PHYSICAL REVIEW E 66, 021105 (2002
Molecular simulation of shocked materials using the reactive Monte Carlo method
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We demonstrate the applicability of the reactive Monte C&R®MC) simulation methodJ. K. Johnson, A.
Z. Panagiotopoulos, and K. E. Gubbins, Mol. PI8%.717(1994; W. R. Smith and B. Tiska, J. Chem. Phys.
100 3019(1994] for calculating the shock Hugoniot properties of a material. The method does not require
interaction potentials that simulate bond breaking or bond formation; it requires only the intermolecular
potentials and the ideal-gas partition functions for the reactive species that are present. By performing Monte
Carlo sampling of forward and reverse reaction steps, the RXMC method provides information on the chemical
equilibria states of the shocked material, including the density of the reactive mixture and the mole fractions of
the reactive species. We illustrate the methodology for two simple syg&sked liquid NO and shocked
liquid N,), where we find excellent agreement with experimental measurements. The results show that the
RxMC methodology provides an important simulation tool capable of testing models used in current detonation
theory predictions. Further applications and extensions of the reactive Monte Carlo method are discussed.
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I. INTRODUCTION reactive mixture, thus limiting the prediction of the shock
properties of materials to those for which equations of state
The behavior of materials under conditions of extremeare available. The calculations also require heats of forma-
temperature and pressure is of critical importance in manyion and densities of the unshocked material. These quanti-
fields of physics and fluid sciend&—3]. The properties of ties are often unknown for notional or novel energetic mate-
materials at these conditions can be measured through shodkls, as well as for materials in highly nonideal
experiments, which are capable of producing pressures up &nvironments(e.g., energetic materials packed in polymer
several hundred gigapascal and temperatures exceedingatrices or confined in carbon nanotupdsurthermore, ap-
10000 K. Moreover, determining the shock properties of enproximations often must be made within the theoretical mod-
ergetic materials is a crucial task in the field of detonationels to keep the calculations tractable, for example, to develop
science4]. an analytical representation of the fluid equation of sthté
Experimental measurements of the properties of shockedr in applying the van der Waals one-fluid approximation
materials are often difficult because instrumentation must bgl2,13. These types of approximations can add uncertainty
capable of spanning a wide range of pressutes300 GPa to the predictive capabilities of the methods.
and temperature€600—-15000 K. Additionally, energy re- A powerful simulation method available for studying the
leases that might accompany a material under shock condshock properties of materials while providing insight into
tions, as well as the time and length scales over which thatomic-level phenomena is the molecular dynamics method
event occurs, have thwarted extensive experimental studig®D) [14—31). The method can be used irrespective of rate
of many fundamental substances. As a further complicationjmitations, the production of huge energy releases, extreme
recent theoretical predictions suggest that the detonatiothermodynamic conditions, or other regimes that are pres-
products of some systems supercritical phase separate, signtly inaccessible by experimental methods. MD evaluation
nificantly altering the shock propertiesee, e.g., Refs. of the Hugoniot states of a material can be accomplished by
[5-7]). Unfortunately, current experimental techniques arecalculating properties behind the shock discontinuity in a
not capable of delineating the phase separation of materialshockwave simulatiof30] or by generating an equation of
under shock conditions, thus this behavior has not yet beestate for subsequent evaluation of the Hugoniot conservation
verified. relations[24,27]. Recently, an equilibrium molecular dynam-
Such laboratory challenges have necessitated the develojgs method has been introduced, termed uniaxial Hugoniostat
ment of theoretical predictive capabilities to complement thg29], which utilizes equations of motion that constrain the
experimental analyses. To date, the most reliable theoreticalystem during the MD simulation such that the time-
treatments for predicting shock properties apply statisticahveraged properties correspond to those on the shock Hugo-
mechanical approaches such as variational perturbatiomot curve. For evaluating the shock Hugoniot of a material,
theory(e.g., Ref[8]) or integral equation theorge.g., Refs.  the uniaxial Hugoniostat technique is more efficient than the
[9-11])). These approaches predict the shock properties bynethod of generating an EOS using standard molecular dy-
minimizing the Gibbs free energy and by requiring that thenamics for subsequent evaluation of the conservation equa-
total number of elements constituting the chemically reactingions[24,27]. A significant drawback of all MD approaches,
species is conserved. Thermochemical software, such as thewever, is that they require an accurate model of the inter-
CHEMICAL EQUILIBRIUM (CHEQ) code[12] andCHEETAH[13]  action potential experienced between all species in the
are capable of performing such calculations. However, thesshocked and unshocked states. If the relative species concen-
approaches require accurate equations of $E@S for the  trations of the products in the shocked state of interest are
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not known, then the molecular dynamics approach requires Il. METHODOLOGY
an interaction potential that simulates bond breaking and
bond formation in order to establish the chemical equilib- . _ o
rium of the final shocked state. Although significant ad- The RxMC method32,33 is designed to minimize the
vances have been made in developing potentials that repréibbs free energy, thus determining the true chemical equi-
duce the characteristics of a detonation, the potentials af#orium state irrespective of rate limitations. The RxMC
still highly idealized representations of the energetic molecumethod requires intermolecular potentials for the molecular
lar system[14—23,25—28 However, if the relative species SPecies that are present in the reactive mixture, and often
concentrations are known at the conditions of the shockedses spherically averaged potentials such as Lennard-Jones
state, then generating the shock Hugoniot curve using eithé €xponential-6 modelf34]. The RxMC method also re-

the conventional or the uniaxial Hugoniostat MD methodguires inputting the ideal-gas internal modegbration, ro-

only requires appropriate potentials that describe nonreactivi@tion, electronig for each reactive species. These contribu-
interactions among a” Species present' tiOI’lS can be inC|uded by Ca|Cu|a'[ing internal partition

