistieal me-
chanies for the resulting EOS given these porentials.
The first step is limited by the aceuraey of avail
able quantum mechanies wethods and the required
computer time. Where available, these potentials
are qualitatively accurate rather than quantitative,
Given an accurate method for the second step of sta-
tistical mechanics, however, the potentials can be re-
fined from the cvaluation of experimental data.

This second step is typically evaluated using
thermodynauie perturbation theories, For a single
tolecular species interacting thirough a spherical po-
tential, there are several quantitative methods o use,
The precision for these miethods is not well charae-
terized for multiple species mixtures such as oceur
in detonation produets, In particular, equilibrivn
chemical composition and possible thiid-Auid phase
segregations can have substantial intluenee on the



total EOS of these mixtures.  In addition to ap-
proximate perturbation rheories, there are simula-
tion methods such as Monte Carlo and moslecular dy-
namics which are essentially exanet excepr for small
(less than 1V statstical error. These methods are
well established for POV T, and E. However, gnanti
ties such as free encrgies, entropy, and clicmical po-
tentials are much more dithenlt to calealate, By stan-
dard simulation wethods, the chemical cquilibrium
composition of a nmlti-component mixture would he
nearly intractable.

The Metropolis Moute Carlo method! has Leen
the basis for o wide variery of simlation methods for
statistical mechianies. Some of the properties vequir-
ing the most effore to evaluate aceurately are those
related to free cnergies: oo p. chemical potentials,
phase equilibrivan, and chemieal equilibrium,. Re
cently, Panagiatopoulos® ! has iutroduced the Gibhs-
cusemble Moure Carlo which allows for the evalua-
tion of gas liquid phase equilibria directly without
the iutermediate caleulation of chiewical potentials.
Coker amd Watest and Kotke and Glandt? have used
maodifications of Grand Canonieal ensemble Maonte
Carlo to determine the chenneal equilibrium conn
position of moleenlae thad wistare. Sindeingre et
al.™ have hown that chicmieal potential differences
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individual chemieal potentials throuph their “difer-
ence method. This generalization of a method by
Shing" ¥ involices an interchange of oue particle type
for another rathier than the addition or removal of o
particle.

I'he sathor has vecently developed o Monte
Carlo simulation method ™ ' whieh allows for chem
ial equilibration as aonatural part of wosingle simnla-
tion. { This method s designated N0 T cnsem
ble Moute Ciarlo sinee the number of atoms s held
constant ),  Starting from an atomie rather than a
molecular viewpaoint, the equilibrivun clicamieal com-
position of o molecular Huid mixture s evaluated
without explicit caleulation of chemieal potentials,
The partition function tor this collection of aroms is
rewritten as i st over all moleenlar pavtition fune
tiots consistent with this set of atoms, That s, cach
set of atoms can be grouped mro o variety of sers of
molecules, Fach set of molecules has its own molee-
ulae pactition function which conteibutes to the total
atomie partition function. That part of the atomie
partition funcrion which does not mateh up atoms
wto woleenlar groups is complerely negheible for the
reglon of interest

For this pmtienlay stady we wall coneentrate
on i common approsunation to the maolecalar par
tition fanetion whach treacs cach molecale s a0 sin
gll' pnl'lll'lq- with miternal devrees of freedom such as
vibration and rtotation, hustead of restreting this
sinulotion to o given et of molecules, we allow tor
chanees of i the ot of molecules conesponding to
an exchimee of stome, I the N0 enseable
Monte Carlo amulation, the chenneal seaction steps
are for an miterelmes o soanes between moleenles,
(la dep e e ved Bl any atiier Monte Canlo e
cveept that the aveeptanee pualability comore com
pheated to evabuete Note thiat ths canrelated move
tebihe a Mreleporter™ o one ikely contination
to another hikely contivmatvar o e cheneal
tenctions, the harnier hetween thew nwo canfinna
Brones e e Toed that o dhiecr vonre ol e, a0 wenies
of uall chaneea contirnratcm wonld poecothiconmeh
very nnhieels aate o Henee the conrelanesd poane al
lonv o b ctbior it nphine of o vonlienratom e
Phat Bocon Lo o boo il el |-IH|-.|!'I|I'| ' |'-i|-||"ll
by teoionc ot s peadiddalite Vo her comnplication
vothat v veon ton e al e sl the e
of moleanle s The Bocd boepime o oo d by s
the total vombear o ool coethe ool vnome T
allowane toa e able podbeer ot the to e onan
tetactinge



