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ABSTRACT

The cyclic compoundsRDX and HMX are the mostimportant nitramine energetic
ingredients commonly used in many applications, including, among others, explosives and rocket
propellants. In this wak, a detailed reaction mechanism was developed for the thermal
decomposition of nitramines RDX and HMX in the liquid phastng extensive quantum
mechanics calculations and important reaction pathways were discovered. The reaction mechanism
was further expanded by investigating the reactions of the intermediate species leading to the

formation of experimentally observed final decasition products.

The comprehensive mechanism was then validated for the case of HMX using synergetic
application of thermal decomposition experiments and kinetic modelingO @iHd NO were
detected as the major decomposition products at all heating catesidered in the TGA
(thermogravimetri@analysis)experiments and all set temperatures considered in thgc@Rfined
rapid thermolysiskxperiments. Other decomposition products that were detected and quantified
include HO, NG, NO, HCN, CO and C® A homogeneous liquigphase reactor model was
developed to simulate the TGA and CRT experiments. Computational mass loss and species
evolution profiles were in reasonable agreement with the corresponding experimental results, thus
validating the compreheng reaction mechanism. Based on a sensitivity analysis, important
reactions were identified that lead to the simultaneous formation gd @Hd NO. Autocatalytic
prompt oxidation pathway via addition of HONO molecules due to the cage effect and hydrogen
abstraction via N@were found to be the dominant pathways for the decompositibividf and

various intermediates species.

In addition to the liquibhase mechanism, the gas phase decomposition mechanism was

also updated based on a comparativnito study by adding the early rirgpening and hydrogen



abstraction reactions along with the reactions of species evolving from the-pltpse
decomposition G4(MP2) method was found to provide most accurate results for enthalpies of
formation of nitramine spé&es when benchmarked against experimental data as well W1BD
method. For the calculations of reaction barrier heights using DFTs2¥danctionalwasfound

to provide accurate results when benchmarked against G4(MP2) method. Variational effects in the
trarsition state were found to be negligible and thermodynamic formulation of the conventional
transition state theory was used to calculate rate constants with improved tunneling corrections

using Eckart method.

Molecular parameters required for the caldole of transport properties during
combustion modeling were obtained using intermolecular potentials for various organic energetic
materials. Quantum mechanics calculations were used to parametrize analytical Buckingham
potentials which were then useddiatain Lennarelones collision parameters. Instead of choosing
a particular bath gas and a combining rule, a novel approach was proposed to obtain the self
interaction Lennardones parameters using all bath gases and different combining rules via least
square optimizationA compastive sensitivity analysiswas also performedandthe temperature
gradient controlling the burnrate of RDX was found to be more sensitiveto the transport

parametershanto thereactionrateparameters.

The detailed liquid and gasphase mechanisms along with the thermodynamic and transport
properties were used in a multiphase combustion model for HMX monopropellant. The pressure
dependent burmate, and tempetare and species profiles in liquid and gas phase were obtained.
The importance of including the liquid phase decomposition in combustion modeling was also
analyzed. The predicted burate and melt layer thickness are in excellent agreement with the

expermental values.
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CHAPTER 1

INTRODUCTION

1.1 Background and M otivation

Nitraminebased energetic materials contain nitro groups chemically bourathty
nitrogen atoms: MNO.,. Dimethylnitramine, (CH):N-NO,, is one of the simplest compounds of
this type and it is often used as a test species for understainedaggnbustion of nitraminebased
energetic material&Among other nitramineshe cycliccompound$kDX (hexahydrd,3,5-trinitro-
[,3,5triazine) and HMX (octahydrg 3,5, #tetranitral,3,5, #tetrazine) as shown irFigure1-1, are
the mostimportant energatiingredients commonly used in many applications, including, among
others, explosives and rocket propellatdarge amount of energy and gas is released dthimg
combustionof RDX and HMX and hencghey have high valuesf impetus for gun propellants
andspecific impulse for rocket propellants. They are viewed as environmentally friendly since their
combustion products are nooxic and norcorrosive. Due to their relatively low sensitivity to
accidental ignition and high tlmation velocity relative to other explosives, they are also used as
important energetic ingredients in low vulnerability ammunitieble1-1 shows the composition

of some of the nitraminbased gun propellangs].

Os O
O 2° \\’f//
N 0 N o
W\ /,
( j "N—N N—N
Ogp NNy 20 3 N o
I I
0 0 AN
(@) (b)

Figurel-1. Molecular structures of (a) RDX and (HMX



Table1-1. Composition of somef thenitraminebased gun propellants

Propellant Ingredients Weight (%)
RDX 76.0
Cellulose Acetate Butyrate 12.0
M43 Nitrocellulose (12.6% N) 4.0
Energetic Plasticizer 7.6
Ethyl Centralite 0.4
Total 100.0
RDX 76.0
Cellulose Acetate Butyrate 12.0
XM39 Nitrocellulose (12.6% N) 4.0
Acetyl Triethyl Citrate 7.6
Ethyl Centralite 0.4
Total 100.0
HMX 80.0
HMX2 Polydiethylene Glycol Adipate 20.0
Total 100.0

A quantitative understanding of chemical kinetics during thermal decomposition is
necessary for predictive modeling of ignition, combustion and detonation behavior of explosives
and solid propellants containif®RPDX and HMX asingredients A general survewnd discussion
of combustion characteristics of various types of solid propelisaspresented by Kubotg].
Thermal behavior of RDX and HMX, i.e. physical properties, phase change and associated kinetic
data, thermal decompositioignition, and seldeflagration, was extensively reviewed by Boggs
[3]. Fifer presented a review of ignition and combustion chemistry including catalysis of nitramine
propellants[4]. Alexander et al. reviewed the status of ourarathnding of the chemistry and
physics of nitramine propellant ignition ambmbustion as well as provided a roadmap for
systematic investigation of nitramine propellaiiis Recent advances ignition and combustion

modeling of various solid propellant ingredients were comprehensively reviewedckgt&m et



al. [6]. Different chemical kineticemechanismgsas well as combustion modelgere summarized,

and current capabilities and deficiencies of the numerical madetshighlighted.

Extensive investigations dRDX andHMX have focusd on structural characterization
[7112], phase transformatidt3i 18], thermophysical propertiegl9i 21], thermal decomposition
behavior[22i 28], detonation characteristi¢29i 35], as well as burnate and gaphaseflame
structure[36i 42]. During the past few decades, theoretical studies have also become increasingly
important for predictie modeling of the ignition, combustion and detonation behaviors of these
energetic materialgl3i 49]. A large number of reactive molecular dynamics stuies55] have

also been performed witnfocus on detonation characteristics.