One of the several alternative methods for calculatingunctions from molecular energy-level dé@] or by using
chemically reactive systemisee Ref[37] for a comprehen- tabulated thermochemical dafa3]. Regardless of the ap-
sive review which is appropriate for determining the shock Proach taken, the required information is readlly available in
properties of materials is the reactive Monte CafxMC)  Standard sourcg84—36 or can be generated using quantum
method[32,33. The RXMC method circumvents some of the mechanical calculations. Finally, the particular reactions oc-
problems associated with conventional and uniaxial Hugo€urring in the system must be specified. Provided that a suf-
niostat MD methods. The RXMC method requires neither ficient set of independent reactions are specified, this require-
priori knowledge of the relative concentrations of the speciegnent is not a considerably limiting factor since insignificant
in the shocked state nor a potential that describes bonggactions are easily discernable by negligible product con-
breaking or bond formation. The method only requirgs:  Centrations. _ _
functions that accurately describe nonreactive interactions !mplementation of the RxMC method provides informa-
between all possible species in the equilibrium mixture of thelion on the chemical equilibrium state, such as the density of
final shocked statéi.e., intermolecular potentigtsand (b) the reactive mixture, mole fractions of reactive species, the
ideal-gas partition functions for all species in the mixture.change in the total number of moles, and the internal energy.
For a given intermolecular potential model, the method will The RxMC method can be performed in many different types
provide information on the chemical equilibrium state, suchof ensembles, including canonical, isothermal isobaric,
as the density of the reactive mixture, the mole fractions of5ibbs[37], and other less common ensemKg8]. Further-
reactive species, the change in the total number of molegnore, the RxMC method can be performed for multiple re-
and the internal energy. The intermolecular model can conactions and multiple phase$32,33,37,39-43,45 The
tain various levels of detail including multisite molecules RXMC method does not simulate bond breaking or bond for-
and electrostatic contributions. Numerous reactions can beation; these relatively rare events in the standard Metropo-
simulated simultaneously in multiple phase systems by petis Monte Carlo method46] would result in considerable
forming Monte Carlo sampling of forward and reverse reac-statistical uncertainty. Rather, the RxMC method directly
tion steps. Using the reactive Monte Carlo method, the desamples forward and reverse reaction steps as Monte Carlo
pendence of the chemical equilibria on system conditionsype moves according to the stoichiometry of the reactions
such as temperature, pressure, and the surrounding envirobeing sampled.
ment (e.g., a condensed phase or highly nonideal environ- The isothermal-isobaric version of the RxMC method
men) can be studied. containingd number of reactions involves the following trial

In this work we demonstrate the applicability of the reac-moves:(1) a change in the position or orientation of a mol-
tive Monte Carlo method for calculating the shock Hugoniotecule, chosen at randoni2) a forward step for randomly
properties of materials. We illustrate the method for two syschosen reactiop in which reactant molecules are chosen at
tems that have been studied extensively by both experimemandom and changed to product molecul8%:a reverse step
tal and theoretical techniques. We consider shocked liquidor randomly chosen reactign in which product molecules
NO, which is(nearly an irreversible decomposition reaction are chosen at random and changed to reactant molecules; and
that generates a mixture of homonuclear prodybts and  (4) a random change in the simulation box volume.

0,). We also consider shocked liquid, Nwhich dissociates Step (1) ensures that thermal equilibrium is established
into atomic nitrogenN) within a particular thermodynamic for the user-specified temperature, stépsand (3) ensure
regime. that chemical equilibrium is established, while stépsatis-

The outline of the paper is as follows. The reactive Montefies the requirement of mechanical equilibrium for the user-
Carlo methodology applied to the simulation of the shockspecified pressure. Note that the transition probabilities in
properties of materials is described in Sec. Il. Simulationsteps(2) and(3) do not require specifying the values of the
details and models can be found in Sec. lll, and applicatiothemical potentials or chemical potential differences for any
of the method to shocked liquid,Nand shocked liquid NO is  of the mixture components.
presented in Sec. IV. Finally, discussion of the results and The acceptance probability of stdkgoing to statd for a
possible extensions of the method are given in Sec. V. particle displacement or orientation step is given by

A. Reactive Monte Carlo method
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PiP=min{1,exg — BAU)}, (1)

where AU, =U,—U, is the change in the configurational

energy ang3=1/kgT; kg is the Boltzmann constant afdis
the temperature.
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quantity per unit mass, while the subscrigi”‘refers to the
quantity in the initial unshocked state.

The shock wave velocitp can be calculated by solving
Egs.(4) and (5) for the mass velocity and equating these
expressions. The resulting expression, termed the Rayleigh

The acceptance probability for a reaction step is given byine, can be written as

Cj N:! it iV vjiéj
Prxn:mln 1, " int,i )
LK [ iljl(Ni"‘Vjifj)! ( A}

Xexr(—,BAUH)}, 2

wherec; is the total number of species in reactiolN; is the
total number of molecules of specigsy;; is the stoichio-
metric coefficient of speciesin reaction;; §; is the molecu-
lar extent of reaction for reactiof] ¢ is the quantum

R=p;D?~(P—Pg)(Vo—V)=0. (7)
The so-calledHugoniotfunction satisfies Eq6) as
Hg(T,V)=0=E—E0—%(P~I— Po)(Vy,—V). (8