example is that of NV, + = 2NV0 ar 30GPa and
30001k, Variations in the cross-potentiais (le. be-
tween uniike species) are shown tao cause significant
<hifts "1 the equilibrium composition. For a 50/50
mix of N oand O o few pereent shitt e the distanee
scale of eross porentials leads o an equilibrium wole
fraction of NO varving frome X407, On the other
hand, the Lorents-Berthelon rules for choosing eross
potentials gives chemieal cqulibrinm that s aliost
exactly reproduced by the ideal mixing approxima
tion.

Another example is the aceurate determination
of the CJ state. This involves the simulation of
N+ 2 2N0 for a variety of P anud T near the
('] point. The Hugoutot is constructed by interpo
lation of approoriate EOS points. The Hugoniot is
ploted i ug vso gy, space to searech for the minimuam
shock veloenty, The aneatiunty of the detonation ve
locity trom the methiod is shown to be o few meters
per secound, Phe etfeet of the eross potentials on the
detonation veloeity is shown to be significaut.

METHOD

The chvacal partmon fiuetion for the atomie
canonteal enemble, with all aroms wdenneal, s just
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tioti, such a vibiation and rotation, which -'Hl'l't'hlmlul
to an isolated molecule, Eqo (40 is the vestriction
(g the rigid rotor-hanuonic oscillator approxima-
tion) of Eq. (3) 1o those atomie courdinates which
correspond to the chosen molecular wixture compo-
sitionn. Now we i relax chis restriction slighely to
include any st of atomie coordinates which corre-
sponds to any set of M which preserves the atoniie
compositions. Those atorie coordinates associated
with ciel set of M s can he separat-ly approaimated
by Eq. b and the integral over all coordinates ol
lowad by the relaxed resrreiction hevotes o sum of
the torm

Q( N .\'_|. 1" T) =

o ] (9)
S QML M VT

where N iidieates ouly those sets of M!s which
preserve the <ot of Vo Note that cacl set of M) s
sianples i ditferenn nonoveriappueg rewton of atomie
coordinate space due to the ditferent sets of atomice
correlations which define the tolecules, The atowie

isothermal izobane ensetable partition funetion s
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rthar A7 7 A0 tor all moleenlar composttions ol
tere~t. Then l‘ll (G heconges
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Note that the tirst two terms on the righthand side
are just those of an NPT ensemble wirth fixed rolee
ular cotposition.

A Mavkov chinn eivine o liitine distoibation
proportional to o' is then obtained! by accepting
itmove frou state roto states s with the probabiliny
P, ., niven by

Do Mt oV, ) (1)

This assumes the nsuad condition p,. .y py ., where
the pisindicaie the unweighted probability of aomove.
[t s sometinnes convenment to relax this condition o
that siow prahiabality snove botpied escarten wirhy i
il clinee of heme aceepred whennoored We
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molecnies atlowed i the sinmiqoon. let cach posinve
mteger throneh me denote one molecule types Also.
let r=0 be aoaull particle which keeps track of the
extra tetegration vartables wrodneed e Ego9) A
given chietical reacrion can he written i the form

);:I‘ll'-‘g-'_:z:-fl'q[. (l:’)
=y t=u

where Fyois the formula for molecule 10 For exam-
pie. the reaction 2C0 + () &= 2C 0, would be char-
acterized by Fy o=nulll Fy, - COF, = (.. F, :
COstg = Oy = 20 = 1y = 0.5 = 1.6, =
0.8, = 0.8 =2 Likewise, Ny« (2 = 2N0 would
be characterized by Fy =nullL Fy = Vo Fy = 04 Fy =
NOuvg =00y = Loty o= Loty +0.6 = 0.8 = 0.6, =
().‘E:l = 2