Most of these studies have investigated thepise or soligphase decomposition of
HMX and RDX. However, very little attention has been given to lignhidse decomposition of
RDX andHMX relevant to combustion meting, even though the melt layer has been observed at
the surface of burning propellantsgt]. The liquidphase decomposition in various combustion
models[44,46,47]is still represented by a global mechani{&m,58], as shown by reaction (R1)
(R4), which is inadequate for rigorous combustion modeling. The global mechanisms do not
accurately capture the evolution of various decomposition products from the condensed phase into
the gas phase above the surface of the burning propellants. This maydltw ilgaccuracies in
the gasphase combustion mechanisntdence, liquid-phase chemical kinetics needs further

investigation.

RDX E— 3 (H:CN + NQ) (R1)
RDX — 3 (CHO + N:O) (R2)
HMX — 4 (H.CN + NQy) (R3)

HMX — 4 (CHO + N:O) (R4)



From thestudiesasreviewed aboveit is evidentthat an important step towards predictive
modeling of burning characteristics of such a compleacting ananulti-phaseransport system
is to developa detailed gagphase as well aa liquid-phase chemical kinies mechanismof
nitramines In addition to kinetics datahé models of decomposition and combustajrenergetic
materials alsoequire accurat¢hermodynamics antansport properties such lzsats of formation,
specific heatscoefficients of diffusionviscosities and thermal conductivities of specketarge
number of studies has been reported on hydrocarbon combustion molk®ieger, there is still
a dearth ofthermodynamic and transpodiata which can be directly applied to combustion
modeling & energetic materials. Hence, there is a need to obtase thermophysical properties
for energetic materials directly from first principles which can be validated against experimental

results and give predictive capabilities where experimental dateobeailable.

1.2 Overview of the Dissertation

Based on the concluded discussion, the objectivdssdissertation are identified and the
research works organizednto sevenchapters. Chapter 1 presents the background and motivation
for this researchIn Chapter 2, a&omprehensivehemical kineticanechanisnfor liquid-phase
decomposition oRDX and HMX s developed using quantum mechanics calculatilmngortant
reaction pathwaysfor the initiation of decomposition in the liquid phasee idatified. The
mechanisnis further expandedand validated for HMX usingynergetic application of quantum
mechanics calculations, chemical kinetic modeling and thermolysis experjrasrdsscribed in
Chapter 3.The species evolving from the ligughase deomposition affects the gghase
combustion chemistry. Hencén Chapter4, the gasphase decomposition and combustion
mechanism for nitramines is updated based on a comparatinéiatstudy of thermochmistry
of species and reactions. Chapteepors the quantum mechanics based intermolecular potentials

and molecular parameters required for transport property calculation during combustion modeling



of variousorganic energetic material€hapter 6 presenthe multiphase combustion model for
HMX monopopellant which utilizesthe detailedliquid- and gagphase chemical kinetics
mechanisms along with the thermodynamics and transport properties of FHivély, the major

findings are summarized in Chapter 7 and the recommendations are made for future work

The work presented in this dissertation is basepants from thdollowing publications:

1. Patidar, L. and Thynell, S.Quantum mechanics investigation of initial reaction pathways and
early ringopening reactions in thermal decomposition of ligpichse RDXCombustion and
Flame 178,2017,pp.7-20, https://doi.org/10.1016/j.combustflame.2016.12.qZhapter 2)

2. Patidar, L., Khichar, M. and Thynell, S.T. Identification of initial decomposition reactions in
liquid-phase HMX using quantum mechesicalculationsCombustion and Flamé&88, 2018,
pp.170179,https://doi.org/10.1016/j.combustflame.2017.09.q€hapter 2)

3. Patidar, L., Khichar, M. and Thynell, S.A Comprehensive Mechanism for Liquphase
Decomposition of 1,3,5;Tetranitrel,3,5, #tetrazoctane (HMX): Thermolysis Experiments
and Detailed Kinetic ModelingCombustion and Flam@12 2020, pp67-78,
https://doi.org/10.1016/j.combustflame.2019.10.qZhapter 3)

4. Patidar, L., Khichar, M. and Thynell, S.T. Intermolecular potential parameters for transport
property modeling of energetic organic molecu@smbustion and Flame00, 2019,pp.232
241, https://doi.org/10.1016/j.combustflame.2018.11.q8hapter 5)

5. Patidar, L., Khichar, M. and Thynell, 5.Modeling of HMX Monopropellant Combustion
with Detailed CondenseBhase Kinetics. IAIAA Propulsion and Energy 2019 Forym

4210),https://doi.org/10.2514/6.201421Q (Chapter 6)
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CHAPTER 2

LIQUID -PHASE DECOMPOSITION MECHANISM OF RDX AND HMX

2.1 Introduction

During thermal decomposition &2DX and HMX, various gaseous species, including
CH20, N,O, HCN, NO,NOs, CO, CQ, and HO, evolve from the condensed phaspending on
the experimental conditions such as heating rate, sample size and envir@n2s]l These
productshave been identified by rapgtan/FTIR spectroscod@2] and triple quadruple mass
spectrometry{25]. Temporal evolution profiles of gaseous decomposition products of various
energetic materials have been probed using simultaneous thermogravimetric modulated beam mass
spectrometry (STMBMS[26,27]and confined rapid thermolysis (CRT)/FTIR spectrosd@ay.
However, due to fast reactions and shioed intermediates, experimental identification of the
reaction products and the elementary reactions is quite challenging. Recently, quantum mechanics
calculations hae been performed in many theoretical studies to probe-jglotide and ggshase
decomposition of HMX Based onthesestudies various decomposition pathways have been
proposed59i 62]. These pathwayfll into four categoried (1) N-NO; bond dissociation{2)
HONO elimination(3) concerted symmetric ring figsh to three orfour methylene nitramine
molecules, i.e., CENNO,, and(4) C-N bond scission of the ringdowever, these pathways have
been investigated for the scldhaseandthegasphase decomposition onli brief review of these
pathways in the soliphaseand the gas phase is given below along with their importance in the

liquid phase as investigated later in this chapter

Truong and ceworkers[62i 64] performed directlynamics calculations for the gphase

decompos irHMK atnB3L¥R/ccpVUDZ level of theory. Based on the analysis of rate



constants calculated using transition state theory, they found thatM@» Hond fission is the
preferred decomposition pathyvavolt et al.[11,12]used higHevel ab initio methods to compute

the geometries and energetic ordering of various conformers of RDX and HMX in the gas phase.
In a subsegent study[65], they were the first to locate a welkfined transition state for-NO;

bond homolysis during ggshase decomposition of RDX. With a barrier of 41.9 kcal/mol, HONO
elimination was found to be the dominant initial reactiohe Tequivalent barrier for NO;
homolysis was 53.9 kcal/mol. However, a recent sf@fljjon rate constants using variable reaction
coordinate transition state theory have concludeMON bond dissociation as the dominant
pathway in the gas phadéhe backward reaction, i.e., radical recombinationmieggigiblebarrier.