Note that the quantitieE andV are extensive quantities in
Egs. (6)—(8) and thus dependent on the relative amounts of
the reactive species. The extensive quantities used in this
work were formulated on a specific bagfger granm, alter-
natively these quantities can be formulated on a total system

partition function for the internal modes of an isolated mo"basis(total number of moles The relative amounts of the
ecule of specieg which includes vibrational, rotational, and (¢4 ctive species along with the quantitiEsP, andV are

eIect.ror)?c modes),; is the thermal de Broglie wavelength of .icyjated explicitly during the RxMC simulation. The inter-
species; andV is the total volume of the system. Equation 5| energy is calculated during the RxMC simulation based

(2) is appropriate for both forward and reverse reaction step§on the following derivation. The thermodynamic definition
(¢;=1 for a forward step andj=—1 for a reverse st8p o the internal energy is given as
where the stoichiometric coefficients are taken to be positive

for product species and negative for reactant speckes.
example, consider the reactidx=2B. For the reaction as
written, the stoichiometric coefficients for speciksandB  whereH is the specific enthalpy that can be written as a sum
arevp=—1 andvg=+2 while {&= + 1. Then for the reverse of the ideal gasK°) and excess enthalpiesif),
reaction stepy, and vg again are—1 and+2, respectively,
but nowé=-1)

Finally, a random change in the simulation box volume is
accepted with the probability

E=H-PV, (9)

H=H°+He. (10

The ideal gas and excess enthalpies can be written as

\Y i
PX?I=min[ 1,eXF< _BAUkl_ﬂPimp(Vl_Vk)+N |nV_:()J, Hozz ylHlo (11)
()
. . . . and
where P, is the user specified amposedpressure. Deri-
vations of these transition probabilities along with further He=y° L py—RT, (12)
details of the methodology can be found in the original pa-
pers[32,33,31. so that
B. Calculation of shock Hugoniot properties i
. iy . o H=> yH+U®"+PV-RT. (13
The thermodynamic quantities of a material in the initial i=1

unshocked state and the final shocked state are related by the

conservation equations of mass, momentum, and enerdy°"is the total configurational energy calculated during the
across the shock front §4] simulation from the species-species interactiopsjs the
mole fraction of specieg c; is the total number of species;

mass, poD=p(D—u), (4 HOjs the specific ideal-gas enthalpy of pure spegjeghich
B can be determined solely from tabulated thermochemical

momentum, P—Po=pouD, (5 data at the appropriate temperatlir86,47,48 or with tabu-
energy, E—E,=1(P+Py)(Vo—V). ©) lated thermochemical data supplemented with computed val-

ues where data are lackirigee, e.g., Ref$49], [50]); andR
is the universal gas constant. Then, substituting(E8). into

In Egs. (4)—(6), E is the specific internal energf is the
gs. (4)~(6) p oy £q.(9).

pressurep is the specific density/ = 1/p is the specific vol-
ume, D is the velocity of the shock wave propagating
through the material, and is the mass velocity of the prod-

14
ucts behind the shock wave. The tespecificrefers to the 14

i
E=2 yiH +U®"-RT,
i=1
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TABLE I. Exponential-6 potential parameters. nored between species. The unlike interactions between spe-
ciesi andj were approximated by the Lorentz-Berthelot

Species ree(R) 1 (A)  &lkg (K) a Source  mixing rules[34] for &;;, a;;, andr;;,

N, 1.13 42005  101.10 12.684 Rél1] i =(sisj)1/2, a :(aiaj)1/2,

N 0.98 2.5688 88.181 11.013 Reéf1]

NO 1.00 3.995 117.1 12.08 RdB1] P = (i + T )12,

N, 0.98 4.251 75.0 13.474 R4b1]

0, 0.96 4.110 75.0 13.117 Rd®b1] while  rcoreij = (T corej t I corej)/2- (16)

The vibrational and rotational contributions to the ideal-
which is the specific internal energy expression needed igas partition functions used in simulating the NO decompo-

Eq. (8). sition reaction were calculated using a standard soL86g
The search algorithm for locating a point on the Hugoniotand supplemented with electronic level constaas,52.
curve used in this study is as follows. The vibrational and rotational contributions to the ideal-gas

(i) For a user-specified pressuRea few RXMCNPT  partition function of N used in simulating the Ndissocia-
simulations were performed at temperatures believed to b#on reaction were likewise calculated using a standard
nearHy(T,V)=0. source[35] and supplemented with electronic level constants

(i) A functional form for theH vs T plot is determined, that included the ground state and six excited electronic
e.g., fitted to a quadratic polynomial, and the temperaturétates[47]. For N, the electronic energy levels were taken
(Th,) that satisfies Eq(8) at Hy=0 is interpolated. from Moore and Gallaghe#8]. The corresponding thermo-

(iii) Similarly, functional forms for the other desired quan- chemical referenoce data were used in calculating the ideal-
tities (V,E,D) were determined and interpolatedTa . gas enthalpiesH;) required in Eq(11) [36,47,48.

