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A new Monte Carlo simulition method his been developed by the anthor
whicl gives the equilibrinm chomieal composition of a moleealin Huid di-
rectly. The nsual NPT ensemble (isothernsal-isobirie) is implemented
with N being the number of aroms instead of moleenles, Changes in
chemical composition are treated az correlated spatial moves of atones,
Given the mteraction potentinls hetwoern molecnlin produets, "exaed”
(with statistical crror = 1'4) EOS ponns ineluding the equilibrinm chem-
wal compositim ean be determmosd from the simulitions. This method
is applicd to detonntion products ot conditions i the region near the
Chapmsn-Jonger state. For the eximnple of NO, it is shown that the
CJ detonation veloeity can be determined to a fow meters per second.
A rather small chinge o eross potentials 1s shown to slnft the chemieal
_equilibrinn id the CJ conditions significinly.
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INTRODUCTION

The equition ot state (EOQS)Y of high explosives
detonation produets is a ernctal part of any ecalen-
lationn of the behavior of rencting explosives and its
effect on adjacent mert materials, In prineiple, one
could caleulite an wb titio EQS by first nsing quan-
tuin mechinies methods Tor the paremials horween
mwolecular produets ind sevoml using <eitistieal me-
clinnies for the resnlting EOS siven these potentials.
The tirst step s Ihntted by the aecnriey ol avanl
able quantim mecliaies methods and the regquired
computer tune,  Where available, these potentials
are qualitatively accurate rather than quantitative,
Given an accurate method for the second step of sta-
tistical meclianies, however, the potentials can be re-
tined from the cvalnation of experimental data.

This second step is typically evalnated using
thermodyminnie perturbation theories. For a single
moleenliar species mteraeting throngli a spherieal po-
tential, there ine several quannitative methods un nse,
The |»l'('('i.\i()ll tor these methods s nor well charae-
terized Tor nmbiiple speetes mixtures snelt as ocenr
i detonation produaets. I partienlar, equilibrinm
chemieal composition and possible thnid-Huid plase

segregations e have substantial imlhenee on the



total EQS of these nnxtures. Inaddanon to ap-
proximte perturbation theories, there are shinula-
tion methads snelvas Monte Carlo md malecular dy
natties which are essentinlly exinet exeept Tor sl
(less tlim 1700 ~stanstical ervor. These metlinds are
well establishied Tor POV T ind EL However, it
ties such as free crergies, entropy, ind clicmienl po-
tentials ave muaeh more dittienlt to calenlite, By stan-
dard sinmmlation mettiods, the chemieal equililivinm
cotposition of o mlti-component mixture wonld be
nearly intractable.

The Metropolis Monte Caurlo method! has Leen
the basis for o wide virtety of siimmlaGion methodls for
statistical mechames, Some ol the properties reguir-
ing the mwost effornn to evilnate acenrately are those
related to Tree cnergies. o0 gL chemieal potentials,
phase cquilibrinm, il chemieal equilibriaum, Re
cently, Panagiatoponlos®* s introdneed the Gibbs-
cusemble Mowe Carlo which allows for the evalua-
tionn of gas liguid phise equilibria direetly withont
the iutermedin e calenlation ol chiemieal potentials.
Coker mnd Wites? and Kotke and Glandt™ hive nisedd
modifications o Grinel Cinonteal ensemble Mante
Carlo to sderermine the chenpenl equilibriom cone
position of moleealin thnd mixtaee, Sdvingre et
a7 ave hown that eliemienl potentinl ditferences



idividual chemieal potentids through their “differ-
ence wethod’. This generalization of aomethod by
Shing™ ¥ involoes an iwerchinge ol one pinticle type
for another vinhier thim the nldition or removal of o
particle.