For a given simulation, one or more chemical
reactious can be included at Hxe @ or random inter-
vals in the same way that occasional volume chianges
arcincluded o standard NPT ensemnble siimalation.
For convenience, we pick a reaction at random atter a
lixed number of Monte Carlo steps. Fora given state
r. the munber of wiys 1o chioose i forward reaction
15 piven by

n _‘l
x“mr[l(f). (16)

1
t-u t

Sunilarly, the backwird reaction has o nuber of
cliorees given by

Nor ii(:d. (17

For o viven chieaical reaction step, we choose

arel the
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backward reaction with probabihiy \.'\'-"\.h. Then
the reactants ate chosen tandomly from the avail
able molecules of the proper tvpe Thivor egravadent
to choomneg, N partehes at o and pro
(N -liln.', with the toad tencriom o the wr of winleentes
e thiat o el e of 1 THE Iy (hbwerwrae, the
proce e repeated wnnh another wt or eopaateles
chosens rondom nunnb oo aceepralde et of pocce,
1y fomined

Lot v denone o pecttic Bual aate fon the forward
tesction el 0 s pecilie final e fon the pever e
teaction Phe linal ter s pnoleende Cone e o0 el
vandomly enver the cho en paate e bt readc ton
Fhe ronabes of e finad ve b b oo
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state v to state < is given by

] IT/%, &'
Pr—e =
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Sinnlanly,

!
24 =9 = T T —— B 19
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aud consequently

Py Llima U, 00 + Noir)) 20

Pime ime SN fUsT 4+ Ny(s) B
and likewise for the reverse reaction

Po=r ”: —p s N+ N 1)

Py = n’_“ll.(.\j(t)'f'.\h(r), )

The acceptance probabilities for a chewical reaction
move are obrained fromn a combination of Eq.(11),
Eq.( 14 Eq200, and Eq.(21). These can be com-
pared with o speatic case given in referenee 100 For
spatial moves uas involving a cheinieal reaction. the
usual canonical cusewble probabilities are used, In
the sothernad isoBarie cusenible, moves e volume
are also allovad o the stadird tishion.

RESLU. LTS

Monte Carlo simulations have heen performed
in the atome isothermal-isobarie ensemble using the
method deserihed above, A series of simulations
have heen made with nitrogen/oxyveen unxtures at
hieh Poand T Allowed moleenlan species are Vo ),
A VO The comtriboition vo W ofron o, cand A5
Ivouiven tsing moleenba coustants and expresaone
fornd iu MeQuannie! aud aapplemented withe olee

LV The molecular consstants

tronie level constants
weed for this evidnation are viven i I'nble 1 M s the
tmolecular weteht, €, 6 the characteri-he rotational
tetnperatigge, 5o, thie Svinmetry unher, 6. 1 the
vibiational e llllH‘l:lllIll‘. 1) vsothe enerey ditferenee
hetween the boowea vihrational Tevel anad the die,
clithed :nnlt'l'lllu' o, b the ith eleetiome ciepey level,
aned AP IR D YR PRIYRITY Live y o the vt ol ('lll_‘. thiora
clectvonre ovel whn b contnbate o 1o 200y are
weluded Note than conver aon tactor - fog the v,
melnde heal mole 203 2 and oG e
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hY | 23.0134 31.983 30,0007
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TABLE 2. EXPONENTIAL-SIX POTENTIAL PA-
RAMETERS FOR THE BASE CASE.