Depending on the initial guess dTHg, additional RxMC

simulations may be required to achieve the desired accuracy.
Typically, four to six RxMC simulations are needed to deter- Constant-pressure RxMC simulations of shockedaNd
mine a single point on the Hugoniot curve, where best resultshocked NO were initiated from 3375 particles of Bind
are obtained when chosen valuesToinclude bothH,>0 NO, respectively, placed on a face-centered-cubic lattice
andH,<0. Steps(i) through(iii) are then repeated to trace structure. The standard periodic boundary conditions and

B. Simulation details

out the entire Hugoniot curve. minimum image convention were usg¢83]. Simulations
were performed in steps, where a stghosen with equal
Il SIMULATION MODEL AND DETAILS probabilitw was either a par_ticle displacement, fprward reac-
tion, step, or reverse reaction step. A change in the simula-
A. Intermolecular potential models tion cell volume was attempted every 2500 steps. Simula-
The species particles interact through the exponential-§0ns were equilibrated for 0:310" steps afte7r which
potential, which can be expressed as averages pf the quant'ltles were taken over<2l0’ steps.
Uncertainties were estimated using the method of block av-
Uexp-o(T) erages by dividing the production run into ten equal blocks
[51]. Reported uncertainties are one standard deviation of the
*, F<Tcore block averages. The maximum displacement and volume
= e 6 r Fm)® change were adjusted to achieve an acceptance fraction of
16/ (;exp{ all- GD _(T) ] r=rcore approximately 0.33 and 0.5, respectively. Depending on the

system conditions, the acceptance fraction of the reaction
(15  steps ranged from 0.075-0.375. Calculated quantities were
reduced by the exponential-6 potential enefgy and size
whereg is the depth of the attractive well between particles,(rm) parametersz dissociation reaction, Nparameters;
Mm is the radial distance at which the potential is a minimum,NO decomposition reaction, NO paramelers
while « controls the steepness of the repulsive interaction.

T_he cutqﬁ Qistancecore is.; include_d to avoid the unphys_ical IV. APPLICATION
singularity in the potential function as—0. The potential . o
parameters for the species considered in this work are given A. Shock Hugoniot states of liquid N

in Table I (first two entries: N dissociation reaction; last We consider shocked Nn the pressure range 3—90 GPa
three entries: NO decomposition reacioh spherical cutoff  for which reliable experimental data are availal8é,55. At

for the particle-particle interactions was applied arg.Ro  pressures between approximately 30-100 GPa, tseNN

for the NO decomposition reaction without applying any cor-riple bond is destabilized and molecular nitrogen dissociates
rection for this truncatlon, while a Sphe”cal cutoff of into atomic nitrogerﬁ56,5ﬂ_ At h|gher pressureS, theory Sug_
2.9y n, Was applied for the h dissociation reaction with  gests that nitrogen can exist as a metastable polymeric phase
long range corrections added to account for interactions besf N atom clusters that are covalently bond&@—62, be-

yond this distancg51]. Electrostatic contributions were ig- fore losing this covalency at still higher pressures. In the
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TABLE Il. Initial fluid states used to evaluate E@). lated from the RxMC simulations and the available experi-
— — mental data is given in Table IIl. In Table I, the uncertain-

_ Liquid N, Liquid NO ties for the shock Hugoniot properties measured by
Thermodynamic  Experiment Experiment experiment are given in parentheses, while the uncertainties
property [55]  NVT-MC  [61]  NVT-MC i, the RxMC calculations can be estimated from the

TemperatureT (K) 77.0 77.0 122.6 122.6 Resquare va_lue of the functional fit of data gi_ven in the Ap-
+0.5 +23/-11 pendix. TypicalR-square values for the predicted tempera-
Density, p (g/cn®) 0.808 0.808 1.263 1265 tures and specific volumes are 0.97-0.99. Plots of the shock
+0.003 +0.06~0.11 Hugoniot pressure versus the specific volume and the shock
PressureP (MPa) 50.49 4905 Wwave velocity'are given in Fig;. 1 and 2, respectively, for
+0.02 +0.1 both the reactive and nonreactive models.
Energy,E (kJ/g —0.441 2 650 260 We fou_nd excellent agreement between the RxMC calcu-
+0.004 +0.01 +0.01 lations using the reactive model and the experimental mea-

surements for most of the pressures considered. As the pres-
sure is increased along the Hugoniot, the system becomes a
present work, we consider only the regime where moleculaPartially dissociated fluid containing a mixture of, Mol-
nitrogen is believed to dissociate into atomic nitrogen,ecules and N atoms. This behavior is reflected in the species
N,=2 N. Analogous to the work of Fried and Howati], mole fractions plot of Fig. 3. Values of the mole fractions
we consider two models for this reactionseactivemodel ~ shown in Fig. 3 were determined by interpolating the data
that includes the dissociation reaction, anchenreactive reported in Table V tdTy, using a quadratic function. It is
model that does not. evident from Fig. 1 that the nonreactive model fails at high
We determined the shock Hugoniot properties of liquidpressures where the dissociation is not negligjitil.
N, using the calculated initial states given in Table Il. The The experimental data appear to exhibit a softening of the
values given in Table Il were determined by performing aHugoniot curve near 55 GPa while the RxMC simulations do
canonical ensembl@onstant-N/T) Monte Carlo simulation not predict this behavior. Experimental errors are increasing
of N=3375 N, molecules atT=77.0 K and at a specific in this region, therefore whether the discrepancy is due to
volume of V=1.238 cni/g. A comparison of the pressure experimental uncertainty or an inaccurate model cannot be
and internal energy determined from this/W simulation  conclusively establishefll1]. Interestingly, however, recent
with experiment is given in Table Il. The shock Hugoniot density-functional theoryDFT) calculation[31] predict the
properties were determined by carrying out the prescriptiorsoftening behavior. Pair correlation calculations in the work
outlined in Sec. Il B. The raw data determined from a serief Kresset al.[31] indicate that the system contains a small
of constant-pressure RXMC simulations at several differenfraction of clusters larger than dimers in the partially disso-
temperatures are given in the Appendbable V). Also re-  ciated region, however, these larger clusters are not long
ported in Table V are the values of the Hugoniot expressiotived. The dissociated system may contaiy Molecules
[Eg. (8)] using the predicted thermodynamic data. Quadratidound by single (N-N) or single and double (¥N:=N)
polynomials were used in the fitting procedure of stéps  bonds. Although refining the Nmodel is beyond the scope
and(iii ) (see Sec. Il Bwith the exception of the shock wave of the present work, such products and their accompanying
velocity (D) where a linear equation was used. A comparisorreactions could be included into the RxMC simulation sce-
of the shock properties along the principal Hugoniot calcu-ario, e.g., S=N=N=N or N=N=N—N, which may

TABLE lll. Shock Hugoniot states of liquid nitrogen. RXMC results are for isa@ctivemodel discussed in the text. Experimental data
are taken from Nelli®t al. [55], except for those noted.Uncertainties in experimental dakere availablgare given in parentheses.