Ihe smthor has vecently developead a0 NMonte
Carlo stmuliticar method M whiiels allows for chem
wal equilibricion as iouatnrad part ol icsingle shimnla-
tiotr. { This merhod s desigmined N a7 cnsem
ble Moute Cirlo sinee the mmnber of atoms 1s held
coustinit ), Stinning, from an atomie rather than o
wolecnlar viewpoint, the equilibrinom elicaieal com-
position of i moleenlar thid mixtore is eviloated
withont explicit ealenlation of chemieal potentials.
The partition funetion for this collection al atoms 1s
rewritten as iosinover all moleenlin partinion foue
tiotis consistemr winh this set ¢l atoms, That 1s. eachy
set ol atoms eiun be grouped mto o viaiety of sets off
moleenles, Facl set of molecules his its own molee.
uliv partittion Innetion which contribntes to the total
atowme partition funetion, That pare of the atomie
partition Innetion which does not watelr np atoms
wito moleenliar cronps is complerely nephgihle Tor the
revion of interest

Ior tlas |l:|ll:.|'|ll.'|!' --lllll_\‘ we will concentrite
on i vannnen appesnnidion b e adeenline par
ntion et whieh toeaes cael molesale s a0 Sin
gle parnele with vernad despees of Treedom sach s
vibrition and rotatican, hedend of restreting: this
stnnliction toon wiveins set ol moleeales, we dlow tor
cliomge s af 1 the et of maleeales conrespaonnding, to
i exclimee of o Tnothe N0 cnsemlilde
Monde Cinlo aunalinon, e chiennead senetion tepes
ate Jor dar mtereleinnee ot cavaae hetweens molevales,
o aep e vee e Ble o caiier N Cinllo e
cace her e aeeepaneee puabalaloy vomoee eoan
phicined vocevalinete: Nove thon s connelinned o
cobike e Trelepianer ™ T veee Wiy conlmanem
to- ancthier hkely condim ot Toa neea cheneald
resctions, the Tonnier hetween theae two vonlinnn
toor e Lo tlan oo conte mvedvine oaerne,
ol analleleanee o et it e wonllld el h
vy nnhideels o Hewee ol conelanad e al
Loaw s boa elficn o capdone o dovnndie st e
Hea hocor Lo ol B adls ey pacdadalin s o pavaned
by vononc ol B pacdaddalny Vo b congpieatnon
cothat oo ton e nds e el o the tenlan
af vdevnde s T Toed Loepie o vngeihe d Taw s e
the vonal vl o ol oo b e o v Tan
allowinge Loaoaooo L pnndees ol e v e i
Lol e
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eximnple is that of Ng + (0 = 2V0 ot 30GPa d
J000K. Virtinions in the eross-porentiads (Le. be-
tween nniike species) are shown to cause significiant
«hifts "1 the equilibrinm composition. For a 50750
mix of N il O, o few percent shite g e distinee
seitle of eross pn!('l(li;l!.\ lesds to i ('(lllililil'illlll taole
Iraction of NO viaving Tom X407, On the ather
Iind, 1the Lovem - Berthelon rules Tar chioosing eross
potentials gives chemieal equlibrivm thit s alincs
exictly reproduced by the ddend ixingg approximi
tion.

Another exiunple is the geenrate determination
of the CJ state. This involves the simlation of
N+ 01 ¢22N0 tor o vartety ol PP and T near the
'] point. T'he Hngoaiar is constracted by inrerpo
ltion ol approvriate FOS points. The Hngoniot is
ploted i iy vso e spiee 1o searely Toe the mindunmn
shoek veloen e, The aneertimy of the detonation ve
locity from the method s shown to be o few meters
por sceomd, Phie etfeet ol 1l eross p()l('nli:lls on the
detonation veloeity is shown 1o he significant.

METIHOD

The eliveacal partmon fmeetion Tor the smonne
cinaaneil enemwble winhe all sroms slenneal, s ot
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tioti, sl ic vibnanion aned rovation, whiaelicorrespond
to an tsolated mwoleenles Eqgo (41 s the restriction
(.. the riend roror-hiarmonie oseillinor approxin-
tionn) of Eq. (31 1o those inomie coordinates which
correspond to rhie chosen moleenlir mixtare compo-
sitiont. Now we eian relax chis restrietion slightly 1o
ielude any ser of jaomie coordinmes which corre-
spords to any set o M which preserves the atomice
composttions. Those momie caordiniaes assoctiaed
with cirelt e of .\I:.- vim be ~('|i:|l':|l"l}' :llilil'())\illl:ll('(l
Ly Eq. ob ool vhe imtegral over all coordinites al-
tfowed by ahe relaxind restriction hecomes i s of
the form