Hence, due to the barrierlegserse reaction, this step probably does not play a significant role in

theliquid phase.

Decomposition of RDX and HMX from their excited electronic states and related anionic
species was investigated by Bernstein andokers[67i 69]. NO, and HONO were ruled out as
sources for NO formation, which indicates that the decompaosition mechanism is different in the
excited states as compared to the groundsstateang et a[70] found that Hand OH accelerges
the decomposition of HMX in the gas phase, however, in the aqueous solution, this is true for OH
only. Kuklja and ceworkers[71i 74] investigated gaphaseandsolig has e decomposi ti
a n dHMX, and observed thatINIO, bond fission is the dominant pathway in the gas phase. In
the solid phase, NNO.bond fission i s al s o-HWX4 kowedar, rthien a nt P

exothermic HONO elimination c h-EHNXnel is found t

The barrier fothe third pathway, i.e.,concerted symmetric ring fissidm the gas phase
59.4 kcal/mol for RDX[60] and 71.8 kcal/molfor HMX [59]. The CN bond distance at the

transition state is relatively large, and steric effects in the condensed phase would inhibit this



reaction. This pysical constraint coupled wittelatively large barriexrindicates that this pathway

is very unlikey in theliquid phase

In the fourth pathway involving GN bond scission of the ring, oxygen migration takes
place from nitro group to the neighboring carbon atom leading to the formai&iable ring
intermediats. However, the barrier for this reactiomthe gas phase52.7 kcal/mol for RDX60]
and55.3 kcal/molfor HMX [61]. Hence, we believBRDX andHMX areunlikely to undergo this

reactionin the liquid phasas well

Moreover the temporalevolution of final products from the experimental styay]
indicates early ringppening reactions due to the presenceasboncontainingspecies such as
HCN, CHO, CO, and CQ. Also, RDX andHMX can decompose via various other pathways as
evident from the wide variety of decomposition products observed experimentally, such as amides
[75], which cannot be explained through simple unimolecular reactions. Behrens and[Buusu
used simultaneous thermogravimetric modulated beam mass spectrometry and isotope scrambling
experiments to study thermal decomposition of RDX and HMX, and proposed four primary

reaction pathways for condensed phdscompositiorRDX andHMX as discussed below:

l. The first decomposition pathway isNl bonddissociation which results in the formation
of NO,, CHzN, andmethylenenitramin€CH,NNO;) molecules. CEN reacts with CHO
to form amides such as GINHCHO wherea®\O, reacts with CHO to form HO, CO and
NO. CHNNO, can decompose to HCN and HONO orOHand NO.

Il. In the secondpathway,RDX andHMX undergoHONO elimination ard subsequently
decomposeo HCN, HONO, NO, N@ and HO via methylenenitramindCH2NNO,)

molecule and HONO setkaction.



II. Thethird pathway involves displacement reaction where, MOeplaced by NO leading
to the formation monaitrosoanalogof RDX andHMX, i.e., 1-nitroso-3,5dinitro-1,3,5
triazinang(ONDNTA) and 1-nitrosc-3,5, trinitro-1,3,5, #tetrazocan¢ONTNTA), which
further decompos® NO,, N.O, CH,O, and amides.

(\VA In the fourth pathwayRDX and HMX react with the products of decomposition in

Afaut oclait kégti eact i NOpNOanmd€HPr oduces

However, kinetic data for tisereactionsare not available-dence, the elementary reactions
in theliquid-phase need to be investigated to formulate the detailed chemical kinetics mechanism
of these nitramines that can explain the experimental observations as discussed above. Due to the
difficulties in experimental identification of intermediates and elenmgmnéactions idiquid-phase,
a complementary study using quantum mechanics is performed to identify eaibpeinigpg and
subsequent reactions during thermal decompositioR@X and HMX. Various initiation and
subsequent reactions including the earhgiopening reactions areéentified and grouped into
pathways as proposed by Behrg¢Rg]. Section2.2 outlines the computational details and the
results of the computations are presented in se2ti®fiollowed by concluding remarks in section

2.4,

Decomposition reactions identified in this stugusedto develop a detailed liquighase
chemical linetics mechanism of thesgramines. 8lid-phasanechanism consisting of solgblid
phase transitions and thermal decomposition steplso very important, however, only liquid
phase chemical kinetics is investigatedhis chapterThe cetailedchemical kinetics mechanism
in theliquid phasein conjunction with appropriate sofighase and ggshase mechanismwill be
used ina threephase deflagration models to investigate burning characteristiogtramine

monopropellants



10

2.2 Computational Details

Gaussian 09 quantum chemistry software package is used for carrying elet@abnic
structurecalculationg76]. Density functional theory (DFT) wittihe Becke threparameter hybrid
density functional approximatiowith the Lee Yang Parr correlation furttonal approximation
(B3LYP) [77] has been used. The basis s@18++G(d,p)is used to optimize the geometries of
reactants, products, intermediates and transition sfitese implict solvation models, IEFPCM
[78], SMD [79] and CPCM[80] along with three solvenswat er (U = 78.36), ac
35.69) and di ei drecomparéddf Bquid-phdse calculdtiordab)e2-1 shows
the results with different combinations of solvation models and solvents for HONO elimination

reactionof RDX.