P (GP3 v (cn/mole Ny) T (K) D (km/9

Experiment RxMC Experiment RxMC Experiment RxMC Experiment RxMC

2.96 2.96 21.7 21.36 536.2 3.14 3.087

474 4.74 20.1 19.82 883.9 3.74 3.703

10.1° 10.0 17.3 17.41 2008.4 5.00 4.993
18.1(0.5 18.1 15.34(0.5 15.57 4300(200 3912.4 6.34 6.384
29.9(0.5 29.9 14.26(0.5) 14.05 7300(250) 6778.1 7.93 7.895
36.0(0.9) 36.0 13.41(0.4) 13.35 8750(300) 7963.0 8.52 8.519
47.0(0.5 47.0 11.83(0.5) 12.20 8900(600) 9557.7 9.40 9.483
52.6(0.5) 52.6 11.13(0.5 11.66 11 100(800) 10185.4 9.79 9.914
60.4(0.7) 60.4 10.31(0.7) 10.97 12 000850 10935.2 10.31 10.465
81.1(1.5 81.1 9.40(1.5 9.366 14 50011000 12588.9 11.73 11.724

#Pressure imposed in the constant-pressure version of the RxMC method.
bTaken from Zubarev and TelegjB4].
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FIG. 1. The shock Hugoniot of liquid N The values calculated
from the RxMC simulations using a reacti{®) and a nonreactive
(O) model are compared with the experimental dakg [54,55.
The shock pressure is plotted vs the molar volume of N

FIG. 3. Species mole fractiofbl, (¢), N (A)] along the Hugo-
niot curve, determined from the RxMC simulations of the dNs-
sociation reaction.

make RXMC calculations more compatible with the eXperi_equim(.)lar mixture of N molecules and dissociated N atoms
mental measurements. (see Fig. 3
As a matter of curiosity, a point along the Hugoniot curve
at P=91.5 GPa was calculated. Although experimental data B. Shock Hugoniot states of liquid NO
are not presently available at this pressure, the recent DFT Next, we consider the decomposition of nitric oxide:
calculations of Kress and co-worke31] predict consider- 2NO=N,+ O, . This reaction generates a mixture of homo-
ably different behavior in this pressure regime. The modelclear products that are miscible with each other éasd
used in the present work predicts softening behavioymed to bpwith residual NO. The concentrations of other
(v=8.68cni/moleN,), as does the work of Fried products such as NQare considered to be negligible as are
and Howard[11], while the DFT calculations appear to ne accompanying reactions, e.§N,+ 0,=NO, .
be approaching a maximum compression in this region \ye determined the shock Hugoniot properties of liquid
(v=9.34 cni/mole N, at P=91.5 GPa[31]). According 0 NO using the calculated initial conditions given in Table II.
our calculations, such a system would contain a nearly\n, NVT Monte Carlo simulation was performed fox
=3375 NO molecules aT=122.6 K and at a specific vol-
ume of V=0.7905 cni/g. The calculated pressure and inter-
o nal energy from this simulation are compared with the ex-
perimental measurements in Table Il. The shock Hugoniot
properties were again determined by the prescription out-
lined in Sec. Il B. The raw simulation data and the calculated
quantities determined from a series of constant-pressure
RxMC simulations at several different temperatures are
&0 given in the Appendix(Table VI). Quadratic polynomials
I were used in the fitting procedufsee Sec. Il B with the
or exception of the shock wave velocif{p) where a linear
equation was used. A comparison of the shock properties
I A along the principal Hugoniot calculated from the RxMC
or o simulations and the experimental data of Schott, Shaw, and
a Johnsori63] is given in Table IV. In Table IV, an estimate of
[ @ the uncertainties in the RxMC calculations of the shock
° . = s 5 ’ 7 9 1'1 1‘3 s Hugoniot properties can be determined from Requare
shock velocity [kmis] value of the functional fit of data given in Appendix B. Typi-
cal R-square values for the predicted temperatures and spe-
cific volumes are 0.97-0.99. Plots of the shock Hugoniot
pressure versus the specific volume and the shock wave ve-
locity are given in Figs. 4 and 5, respectively. Again, excel-
lent agreement between the RxMC calculations and the ex-

100

80 | a0

60 | £0

pressure [GPa]
B

FIG. 2. The shock Hugoniot of liquid N The values calculated
from the RXMC simulations[reactive model(O), nonreactive
model ((J)] are compared with the experimental dé#e) [54,55.
The shock pressure is plotted vs the shock wave velocity.
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TABLE IV. Shock Hugoniot states of liquid nitric oxide. Experimental data are taken from Schott, Shaw, and J@8json