QN1 N T)
ST QAL M T

(0)

where N7 dadienres only those sets of M's which
pPreserve the ot of \'I'-. Nae alie eneh set of .\l:h
sianples o dilfvrem vonoveriappiig, region of idonie
coordinine pace die to the dillerem sers ol atonnie
correlintions wliel deline the moleenles, The atomie
iscthierial solin e ensemble partition Tunetion s
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Note that the tirst two terms o the ciglithind side
ire jll.\'l those of o NPT ensembde winth fixed solee
ulia composition,

A Mk el wivine o I Jstrnhanion
proportional va s then olasinedt By wecepning
icmove frown state ot stines s with the probabiliny

P oomiven by

L .\IIIIEl.l.I'.I.'IH', - 1Y, )]. (1)

This assomes the nsuad condbiion pe o, py L where
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molecuies imlowed in the sinmdanon, et eich posione
mreger throuelh m denote ome molecale 1tvpes Alao.
let 1220 L onll |»:|l'lin'l(' whivhi keeps triaek of 1he
extrin wetegsiathon virtidles mrodneed e Eqgo 19y A
given chemicad reipttion ejar be written in the form

YN nE =) GF. (15)

=P =0

where Fyois the Tornmla for wmoleenle 0 For exinne
ple, the reaction 2C0 + )y &= 2C 0, would be char-
neterized by Fo o=mnll, Fy - COF = Q. F, =
COs oy o= Uiy o2 2000 = Ly o= 0.5 = 1,5 -
0.8 = 0.8 =2 Lakewise, Ny o+ (s = 2N0 wonld
he charneterized by By =null, Fy = N Fy =2 Oy Fy =
NOGig =00y = Loy == Loy #1008, =06 = 0.8, =
().E:l = 2,

N l. . M M N . . . 'x)
For a wiven simmlation, one or more chemieal

reactions cinn be inelnded ar fixe : or random inter-
vitls 1 the sinne way thint oceasional volinne clinmpges
are inelnded i srindiard NPT enseinbie simlition.
For canvenienee, we pick i reaetion at randon alter
lixed mamber ol Mowe Carlo steps. For agiven state
r. the nnmber ol ways 10 cluose o forwiad 1eietion
is piven by

(11} .‘1
Nyr) - H( .‘). (16)

!
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Suniiarly, the backwind reicetion hins o mmnber of
chiorees given Iy

Npr ‘lll ( \:'I,’)' i17)

Fon o eiven chiemieal reimcnion step, we choose

the forwied ponle with paababdfiy mul the

.'\l
Ny,
bivckwiad reacnion with praladiiliy \'.\n-ﬁ\'..' Then
the renctians e chosen andomdy foan he aviil
ahle moleenles ol the praperivpe Thion eguavalen
1o -'lum:‘llll'; r \_ 1y ||i||l|-'!|"- 3t tinpean il o
cecdig wirhe thie vpal veinotns T nhe o ol oaedeenle,
oo T e e ol T N (b swr e, e
Juvwe oy ll'|u'.'|!|--l \'.'llll .'|||-|ll('.'l U BTN |I:\llll'll"~
Glicvar to voanboan il o .'|-'|'|'||I;||-ll' o nf ICORET lew
N m!

Lot odenare sopeciliv lnal aide foa e fonwsn d
reietitr el b a peede final e Toaahee e e
tesoctooar Dhe fonal v s pedventhe e e a0 el
citbowndy e chee cloc en pecte e b the veanoeom
Floc el et Biead vete e "L e
! ll P (ETRN T IYR PR RS IR PR R TR TR TR B H.', lia



alanany Ihlll! ‘. porcrreartraens s IS - LY
state 1 to stide s s given by

I &

ey = - . 18)
! r-‘.(.\,\l)-r Nurn) \

Stmlarly,

1!
‘---r - e ” —'. ll..)
P rh \jl\) + \bl P

md consequently

Py Lo N U0) 4+ Nuir)) -
N = 10 (-( )
Pio—o (= (l\‘(\f(‘,+ \b( ))
and hkewise for the reverse reaction
1_:1:' l_I;“n\ll\\/(')'f'\'.’” 1)