Table2-1. Comparison of solvation models for HONO elimination reactibRDX

Solvation pH; PG PH PG
Solvent
model (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
Water 39.37 38.27 -13.4 -27.3
IEFPCM Acetonitrile 39.28 38.17 -13.5 -27.5
Diethyl ether 38.39 37.39 -14.5 -28.3
Water 38.78 38.58 -12.4 -25.3
SMD Acetonitrile 39.45 39.45 -13.5 -26.7
Diethyl ether 38.34 37.84 -15.1 -28.9
Water 36.96 36.91 -15.1 -28.3
CPCM Acetonitrile 39.34 38.20 -13.4 -27.4
Diethyl ether 38.69 37.55 -14.1 -27.9

The three solvation models are consistent with each other within ~2.5 kcal/mol for both
forward baftimainedrgpHéds . wel IpGas e n twhile the maximdm r eact

di fference in Gi bbsis+3rhlea/mot BothiSHY anddGPCM gvasght | on G
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quality results as compared to IEFPCM. However, SMD is computationally more expensive as
compared to CPCMI'he ®lventis treated as eonducbr in CPCM and hence it performs better
with high permittivity solvents[80]. Based on these consideratio®PCM is usedfor all
calculations with water as solvent The stationary pointsare iderified using thenumber of
imaginary frequenciesqual to Ofor local minimaandequal to 1 for transition staténtrinsic
reaction coordinate calculations are performed to verify that the identified transition state indeed
connects the reactants to exjgek productsin addition, closeghell restricted or opeshell
unrestricted wavefunctions are used depending on spin multipligity.thermochemistry
calculations are performed at the default value of temperature in Gaussian 09 which is 298.15 K.
Tempeature dependence tfermodynami@roperties such as Gibbs free energy can be computed
using solvation models such as SMBI] which account fothetemperaturelependence of free
energy of solvation. The primary goal of this study is to identify potential pathways and to calculate
activation barriers for liquid phase decomposition of RBixd HMX Hence only activation

barrier %a ¢ G)gedthaptofe act irandpBi bbs free eaeer gy of
calculated and discussekctivation barriers'd obtained from thermochemistry calculations are

used to compute the rate constak(fE) using the thermodynamic formulation of conventional

transitionstate theory82i 85] given by Eq. 2-1),

0 Qr Qwr vd 2-1
T POy &y

where, is a symmetry factof86], T  is a tunneling factof87,88) Qi s Bol t zmann 6

constanthi s Pl anc k® sis theostandard stdte, concentrationis the order of the

reaction, and'd is the free energy barrier amlis the universal gas constant.
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2.3 Results and Discussions

Energy ordering of various conformers of RDX in the gas phase have been computed at
very accuratab initioMP2 and CCSD(T) levels by Molt et §l.1] and six geometrigsfour chairs
(AAA, AAE AEE andEEE), oneboat and onegwisti were consideredAAE was found to be the
global minimum, whereas tieAAhad one imaginary frequency. With the exceptioBREBEform,
all the six geometries considered by Molt e{HL] in thegasphase are relatively close in energy.
Since our objective is to choose a starting structure itigbhi&-phase for identifying potential
decomposition pathways, only five conformations of RDX, i.e., tbineds (AAA,AAE andAEE),
oneboatand ongwist, are consideredEE form, the least stable of all, was not considered. The
geometries are optimized ftquid-phase at B3LYP/311++G(d,p) level of theory with CPCM
solvation model and water asolvent and he energy is calculated at the same level of theory. We
have foundAAA conformerto be the global minimum. In oliquid phase calculation$yAA has
zero imaginary frequencies and hence is a minimum, but the enthalpy difference betw®&A our
and AAE forms is less than 0.8 kcal/mohEE and boat conformers are less stable thaAA
conformer by 2.3 kcal/mol and 2.9 kcal/mol, respectively where the values represent relative
enthalpies of the conformerBwistconformer is also identified as a minimum and is ~3 kcal/mol
higher in enthalpy than th&AA form. Similar differences in theelative energies of different
conformers are obtained in the gas phase by various sfd@i&9] Hence, all the subsequent

calculations are performed in theuid-phase withAAAconformation of RDX.

HMX has four crystalline polymorphdd , Band U.oThe b polymorph (chailike
confomation) is stable at room temperature whlle andl,polymorphs (boalike conformation)
are stablat higher temperature rand&9]. 2 andii conformations merge tdconformation in gas
phase which is the most stable structure at higher temperatures relevantdo aymitcombustion

conditions[62]. Hence,only U and b conformations oHMX are consideredn our gasphase
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calculationat B3LYP/6311++G(d,p) levelthe b form was found to be more stable by 1.8
kcal/mol (relative enthalpy), however, in the liqyilase calculationg)form is found to be
more stable by 2.1 kcal/mol (relative enthalpMence, all the subsequent calculations are

performed in thdiquid phase witHJ conformation oHMX.

Two existing pathways faggasphasedecomposition oRDX andHMX; i.e., N-NO, bond
dissociatiorand HONO eliminatiorareinvestigated in the liquid phase aladbeled as &hwayl
and Rthway?2, respectively. Decomposition &DX and HMX via formation ofmoncnitroso
analoguesand autocatalytic behavior, as observed experimentally by Bef2&h are also
examined quantum mechanically in the present study and are labeled as patiiagg Fand
Pathway4, respectively. &hway5 represents decomposition BRDX andHMX via hydrogen
abstraction by N@ Pathways 1to 5 for the liquidphase decomposition of RDX and HMBfte

discussed next.
2.3.1 Pathway 1: NNO; bond dissociation

N-NO. bond dissociation and subsequent decomposkiame been considered a major
channel in thgasphasedecomposition of RDX and HMX, where molecular mobility is higten
though the cage effect reduces molecular mobility inithed phase and the barrier for reverse
radical recombination to form RDX is low, the possibility of this pathway itigoé phase cannot
be ruled out as observed experimentally by Behf8@k Major reactions in this pathway are
thoroughly discussed by Chakraborty e{@,61]for the gas phase decomposition. Here we have
performed liquid phase calculations for this pathway and obtained some additional reactions. The

numbers above the arrow represent the Gibbs free energy of activationafard reactiony"df

(in kcal/mol) followed by Gibbs free energy of reactd6® (in kcal/mol) in parenthesis. Sitaily,
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the number below the arrow represent the enthalpy of activation for forward ref{(cﬁfc(rin

kcal/mol) followed by enthalpy of reactiéfiO (in kcal/mol) in parenthesis.