PHYSICAL REVIEW E 66, 021105 (2002

P (GP3 V (cm/g) T (K) D (km/9 E (kJ/g)
Experiment RxME Experiment RxMC Experiment RxMC Experiment RxMC Experiment RxMC
14.47 14.47 0.5203 0.5215 3064.9 5.767 5.700 4.663 4.611
17.93 17.93 0.483 0.4868 3278.9 6.033 5.992 5.437 5.395
21.03 21.03 0.4627 0.4622 3488.2 6.337 6.255 6.087 6.132
25.47 25.47 0.437 0.4340 3819.1 6.715 6.619 7.157 7.227
28.47 28.47 0.4212 0.4180 4074.4 6.940 6.853 7.903 7.993

3Pressure imposed in the constant-pressure version of the RxMC method.

perimental measurements is found with typical differences oRXMC methodology. First, although the computations are
1-2%. Plots of the species mole fractions along the Hugoreasonably inexpensive, it may be possible to reformulate the
niot curve are shown in Fig. 6. Values of the mole fractionsmethod within other ensemblés.g., constant pressure, con-
shown are interpolated from the data given in Table VI tostant enthalpy, and constant number of partigIBPH]),
Th, using a quadratic function. Since the mole fractions ofallowing the calculation of the Hugoniot curve to be carried
N, and G are equivalent, their mole fractions are plotted asout more efficiently and convenientl{38]. Further, the
“products” in Fig. 6. It is evident from Fig. 6 that as the RxMC method has been recently combined with transition
pressure increases along the Hugoniot curve, the reactiastate theory to allow for the calculation of reaction rede4.
equilibria shifts to an increasing amount of NO. Thus, extension of the method to reaction rate calculations
for materials under shock may also be possible.

A coordinated approach that links experimental, theoreti-

cal, and RxMC efforts appears promising in furthering our

We have demonstrated the effectiveness of using the re-

active Monte Carlo simulation method for determining the_understanding of chemical reacting systems in highly non-

shock properties of materials. We found the RxMC calculald€al environments. The RxMC method can perform several

tions to be in excellent agreement with the available experidifférent functions in such approaches. First, the RxMC

mental data for two simple systems. These demonstration®€ethod can play a criticgl role in assessing theoretical mod-

have illustrated the utility of the method for predicting the €IS used in thermochemical codes sucttaseTAH[13] and

shock Hugoniot of mixtures for which species concentration$HEQ[12]. In these approaches, predictions using the model

are not known and in the absence of interaction potential@re usually obtained through approximate methods. Molecu-

that simulate bond breakage and formation. lar simulation, on the other hand, provides an essentially
Subsequent to the validation of the method presented igxact resul{within statistical uncertaintyfor the model be-

this paper, there are several possible extensions of the curreing considered and thus provides a means of testing these

V. DISCUSSION

35

35

30 [ 30 F
L oA
[ a -

| 25 [ oA

20: 2 }

5T ca

pressure [GPa]
L3

pressure [GPa]
[

10 10:

0.65 4.0 5.0 6.0 70 3.0

specific volume [cm/g] shock velocity [km/s]

FIG. 4. The shock Hugoniot of liquid NO. The values calculated  FIG. 5. The shock Hugoniot of liquid NO. The values calculated
from the RxMC simulationgO) model are compared with the ex- from the RxMC simulation§O) model are compared with the ex-
perimental datdA) [61]. The shock pressure is plotted vs the spe-perimental datdA) [61]. The shock pressure is plotted vs the shock
cific volume. wave velocity.
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06 required for the simulation, whilab initio calculations can
[ | Aproducts be used to parametrize the functions that describe the inter-
eNO molecular interactions between the reactant and the species
. believed to exist in the product mixture. With these quanti-
A ties in hand, the RxXMC method can be used to predict shock
04 | . properties of the notional material, thus providing crucial
[ detonation performance information while avoiding costly
and time-consuming experimental measurements.
The RxMC method can also be used to study the reactions
[ 4 of energetic materials in other nonideal environments, e.g.,
0z | confined within polymer membranes, carbon nanotubes, or
[ . other porous materials, or for naval applications near or un-
[ der water. Finally, the RxMC method can be applied to the
o1t study of the supercritical phase separation behavior that
[ theory suggests occurs for some detonation prod(s#e,
S . e.g., Refs[5-7]). Presently, this behavior has not been veri-
o 5 10 15 20 25 30 fied by experimental measurements. As noted in Sec. |, the
P [GPa] RxMC method can be used to simulate multiple phase sys-

FIG. 6. Species mole fractioilO (), either N or O, (A)] tems. Application of the method to such systems may pro-

along the Hugoniot curve, determined from the RxMC simulationsvIde further insight into this phenomenon.

of the NO decomposition reaction. Mole fractions plotted as “prod-
ucts” represent the values for both, ldnd G..

05 |

03 | . A

species mole fraction
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APPENDIX

TABLE V. Constant-pressure reactive Monte Carlo simulations of shocked liquid " indicates ensemble averages determined from
the simulation. Uncertainty in units of the last decimal digit is given in parentheses,(3.0t6ans 3.0180.002.