P l—I’ “l,[\jltl'f'\h(f))-

The acceptance probabilities for a chemieal reaction
move are obfiained froin a combination of Eq.(11),
Eq.(10 Eq200, mud Eq.(21). These ean be com-
pared with a speafie ease given in reference 10, For
spatial moves nae involving a chiemieal reietion, the
nsuil cimoniral crserndle probabilities are nsed. Iy
the isothernod o arie casemble, moves m volimne
are also aflowsod tnoche st lared Giedio,

RESLLTS

Moute Carlo simlitions hive heen performed
i the sromie isothermal-isobarie cusemble nsing the
method ideserihed wdove. A seres of sinmbinions
live heen mide winh nitrogen/oxyveen mixtures at
Liwh Pamd T Allowed maleenlin species e N Q)
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svuthol YT (). NO
N 25.0134 31.983 30.0007
O (L) 2.588 2.07 2,45
=g 2 2 1
Gy (A 337+t 2250 2719
D, (keal/1nol) 2051 1151 130.0
-1 ! 3 2
eyivin ! U 0 U
[y 3 2 2
erem™ ) AD7To4.78 T332.39 119.32
-y 1 S
etem 13120.91  33440.
- 1
elem ™) 32664.1

TABLE 2. EXPONENTIAL-SIX POTENTIAL PA-
RAMETERS FOR THE BASE CASE.

#_ Species € (Iv) Pt (A
1 NV, -\, 9. +.2351 13.474
2 Na = s 19. 4.1305 13.2955
3 Ny = NO 93.7i15 4.123 12,777
4 Oy — Oy 19. 4.110 13.117
) 0. - NO 93.715  4.0523 12,5985
6 NO-NO 1171 3.995 12.08
10000 B et o —_
N,-NO
N\ 1
> 02'62\ O\
1000 | N
NN
W \ !
\-‘i "L .“- \'.
VN
"\-"\.\ﬂ \
300 L. - L. vl N N
24 2.8 28 3 3.2 3.4 3.6
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moleentos are closen to it <hock wave Ilillill-l. The
cross potentials for the husehne ciase are given by thee
Lorentz- Berthelon rales and the artthetie mean for
a's. Varanions inothe eross potentials e labeled
in Tile 3. Runs of 10V steps were miade with the
first 2 = 109 steps iguored for the purpose of evaln-
i averages of quuinninies, Atomie exelinges wire
attewpted every 37 steps and volmne ehimges every
120 steps.

Fienpe 2 <lews resnlts from a previons paper!!
for P=30GD:H innl T=3000Ix 1o illustrate the snb.
stantial offert of cross potentials on the cqnilibrimn
composition. Comparison is mide with pertarbanion
theory'™ nsing ideal mixing. The relatively sinall Jif-
ferences e porentials leieds te o acenrate represen-
tation with wdenl imxing for the baschne set of poten-
tinds. Other chores for cross potmtials load to sig-
mficantly ditferent cqmlibriun compositions. Note
that since the porennals berween like moleenles are
aot changed. dhe vdeal mixug composttion s also un-
chimgal,

lu this illlll_\' we e I'.\'pinll(l( o the set of eal-
culivted states 1o ne” e the l'('_-_','i\)ll neir the CJ con-
ditions for the dv- ninion of bguud NO. This s the
Hrst tiime i CJ o~vate hias heen ealendited by e (es-
seatially) exiet method saeh is o Mowre Carlo sim-
i, The simatinion resalis for the base ser of
potentiids is wiven e Table 4 The sinne ser of 1 oand
T pomts oo b A ser of puaentials s wiven i Ta
Blee 3 Ui aeedh ol taiales sae PN, 1IN,
Viewm!' S, Fa Mo em e nad neae/s)0 Stindstieal
ancertinnties frome the Mome oo sinmlnnions sae
I+ 00007, Vi 00040, a, 7. U0l xv 002
where Xy 15 the mole fracnion ol NO e prod-
ners, Note thiat i these tahiles the ditlorence be
tyect the specitie nernal cuerey of i iae sand the
carrespondug cnerey vae a0 Hhiesganon 8y, I
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TENTIALS