With bond dissociation enthalpy of 36.7 kcal/mol as shown in rea®nRDX produces
the radical RDR which readily undergoes rmgening reactionR2) to formRDRO. RDRO is
15.1 kcal/mol less stable than RDR and decomposes via three reaBB)#{&3J). In the first
pathway, i.e., reactionR3), intramolecular hydrogen transfer takes place from carbon to nitrogen
forming a carbon radical center in intermediate INTDD&womposition of INT176 occurs through
INT149 via reactions R6)-(R7). Through the second pathwalgRDRO can also dissociate to
CH2NCH:NNO, and CHNNO- with barrier and enthalpyf eeaction shown by reactioR4). The
intermediate CENCH>NNO, decomposes to G, N.O, CH;N, and HONQhroughtheformation
of a 6member ring intemediate INT102 via reactiorR8) along with subequent reaction$R0)
and R10). Intramolecular Hransfer also occurs IBH.NCH;NNO; as shown by reactiorR( 1)

which leads to théormation of HCN, CHN, and HONO via reactionf({2) and R13).
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The third possibility for RDRO decomposition, witha slightly higher barrier,is a

rearrangement reactiorR%). The rearranged product of this reactipe. RDRO_R)readily

decomposes t6H;0, N;O, CHN and CHNNO; via reactionsR14) and R10), both of which are

thermodynamically highly favorable.
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In HMX, N-N homolytic bonddissociationform NO, and a radical intermediate HMR,
which undergoes subsequent reactions. The bond dissociation energy in the gas phase is estimated
to be about 40 kcal/m@b9,61] In our liquidphase calculation, the bond dissociation energy is
found to be 39.0 kcal/mas shown by reactiorR({5). Based on oustudy on validation of the
liquid-phase mechasin for RDX[91], N-NO, bond dissociation pathway was found to not play
an important role in the liquid phase. Hence, this pathway was not investigated further for HMX

decomposition in the liquid phase.
2.3.2 Pathway 2: HONO elimination

Because of the close ntmondedcontact of H and N@in RDX and HMX, H migration
takes place from carbon to oxygen leading to HONO elimination and formatio@iofermediate
INT175 and INT249 in RDX and HMX respectivelthe HONO elimination leads theformation
of C-N double bondn INT175, as shown by reactioR(6), causing the neighboring N@roup
to reorient from axial position to equatorial position. INT175 undergoes HORThation to form
INT128 via reactionR17). Similarly, INT128 form 1,3,5 triazine (TAZ) vi@action R18)through

another HONO elimination.
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In HMX, the nonrbonded distance between H on carbon and ON®; is smaller for

equatorial N@(2.16A) as compared to axial N(2.39A). Hence, preferential HONO elimination

occurs in HMX via equatorial N{Cas shown by reactiorR(9) as compared to axial NGhown

by reaction R20). INT249 undergoeghree successivlONO eiminations to form INT202 via

reaction R21), INT155via reaction R22)and INT108 via reactiorR23).
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These reactions may plapimportant role in thdiquid phaseHowever, the experimental
results indicate the presenceaafrborcontainingspecies very early. Hence extensive search is
carried out for early ringgpening reactions. The decomposition of RBXd HMX begins with
HONO elimination to form INT175and INT249 respectivelyHowever, the next step in the
decomposition does not invohamother HONO elimination reactiomstead INT175 undergoes

ring-opening reation (R24) to form CHNCHNNO, and CHNNO.. The barrier fosecondHONO
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elimination from INT175 is 39.&cal/mol inthe liquid phase whereas the barrier for theag-
openingreacton of INT175 is 35.&cal/mol. Hence its more likely to undergo ringpening. The
product of the ringopening reactioR24),i.e., CH:NCHNNO: further decomposes téONO and
CH:NCN via HONO elimination reaction R25). Similarly, CH,NNO. undergges HONO

elimination reactionR26) to formHCN.

_N_ _H _N_ O
N -~ - N/
( ﬁ o& g T 1
O~ _N_ _N_ _O N\ =© © (R24)
QN/ ~ \N// UUUUUUUUUUUI R N +
y 3 omen S
H.NCHNN CHoNNO;
INT175 CHNCHNNO;
o® P
CH2NCHNNO: UULULUUUULUULUUL CH:NCN + transHONO (R25)
o p®
¢Ca& @
CH:NNO, ULLLUUUUUUUUULLU HCN + transHONO (R26)
ca@a ¢y

In case of HMX, INT249 undergoes riagening reactiondR27) and R28) with a barrier
of ~29 kcal/mol. We have investigated various possibilities of ring opening from INT249 and found
five transition states. Only two rirgpening reactions and subsegtsteps are being shown here
The remaining three ringpening reactions have forward barriers of 30.1, 31.9 and 39.6 kcal/mol.
The barrier forsecondHONO elimination from INT249 to form INT202 is 42Kzal/mol inthe
liquid phasse whereas the barriers foing-opening reactions are 29.kcal/mol (forming
INT249 RO1) and 29.9 kcal/mol (forming INT249 ROBREnNce, iis more likely to undergo ring

openingreaction
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The ringopeningreadion (R27) leads tscission othe C-N bond of the ring followed by
oxygen from thé NO, group attacking the carbon atom which forms ariémber ring structure
INT249 RO1. Formaldehyde and® are released from INT249 RO1 via a highly exothermic
reaction R29) and ring closur@ccurforming INT175 (RDXwono). Similar oxygen attack occurs
in INT249_RO2 followed byhereleaseof N.O and CHNCHO via reaction R30) along with the
formation of INT148 which subsequently decompose$swo metlylenenitramine molecules,e.,

CH:NNO;via reaction R31).

Since the ringopening reactiondR24), R27) and R28) have barriers much smaller than
the barrier forthe second HONO elimination reaons,and are followed by thermodynamigall
highly favorable reactiondR@5), (R26) and R29)(R31), theformer reactionsre more likely to
play an important rie in liquid-phase decomposition BDX andHMX. The species formed from
ring-opening and subsequent reactions, such adll§8,, CH.NCHO, and CHO, undergo further
reactions to producgarboncontainingspeciessuch as CO, CHCN, andHNCO observed very

early in various experimental studies.