Mole fractiorf

T P (V) (uconh HOP E° Hqd De

(K) (GP3 (x(N)) (x(N)) (cm’lg) (kd/g (kg (kg (kd/g (km/s)
Pimp=2.96 GPa

475 3.0102) 1.0000 0.0000 0.753)  0.1822) 01852  0.227  —0.0732 3.059

500 3.0081) 1.0000 0.0000 07572)  0.18§2) 02110  0.250  —0.0429 3.071

525 3.0082) 1.0000 0.0000 07608  0.1923) 02379 0274 -0.0138 3.082

550 3.0082) 1.0000 0.0000 0.7648)  0.1973)  0.2643  0.298 0.0165 3.094
Pimp=4.74 GPa

850 4.79%3) 1.0000 0.0000 0.7048)  0.4634) 05955  0.806  —0.0433 3.693

900 4.79%3) 0.99981)  0.00021)  0.709G8)  0.4743) 06566  0.860 0.0210 3.708

950 4.7909) 0.99971) ~ 0.00031)  0.71326) 04785  0.7201  0.916 0.0879 3.721
Pimp=10.0 GPa

1950 10.0727) 1.0000 0.0000 0.6199)  1.2497)  1.9407 2611  —0.0751  4.984

2000 10.0814) ~ 0.99981)  0.00021)  0.621@6)  1.2549) 20101 2670  —0.0115 4.992

2050 10.0668) ~ 0.99981)  0.00021)  0.623%6)  1.2609)  2.0749  2.726 0.0609 4.998
Pimp=18.1 GPa

3850 18.198)  0.99971)  0.00031)  0.55497)  2.3982)  4.4512 5707  —0.0806 6.380

3900 18.1912)  0.99971)  0.00031)  0.55577)  2.4041) 45179 5761  —0.0168 6.383

3950 18.18®)  0.99971)  0.00031)  0.55698)  2.40712) 45851  5.820 0.0533 6.388
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TABLE V. (Continued.

PHYSICAL REVIEW E 66, 021105 (2002

Mole fractiorf

T P (V) (ueonh HOP E° Hqd De
(K) (GPa (x(N2)) (x(N)) (cmlg) (kJ/g (kJ/g (kg (kg (km/s)
Pimp=29.9 GPa
6700 30.02®2)  0.993@1)  0007@1)  050018)  3.9631) 85267 10502  —0.1103 7.890
6725 30.0182  0.99391)  000611)  050178)  3.9602) 85392 10503 —0.0810  7.897
6750 30.0083)  0.993G1)  0.00641)  0.50247)  3.9663)  8.5808  10.543  —0.0274  7.900
6775 30.00)  0.99261)  0.00751)  0.50087)  3.9542)  8.6431 10586 —0.0089  7.892
6800 30.002)  0.99231)  000771)  0501G7)  3.9571)  8.6847  10.624 0.0271  7.895
Pimp=236.0 GPa
7900 36.088)  0.97621)  002381)  047679)  4.6662)  10.8830  13.204  —0.1105 8.514
7950 36.12(3)  0.97531)  0.02471)  0.476%6)  4.6742)  10.9868 13299 —0.0252  8.520
7975 36.10®  0.975@1)  0.02501)  0.47665)  4.6682)  11.0363  13.338 00233 8518
8000 36.14®)  0.97441)  0.02561)  0.47665  4.6742)  11.0924  13.395 0.0644 8523
8050 36.14(2  0.97341)  002661)  0.47687) 46792  11.2008  13.486 0.1606 8524
8475 36.12(B)  0.96481)  0.03521)  0.479611)  4.6862) 121361  14.307 1.0393 8537
8500 36.1163) 0.96431)  0.03571) 047965  4.6832)  12.1932  14.352 1.0863 8536
8550 36.1168) 0.96321)  0.03681)  0.480G8)  4.6872)  12.3059  14.455 1.1950 8539
Pimp=47.0 GPa
9350 47.15%5)  0.926@1)  0.07411)  043518)  5.8093)  14.9046  17.939 -05608  9.481
9450 47.18®2)  0.92212)  0.07792)  043526)  5.81242) 152050 18212 —0.2958  9.485
9550 47.14®)  091832)  0.08162)  0.435§3)  58052) 155024 18473 —0.0142  9.484
9575 47.13®)  091791)  0.08211)  0435%3) 57992 155580 18515 0.0353  9.482
9600 47.13@)  0091662)  0.08342)  043576)  5.8042 156475  18.602 0.1249  9.483
Pimp="52.6 GPa
9500 52.74(4) 091012  008992)  0.41606)  6.3363) 157319  19.248 -1.9974 9911
9750 52.731@)  0.90022)  0.09982)  0.41624)  6.3252) 165027  19.934 -1.3053  9.912
10000  52.75@)  0.888§2)  0.11122) 0.41624)  6.3143)  17.3362 20683 05620  9.914
10250  52.7586)  0.87742)  0.12262)  0.41648)  6.3044)  18.1791  21.441 0.2006  9.915
Pimp=60.4 GPa
10400  60.52@)  0.84983)  0.15023)  0.392§5  6.9892)  19.4771 23379 17771  10.469
10500  60.5204)  0.84412)  0.15592)  0.39245  6.9792)  19.8615 23724 14344  10.468
10600  60.56@)  0.83883)  0.16123)  0.39208)  6.9694)  20.2337 24057 11294  10.469
10900  60.55M)  0.82312)  0.17692)  0.39167)  6.9392)  21.3514 25056 —0.1370  10.466
10950  60.5063) ~ 0.82013)  0.17993)  0.39166)  6.9284) 215531 25231 0.0583  10.462
11000  60.544%)  0.817G4)  0.183G4)  0.0391%)  6.9292)  21.7593  25.424 0.2306  10.465
Pimp=81.1 GPa
12400  81.09%)  0.64874)  0.35134)  0.33525)  8.2794)  30.8436 35438 07344 11728
12500  81.07&/)  0.64165)  0.35845  0.33477)  8.2533)  31.3115 35854 03281  11.724
12600  81.12(8)  0.63514)  0.36494)  0.33438)  8.2404) 317590  36.259 0.0387  11.724
Pmp=91.5 GPa
13000  91.1919)  0.55846)  0.44166)  0.31097) 87755 355438 40461 13754 12274
13250  91.116) 054245 045765  0.31018)  8.7254) 356715 41464 —0.3756  12.263
13500  91.0921)  0.52677)  0.47337)  0.30928)  8.67146)  37.7904  42.454 0.5857  12.255
15500  90.48212)  0.417@6)  0.58306)  0.304511)  8.2423)  46.2912  49.933 8.1337  12.183
16000  90.4164)  0.39176)  0.60836)  0.303G12  8.1474) 483805  51.779 9.9691  12.173
16500  90.06418)  0.35998)  0.64018)  0.302217)  7.9944)  50.7644  53.858 121530 12141

aMole fraction ofN,, sox(N,)= N,/ Niotas andX(N) = 2Np/Nioar WhereN g, = 3375.