#_ Species e (IN) rt (A
1 N, -\, 7. +.251 13.474
2 Ny = (), 19. +.1305  13.2935
3 N, = NO 93.715 4.123 12,777
4 0, -0, 19. 4.110 13.117
) 0, - NO 93.715 4.0325  12.5935
6 NO-NO 1171 3.995 12.08
10000 -
1
¥
S
1000 |
3.6

R (A)

FIGUR 1
POTENTINLS O VERSES RADIUS R\ FOR
THE BASE € AN
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molecules are chosen to 1t shock wave (lillhl.'. The
cross potentials for thie bascline case are given by the
Lorentz- Berthelot rules and the artthiietie mean for
a’s. Varatons in the cross potentials are labeled
in Tahle 3. Ruus of 10Y steps were made with the
first 2 < 109 steps ignored for the purpose of evalu-
atng averages of quantities, Atowie exclinges were
attempted every 37 steps and volume changes every
120 sreps.

Figure 2 <hows results from a previous paper!!
for P=30GPua aud T=3000K 1o illustrate the sub-
stantial etfect of cross potentials on the equilibrium
composition. Compartson is made with perturbation
theory!” using ideal mixing. The relatively small Jif-
ferences in potentials leads to an accurate represen-
tation with 1deal nuxing for the bascline set of poten-
tials. Other cholees for cross poteutials lead to sig-
nificantly different equilibrium compositions. Note
that since the potentials hetween like molecules are
uot changed. the rdeal iixing composition s also un-
changed.

In this study we Lave expanded the set of cal-
culated states to e we the region near the CJ con-
ditions for the doo nation of hquid NO. Tlis s the
Arst time o CJ stare Las heen caleulated by an (es-
setially ) exact method such s a Monce Carlo sim-
ulation. The simuaiation results for the base set of
potentials is givenn Table b Tlhe sanne <et of P oand
T point- for the A et of porentials 15 eiven i Ta
ble O Unitonsed i the tables are PN ha), TN,
Viem' o), Faodhar e e, and nti/s). Statistical
uncertinntios frome the Monte Carlo sinnilations ace
E 200007, V3 000400 0y 370 u, 420 aad xveo 002
whetre XN I8 the mole fraction of NO i the [)lml-
nets. Note that in these tables the difference be
tveen the specitic reral cnerey of ostate and the
corresponding cuerey on oo Hoeomot 7, Fiood
PO -V e eaven The innad concditions are taken
it o P29 o encand £ 10 03 Leal oel relative
e Nsand O art T Oqnd P00 The ammlanon daa
toplotted i Freoae 3in the foom v oseran s 10 \Warh
the help of the talde s evompne of datac at o give
value of P ooe vendily dennibed. Note thae the Baee
caseand the A cone are aepulicantly - Inlted relanve
to one anothor Sorme of the apparent amclar valoe
Between ot ane aetaalby fromg JdDifforent vadee oo P

I'he H.'!I]'-':i:'il'll- tor opve the e rnot age
Dowe o Fabde e Table o The e ale e hinde

the comver v ot 1DV oot v o

mnlie 1, \..\_- ( '\ atnd A 1o Vi

A conver daae to ittt - Gl teter - e acond b



TENTIALS

Label N, — O, N, - NO  0O,-NO
base D 3 3
A 1 3 J
B 2 6 6
C 2 O 3
D * 3 3)
E 4 3 )
F 2 1 4
06 S e S
i
Cz)
0.4 - 8 .
L A
S A c
D
Pt
e 0.3 oy —
— A x % A
Q - N
< 02 /
loat : X
e N A
wl / E
S of - \
S
0.0 ' 1 i
0 0.2 0.4 0.6 0.8 1

ATOM FRACTION OF O

FIGURE 2
EQUILIBRIUNIMOLE FRACTION OF NO VS, THE
ATOMIC FRACTION OF O AT 3000 AND 30GPA.
BASE SET OF POTENTIALS X, SETS A F AS
LABELED, AND PERTURBATION THEORY.