2.3.3 Pathway 3: Monenitrosoanalogsof RDX and HMX

Once the radical pool is initiated via the first two pathways and the concentration of NO

and NQ increases, further decomposition of RDX and HMX can occur throughiaesisuch as

(R32)1 (R34). ThesgroduceONDNTA andONTNTA (monanitrosoanalog of RDX and HMX

respectively) which have been observed experimentally by Behrens as discussed in the introduction

section. Similar to their parent nitramines, ONDNTA and ONTNTA can decompose-Nia:N

homolysis and HON&limination pathway including earlyng-opening reactions.
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2.3.4 Pathway 4: Autocatalytic prompt oxidation via HONO and ONIdddition

The fate of the HONO formed from HON@&imination reactions strongly depends on the
cage effect. The decomposition indeed begins with HONO elimination and forms INT175 (in RDX)
and INT249 (in HMX). But due to reduced molecular mobility because of theeffegpt, HONO
may not be able to diffuse away from INT175 and INT249. It can react back with these
intermediates, and the decomposition of the resulting intermediate can compete with the HONO
elimination pathway. This reaction pathway was proposed for eiff\iD, containing energetic
materials such amethylnitrate methylnitramineand nitroethane by Meliy92] and was termed
as Oprompt oxidationé pat hway. Die mathwap io thé t i o n

liquid phase is investigated here.
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In case of RDX, HONO can react with INT175 and produce RDX, i.e., the reverse of the

HONO elimination reactionR16). But while reacting with INT175, it can flip around and react

via reaction R35) to orm INT222 which is an isomer of RDX. But in INT222, there is a swapping

of nitro group and hydrogen between carbon (fuel) and nitrogen (oxidizer), i.e., nitro gets attached

to carbon in nitrite form agONO while hydrogen gets attached to the nitrogeis tnverts RDX

to a more oxidized form which is thermodynamically more stable by 9.1 kcal/mol as evident by

reaction R35). The resulting INT222 readily undergoes rogening reactionR36) with thefree

energy of activation ~10 kcal/mathich is muchdwer than other initial steps of decomposition.

The ringopened intermediate INT2220 decomposes to amides sucBsN(NO2)CH,NHCHO

and CHNCH;NHCHO via readbns R37) and R38), respectively Various amides have been

observedexperimentally by Brill et al[58,93,94]
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+ N,O
+ NO, (R37)
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CHzN(NO2)CH.NHCHO CH,NCH,NHCHO

In case of HMX, HONO reacts with INT249 and produce INT296 which is an isomer of
HMX. Again, in INT296, there is a swapping of nilgooup and hydrogen between carbon (fuel)
and nitrogen (oxidizer) similar to that of INT222. This converts HMX to a more oxidized form,
which is exothermic by 4.1 kcal/mol as evident by reactRB0]. The resulting INT296 readily
undergoes ringpening reation (R40) with the free energy of activation of 8.7 kcal/mol, which is
much lower than other initial steps of decomposition. The-oipgned intermediate INT296_RO
decomposes to an intermediate amide INT206 which readily releasesoN@m INT160 via

reactions R41) and R42).

O\\T//O N
N
N 0] O
A /S 5 P& ud \N—N/ \N—N//
N=N NN +cisHONO  yuuuuuuuu g\ % (R39
J \NJ 0 o’ 19 ﬁ/<o
o=N
INT249 INT296
O\ /O T
N g
0 0
\N—N// \N—N U po [l N\t
/7 \Y ;N—N N=N
O \N/{ o LULULLLULULULL J& o (R40)
H @ wBt p B N

INT296 INT296_RO



26

Oe:r?]{«o SN
|
N
0 0 N
\‘?\J—N/ \N_Nﬁ x{ﬁ) C a O\\N Nr
& o UL 4 - \_ + N0+ NO:  (R41)
N N" pBt o& N/\\
N 0
N H
o
INT296_RO INT206
Oy 2°

N 0 c@ N—N
- UUULUUUUUULUULIL + NGO, R42
N s O NN (R42)
N/\\O p H O
H
INT160
INT206

The release of 0 and NQ very early explains the exothermicity obseniadthe
experimentsThese amides are proposed to formoavolatile residue (NVR) in slow thermolysis
experiments of Behrens, or they further decomposaaner-molecularweightamides, as well as
HCN, CH:0O, and N2O. Similar HONO addition reactions are also possible for intermediates,
formed from various initial reactions, such@s,NCHNNO,, CH,.NNO,, and CHNCHO. These
reactions lead to the formation of & N.O, HNO, and HNCO,while HONO acts as an

autocatalytic species.

HONO also undergoes seHactions in various combinations a@is- and trans
configurations, and forms @ and ONNQwith a forward free energy barrier of about 20 kcal/mol.

ONONO can also be formed from th©MNO selfreactions but it is readily converted to the more
stable isomer ONN§) and can possibly dissociate to ;\lﬁd NO in the liquid phase. In our

calculations, the formation of ions is not favored, and OMNMDd to remain undissociated in

liquid-phase. In the ggshase, however, ONNQ@eadily dissociates into NO and NO
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Similar to HONO addition reactions presented in the previous sectiinddlible bond in
INT175 can be attacked by ONMN(@ading to the formation of INT251 via reactidRd@) where
TONO is attachetb carbon and NO is attachedo nitrogen. Similar to INT222, INT251 is also a
more oxidized form and the reactidrdd) is thermodynamically faved by 7.4 kcal/mol. In case
of HMX, C-N double bond in INT249 can also be attacked by ObN&ding to the formation of
INT325 via reactionR45). Similar to INT296, INT325 is also a more oxidized form, and reaction

(R45) is thermodynamically favored by.2lkcal/mol.
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INT251 decomposesda ring-opening reactionR46) followed by decomposition to amides
CH2N(NO2)CH:N(NO)CHO and CENCH:N(NO)CHO via (R47) and R48), respectively.In
INT251 and INT325, he i C-N- bonds of the carbon havingONO group on it arerery weak

INT325 readily undergoes ringpening reactiondR49) and R50) with barriers 13.5 kcal/mol and
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14.6 kcal/mojrespectively. The intermediates proddi¢dem ringopening reactions release O
N20O, and N via highly exothermic reaction®R61) and R52) along with the formation of amides

INT235 and INT251. These amides are promptly oxidized by ONMOform CHNNO;,,

CH:NCHO, CHO, N:O, NG, Nz and NO.
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ONNGO; can also accelerate the decomposition ofinkermediatedormed from various
initiation reactions.The CN double bond in the intermediates GINCHNNO,, CH.NNO, and
CH;NCHO areattacked by ONN&via a fivemember transition state and an intermediate complex
is formed whereONO gets attached tihe carbon atom while NO getttachedo thenitrogen
atom. Subsequently, the-IiT bond becomes very weak and breaks apart forramigle group
>N-C(O)-R. The products formed from these reactions include CO, HNKICO, and HOCN,

while ONNQ; acts as an autocatalytic species.
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2.3.5 Pathway 5:Autocatalytic hydrogen abstraction via NO

Various radical intermediates, such as:NRO, HCO etc., can abstract hydrogen from

RDX and HMX. Instead of successive HONO elimination to ultimately farAZ (RDX-sHono)

and INT108 (HMX -arono), We have found an alternate routeTidZ and INT108 via hydrogen
abstraction. N@readily abstracts a hydrogatomand formdNT221 (RDXw) andINT295 (HMX.