®From Eq.(11).
‘From Eq.(14).
9From Eq.(8).
®From Eq.(7).
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TABLE VI. Constant-pressure reactive Monte Carlo simulations of shocked liquid NO.

Mole fractiorf
T <P> <V> <U conf> H ob EC H gd De
(K) (GPa (X(Np)) (x(0y)) (X(NO)) (cm™g) (kdig (kdig (kdlg (kdlg (km/s)

Pimp=14.47 GPa
2250  14.4881)  0.47911)  0.47911)  0.04191)  0.50775)  1.6731) 2.3550  3.404 —1.310 5.560
2500 14.47®@) 0.46492) 0.46492) 0.07022)  0.51239) 1.68§2) 2.7543 3.750 -0.9286  5.604
2750 14.487)  0.44682) 0.44682)  0.10642)  0.51649)  1.7051) 3.1788  4.122 —0.5282  5.649
3000 14.4761)  0.42574) 0.42574)  0.14864)  0.52087)  1.71§1) 3.6234 4510 —0.1068  5.690
3250 144762  0.40264)  0.40264)  0.19494)  0.52417)  1.7291) 4.0819  4.910 0.3198  5.728
Pimp=17.93 GPa
2500  17.93¢1) 0.45722) 0.45722) 0.08562)  0.47836)  2.0421) 2.8008  4.150 —1.323 5.909
2750 17.968)  0.43662) 0.43662) 0.12682)  0.48129)  2.0612) 3.2400 4539 -0.9127  5.941
3000 17.921) 0.413%4) 0.413%4) 0.17304)  0.48427) 2.0692) 3.6966  4.934 —0.4825  5.964
3250 17.92@)  0.388%4) 0.388%4) 0.22294)  0.48667)  2.0802) 4.1657 5.345 —0.0506  5.988
3275  17.9462) 0.38596) 0.38596)  0.22836)  0.48687)  2.0832) 4.2133  5.389 —0.0077  5.992
3300 17.943) 0.38334) 0.38334) 0.23334)  0.48709) 2.0852) 4.2608  5.431 0.0369  5.995
Pimp=21.03 GPa
2700 21.03)  0.43144) 0.43144) 0.13724)  0.456%5  2.3633) 3.2080  4.823 —1.369 6.200
2000 21.03(1) 0.41193) 0.41193) 0.17633)  0.458qG7)  2.37G2) 3.5790 5146 —1.029 6.213
3100 21.03®) 039115  0.39115) 0.21785)  0.45967)  2.38Q1) 3.9582 5480 —0.6785  6.229
3300 21.053) 036975  0.36975) 0.26085)  0.46099)  2.3912) 4.3422 5819 —0.3287  6.244
3400 21.0601) 0.35924) 0.35924) 0.28134)  0.46148)  2.3952) 45332 50986 —0.1565  6.250
3500 21.03(2) 0.34895)  0.34895)  0.30215)  0.46235)  2.3952) 4.7230  6.148 0.0207  6.254
Pimp=25.47 GPa
3000 25.48%) 0.383@8)  0.383@8) 0.23398)  0.430114) 2.8043) 3.8790 5.848 —1.430 6.584
3250 25.47®) 0.35519) 0.35519) 0.28989)  0.43128)  2.8092) 4.3654 6274 —0.9874  6.593
3500 25.5083)  0.32779) 0.32779) 0.34439)  0.43256) 2.8262) 4.8494 6706 —0.5450  6.608
3750  25.46%@)  0.30245)  0.30245)  0.39525)  0.43369)  2.8283) 53212  7.110 -0.1177  6.613
4000 25.488) 0.278%8)  0.278%8)  0.44298)  0.43497) 2.8432) 57857  7.520 0.3045  6.628
Pimp=28.47 GPa
3200 28.4583)  0.34684)  0.34684) 0.30684)  0.41494)  3.0802) 4.3514  6.545 —1.488 6.821
3400 28.47®@) 0.32417) 0.32417) 0.35187)  0.4157)  3.0912) 4.7425 6.892 —1.136 6.829
3600 28.478)  0.30295  0.30295)  0.39435  0.41635  3.1012) 5.1259  7.229 —0.7869  6.836
3800 28.44B4)  0.28316) 0.28316) 0.43376)  0.41728)  3.1073) 55004  7.555 —0.4434  6.840
4000 28.49B) 0.26478) 0.26478) 0.47038)  0.41757)  3.1162) 58672 7.875 —0.1271  6.850
4200  28.49%)  0.24788)  0.24788)  0.50448)  0.41869)  3.1273)  6.2255  8.189 0.2025  6.859

Mole fraction of species, x(i)=N; /N, WhereN is the number of particleNq,=3375.
®From Eq.(11).

‘From Eq.(14).

9From Eq.(8).

®From Eq.(7).
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