Label N, O, No=NO  0,-NO
base 2 3 3
A 1 3 )
B 2 6 6
c 2 O D
D * 3 b
E 4 3 i)
F 2 1 4
e
i
S
0.4 - ﬁ 4
L
@) A C A
D
Pt
@) 0.3 e _
= AoxT Tx. A
Q - N
< o2 /
T N A
wl / E
S of i \
=
0.0 ; 1 i
0 0.2 0.4 0.6 0.8 1

ATOM FRACTION OF O

FIGURL 2
EQUILIBRIUN MOLE FRACTION OIF NO VS THE
ATOMIC FRACTION OF O AT 30001k AND 30GPA.
BASE S5ET OF POTENTIALS X, SETS A F AS
LABELED. AND PERTURBATION THEORY.

e vs. oty i dae shown e Fugnree o adong winly
lesest sqpune B of a0 gqeadess o to the dian Noiee
e the siall ehinge i cross potensds leids (o al
tost 100m /s dittereaee o aetvminn velovoes. Tlas
climge 15 due to a vovabination of eliges o hee 1LOS
pessesad chinges e eqaalibvian cotaposition for

the prodaets,

DISCUSSION
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FIGURE 3
VOLUME VS. TEMPERATURE AT VARIOUS VAL-
UES OF P.

a chimge in the total mmmber of moles, The precision
of the detonation celoeity is a few meters per second
for rensonnble length sinmlanons. Future application
will he naide of the method to more standird explo-
sives, The extension of the method to the melnsion
of solid produets sueh i ciarbon is stradghtforwinrd.
Likewise, the merhod s (':lsil}' extended to nelnde
Hurd-Hud phiase segregation (g ol and water) ati-
lizing the Gibbs cusemible wmethod? as nas alveady
been demonstrated™. The net result of this comli-
nation of methods will be o allow essentially exact
cilealinion ol detonation produets FOS and CJ con-
ditions for any miven set ol ierwoleenlia potentinls
with i given Teee enerpy representiation ol ~olid prod
Heln,
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BDASE SEL OF POTENTLIALDS.

P

T E \ EEy xig

080 2400 031918 61936 -.00074+ 036
030 2500 033104 62307 Q0058 .009
030 2600 034778 620238 00233 079
090 0 24000 033237 L0617 -.00125 063
000 2500 034471 5991 00012 067
090 2600 033351 .6013Y 00161 073
090 3000 041207 .Gl44H4 00763 115
095 2400 033759 58503 -.00168  .060
005 2500 035219 .O08734 -.00013 .02
095 2600 636538 .539035 00139 083
1000 24000 034418 57449 00204 063
000 2500 035701 57830 000586 070
000 2600 037034 .5R091 00090 .07)
Jd05 0 24000 034761 56036 00264 053
Jd05 0 25000 036359 56307 -.00093 075
Jd05 0 2600 037709 .HT128 00059 086
Jd10 0 2000 037045 95964 -.00122 080
200 24000 036815 54117 -.00362 070
A200 2500 0 038112 4478 00211 079
2060 2600 039596 54579 -.GO0dT 095
200 27000 041065 54759 00101 105

TABLE 5.

MONTE CARLO RESULTS FOR THE

A SET OF POTENT!ALS
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P T E \

Uy . Wy

080 2456 03259 62167 5623 1100
090 2483 03438 5L854 5004 1202
095 2509 03531 38827 5540 1324
000 2339 03566 57894 5550 1392
J05 0 2561 03719 37003 5561 1439

1

10 2381 03813 .O06174 5579 1524

1200 2636 04012 54643 3627 1648

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

P T E \ "y Uy

080 2370 03233 62815 SW4T 1076
090 2398 03408 .6O515 5662 1228
095 2416 03500  .O99472  SGH 1301
00 2432 03599 08374 5620 1370
05 2454 03688 .57H90 5643 1438

1

10 2470 03787 56688 35648 150D

200 25160 03982 D140 5690 1630
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