e vaoouy datacare shown m Fienre o4 along with
least square s of o qradea o to the data Noie
that the small chinge 1 cross potentials Teads to al
oSt 1()0“1/.‘% ditferenice m detonation veloeities. Tlhas
chatge s due to a combination of chanpes i the EOS
perse and changes i the equibibrinm componition for

the produets,

DISCUSSION

We have demontrated wonew method for the
calenlation of the CU e of an l"~.|»lu‘1\1' neanp
wtoof Nonte Covlo amdationes vivime direethy the
cquihhion chempeal compo ation \ veneral derva
tion has bheenviven which allowfor vanlople pecies

multie le chemteal teactions, and e frons iy olvine
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FIGURE 3
VOLUME VS. TEMPERATURE AT VARIOUS VAL-
UES OF P.

a change in the total number of moles, The preci<ion
of the detouation veloeity is a few meters per second
for reasonable length simulations. Future application
will be made of the method to more standard explo-
sives, The extension of the wethod to the welusion
of solid products sueh as carbon is stratghttforward.

Likewise, the method is casily extended to snelude

Huid-Huid phase segregation (e.g. ol and water) uti-
lizing the Gibbs ensemble method? as nas already
been demonstrated! . The net result of this combi-
uation of methods will be to allow essentially exact
calenlation of detonation produets EOS and CJ con-
ditions for any given set of interimolecular potentials
with a given free energy represcutation of ~olid prod
netns,
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BASE SEL OF POTENTLIALDS.

P T _E Ay E-Ey  xyoo
080 2400 031918 61936 -.00074 056
080 2300 033104 62307 00038 039
U300 2600 034778020238 00233 .079
090 2400 033237 50617 -.00120  .0G3
090 2500 034471 59918 00012 067
090 2600 035351 60139 00161 078
090 3000 041207  .Gl444 00763 115
095 2400 033739 58553 -.00168  .060
005 2500 035219 58734 00013 .02
005 2600 06306588 .59035 00139 .083
1000 2400 034418 57449 -.00204 063
1000 2500 035701 57830 -.00056 070
1000 2600 037034 593091 00090 079
050 2400 0 034761 96236 00264 053
1050 2500 0 036339 .o6807  -.00093 07D
J05 0 2600 037709 57128 00059 086
100 2500 037045 .05964 -.00122 080
200 24000 036815 S41LT 0 -.00362 070
200 25000 038112 S4478 0 00211 079
2060 2600 039596 54579 -.G00ST 095
200 27000 001065 54799 0ot 105

TABLE 5. MONTE CARLO RESULTS FOR THE
A SET OF POTENTIALS

S O £ N LRy xxo.
080 2300 0 031017 02048 O008S 72
0800 24000 032775 62929 00049 078
050 2500 0 034277 63310 00215 {93
090 2100 O340 uonH20 00003 85
000 2500 035482 60761 D015 00D
005 2400 034770 D130 00025 090
000 2500 030189 09007 001238 100
100 2400 035626 IR oo 9N
A00 0 2500 036777 AR 008 01
A05 0 2000 INIHEN R Y OOUSH 97
00 2000 037036 iR 0073 o8
10 M 0G 036x02 IR 01049 102

11 2500 (ISN6GS oL TOL RIS 109
100 2600 039710 NTIRAN 0202 127
A0 0 24000 OAR268 RN AO0LT 115

1'2() 2500 039615 Lo 100 0003 A0

A 26000 0410005 o0l 00130 145

300 2 Panemaoponlo s N Qun kel N Stapleton,
and D Dilile dev Mol Phiy o 63 clossy 007
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cEOSTY 130
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{IONs) 1105



P T E \ U U,

LI DR

080 2456 03239 62167 5623 1100
090 2488 03438 .OU854 5554 1202
0953 2509 03531 383827 0540 134
1000 2339 03566 .5TR9d 5550 1392
05 2561 03719 57003 0361 1439
10 2381 03815 56174 35579 1324
1200 2636 04012 54643 5627 1648

TABLE 7. INTERPOLATED HUGONIOT FOR
THE A SET OF POTENTIALS.

P T E \ Uy Uy

80 2370 03233 62315 S5 4T 1076
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