n) as shown by reactiorR63) and R54) respectivelyOnce a hydrogeis abstracted from the
carba, N-NO; bond on the adjacent nitrogen becomes very weak resulting in the release of NO
and formation of EN. These twestep reactions lead the same produstNT175 andiNT249 as
obtained via first HONO eliminatioreactions from RDX and HMX respectiye This two-step
process is repeated successiyslyggestinghat TAZ andINT108 could be formedAnalogous

reactions oONDNTA and ONTNTA were also investigated and found to have similar barriers.
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2.4 Conclusions

Based on the liquighhase calculations presented herethrgasphase results reported in
the literature we believe the major channel for decompositiorRBIX andHMX in gasphase
could beN-NO, bord homolysis, however, in liquigghase;these aremore likely to begin
decomposition via HONO eliminatioffhe subsequenting-opening reactions, prompt oxidation
reactions and autocatalytic hydrogen abstraction reactions presented here have barriers much lower
than the successive HONO elimination reactions, and hence these reactions could be very fast. The
release of MO and N makes these pathwagxothermicas well. Additionally, these reactions
could also play an important rdlegasphase. The proposed reactions explain the likely mechanism
of formation of NO andCH,O from the same pathway. The regeneration ob,NGIONO and
ONNGO; also makes the proposed réaas very important ané x pl ai ns t h-Ei Kadt oce
reactions observed experimentally. Furthermore, these pathways explain the formation of amides
observed experimentallythese elementameactionsare used talevelopa detailed liquigbhase
chemical kinetics mechanisaf RDX and HMX.The mechanism is validated for HMX using the
experimental data as discussed in the next chapter. The detailed mechanitm usidin

combustion models as opposed to global decompositibems currently being used.



CHAPTER 3

THERMOLYSIS EXPERIMENTS AND KINETIC MODELING OF HMX

3.1 Introduction

The thermal decomposition experimentsave been used nainly to identify the
decompositiorproducst and postulate reaction pathwaysdiscussed in ltapter 2,but alsoto
obtainglobalkinetic parameterfr thecondensegbhase decompositioBrill and Karpowicz[14]
used FTIR spectroscopy t o albtpahans eArtrrhaennsiiutsi opna r
proposed that the breakdown of intermolecular forces controls the rate of thermal decomposition.
Seconeharmonic imaging microscopyas used t o -i nwhkeasé gtat &n & ihtei dn
[15] and develop a kinetic mod§l6,17] The kinetics of phase change, thermal ignition, and
decomposition have been investigated using afblstudies[29,30] Using the measured gas
formation rates fromsimultaneous thermogravimetric modulated beermass spectrometry
experiments of Behrens, kinetic parameters for global decomposition models were obtained and

applied to slow cookoff in accident scenaii®s,96]

The timesto-explosion for HMXbased plastibonded explosives calculated by Tarver
and Tran[32] using a global kietic model are in reasonable agreement with the experimental
results[33i 35]. Nonetheless, the timés-explosion are ovepredicted using # global model
above the liguefaction temperature of HMX, i.e., 553 K, which may be attributed to the inability of
the model to account for faster autocatalytic decomposition in the liquid phase. Recently, Hobbs et
al. [97] have successfully modeled the cookoff of HNdXsed plastic bonded explosive
(PBX 9501) using a melt rate accelerator factor at temperatures above melting poiat-fidis

approach is reasonable from an engineering perspeabwe)er, for a fundamental understanding
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at the molecular level, the detailed liggpase mechanism is required to explain faster

autocatalytiadecompositiorat higher temperatures.

In addition to cookoff models, variougombustion mode]sas reviewed beckstead et
al. [6] have been formulated to study ignitip40] and deflagratiorj44,46,47]of HMX. These
models analyze the combustion wave structure in three regions (solid phase, melt layer and gas
phase) by solving the equations for the consemdtr mass, momentum, energy, and species. In
t he sol iHMXp hlddsXghasefiransition is modeled. Other sgiidase decomposition
reactions are assumed not to occur in these combustion models. A detailed reaction mechanism,
originally developed ¥ Melius [98,99] refined by Yetter et a[100], and further updated by
Chakraborty et a[101]is used inlhie gas phas&he melt layer is either ignored or modeled by a
semiglobal mechanisntonsisting of two global decomposition pathwaysd one secondary
exothermic reactionas developed by Bri[b67]. Kinetic parameters for the-NO, pathway were
obtained based on experimental measurements of Dimethylnitramine (DMNA) dectiomposi
This was followed by kinetic modeling to match the experimentally observ&/ND,
concentration ratio to obtain the Arrhenius parameterstier second global decomposition
pathway.Thynell et al.[58] modeled the Jump/FTIR spectroscopy experiment and modified the

Arrhenius parameters for the global reactiohRDX to match the experimental results.

However, thes global mechanisscannot explain the formation of myriad of species
observedduring decomposition of RDX arHMX. We want to know the species that are evolving
from the liquid melt layer into the gas phase during tptegse combustion ofitramine
monopopellans. These species determine the-ghase combustion chemistry which in turn
dictates the overall flame structure including the burning fatetailed liquidphase mechanism
was developed in chapter 2 teplacethe currently usedlobal mechanismThis isthe major

difference between our approach which involves reversible, elementary reactions, and the previous
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studies on combustion modeling of HMX, which uses a few global, irreversible reattoomsver,
the detailed liquiphase mechanism needs to bkdeted beforat canbeusedin the multiphase

combustion moddbr nitramine homogeneous monopropellants

In thischapter we demonstrate synergetic application of quantum mechanics calculations,
chemical kinetic modeling and thermolysis experimentxpandand validate a comprehensive
mechanism for liquigphase decomposition of energetic materials consisting of elementary
reactions. HMX is chosen as the representative energetic material but the methodology is applicable
to other energetic materials\asll. The first objective is to quantify species evolution rates during
thermal decomposition of HMX using FTIR spectroscopy for low heating rates using TGA
(thermogravimetric analysis(etup and for high heating rates using CRODnfined rapid
thermolysi3 setup.The second objective is to further expand and validate the HMX initiation
mechanisnpresented in chapter 3ubsequently he detailed chemical kinetic mechanismthe
liquid phasevalidated heravill be used irthreephase deflagration modeddong withappropriate

solid-phase and ggshase mechanisms poedict the combustiobehaviorof HMX.

3.2 Experimental details

3.2.1 Slow thermolysis: TGATIR setup

The TGA technique in conjunction with FTIR spectroscopy is used to study thermal
decomposition oHMX for low heating rates as showsy the schematiin Figure 3-1. HMX
samples of Ing masswereplacedin alumirum crucibles and decomposeéd a NetzsctSTA 449
F5 JupiterTGA/DSC apparatus coupled to a Bruker Vertex 80 FTIR spectronmtiisothermal
demmpositionof HMX from 30 to 320 °C was investigated fimur heating ratesb, 10, 15, and
20 K/min. Thedecomposition productsere transferretb theTGA-FTIR gas cell via a 2 m long

Teflon capillary tube with an internal diameter of 2 mm, maintaine23@tC. The transfer of
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species was facilitated by pure nitrogen as the purge gas having a flow rate of 70 ml/min. A
temperature of 200 °C was maintained inside the FTIR gasTémltransmissiorspectra were
recordedwith a temporal resolution of 0.144nds andt a spectral resolution @fcm™ within

3750 600 cm' spectral range.

InSe window
(Source side)

Transfer line
(230°C)
' 4
‘ Inlet
FTIR gas cell
(200°C)
Furnace
Sample
+—
Qutlet . L
Sample Carrier
InSe window
Thermogravimetric cell (IR detector side)

Figure3-1. Schematic of the thermogravimetric cell and the FTIR gas cell.
3.2.2 Fast thermolysis: CRFTIR setup

Thethermal decomposition of HMX for high heating rates is investigated experimentally
using CRTFTIR setup described in detail I8howdhury and Thynelll02] and is no repeated
here HMX samples of mass 2 mare sandwichedetween two parallel surfacegth a gap of
about 300 um and rapidly heated to a set temperature usingdntidlled cartridge heaters
achieving a heating rate of about 2000 Hiseliquid-phase deompositiorproducts evolving from
the samplemix with the purge gas Nand the gaseous mixturesampled by a modulated beam
from theBruker Vertex 80 FTIRspectrometerThe FTIR spectra ar@ecordedin near reatime

with a time resolution of 0.144 sews andt a spectral resolution @fcmi* within 3750 600 cnt



36

spectral rangeThe decomposition of HMX is investigated above its melting poirfoat set

temperatures290, 300, 310, and 320°CThe schematic of théRT setup is shown iRigure3-2.

Gas-phase region

U heat tati
Condensed-phase region\ pper heater (stationary)

Space ring

Reacting liquid sample /

at set temperature Lower heater (movable)

Figure3-2. Schematic of the CRT setup with condensett! gasphase control volumes.

3.3 Data reduction

Usingthe two experimental setups described abd080and 400spectra were recorded
with a corresponding measurement period of about 10 min and 1 min for slow and fast thermolysis,
respectively For each acquired transmittanspectrum the concentrations ofpecieswere
determined usingdatareduction modetieveloped by Mallery and Thyngdl0]. A brief summary
is given here. In the theoretical modile species concentratioage obtained from themeasured
spectral transmittance assumthgtB e e r odisapglicableThe measured transmittanceayigen
by the convolution of the true transmittance with the instrument line shalpieh corrects for the
finite resolution of the instrumerni03]. The overlappingof the absorptionbandsand the line
intensities of rovibrational transitiod various molecules within the gabase region determines
the true transmittanc& hese spectroscopi@roperties othe gasphase species including &b

N20, CO,, CO, HO, HCN, NO,, andNO aretakenfrom the HITRAN databasi04].

The data reduction model utilizesranlinear, leassquares methotb determire the

concentration of species in the gatase region. The input ddtathe model includehe measured
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spectral transmittances, the path lengtie gasphase temperature, atite total pressure. Then,
the model iterativdy fits the theoretical spectral transmittancéo the measured spectral
transmittance until the squareerror converges to within0.01%. This gives the relative
concentrations 0€0, CQ, HCN, KO, NbO, NO, NG and CHO in the gagphase regionBy
repeating the procedure for all spectra, the variation of mole fractions of species in-phagms
region withtime is obtainedSpectral ranges for the gpbase species, obtained from the NIST

webbook[105] are givenin Table3-1.

Table3-1. Wavenumber Ranges Used in D&eaduction Model

Spectral range  Molecules with

Molecule Comments
(cm®) overlapping bands

CO 20002150 - -

CO 22752400 - -
CH0 26753100 NO: -

H.0 36003750 CO CO, combinations bands are very sma
HCN 32003400 - -

NO 18001950 H.0 Only band tail of CH20 overlaps
NO; 15651655 H.0 Only band tail of CHO overlaps
N2O 21502250 - CO isignored (weak absorber)

3.4 Computational details
3.4.1 Quantum mechanics calculations

The initiationmechanismdeveloped irour previous studjl06], as described in chapter 2
was further expanded amadcomprehensive reaction mechanisasdevelopedThe details of the
guantum mechanics calculatioase same as mentioned in section 2A2iditional reactions of

larger intermediates were added which eventually form simple final products observed
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experimenally. Thecomprehensiveeaction mechanisimcludes109species and57 elementary

reactionsand is given as Appendix A.
3.5 Detailed kinetic modeling for validation of the mechanism
3.5.1 Analysis otheliquid-phase region

The mass of various species in the degosing liquidphase HMX changes due to
chemical production and consumption, as well as vaporization. Hence, the conservation of mass of
liquid-phase species, for= 1 toU , lead to a set of equations written as E&1). A detailed
derivation is giva in Appendix B.

Q@ 1 b

05 @ R@n Oy Q oy (1)

Here &y, is the mass fractiom, j is the net production rate ardw is the molecular
weight of speciesin the liquid phas€. is the temperature dependent density and is assumed to
be that of the liqguid HMX taken from the molecular dynamics study of Smith and Bhardwaj
[107,108] The rate of liquieko-gas conversion of specid@svia vaporization is modetl as

a g =Q a j, whereQ j is the corresponding rate constamhich can be modeled
via the Arrhenius equation addj, is the mass of the specids the liquid phasd) is the number

of species evolving ém the liquid phase to the gas phase @ana the number of species in the

liquid phaseThenetrate constanf) for an elementary reactionggven by Eq(3-2),

= 7 ~— (3-2)

whereQ is thekineticsbasedrate constant given by Eq2{1) andQ s thediffusion-based

rate constaras described in detail in our previous w{#k]. Thetemperature dependeriscosity
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of theliquid required for calculating the diffusidpased rate constaistassumedo betheviscosity

of liquid HMX obtained from the molecular dynamics studyetirov et al[108].

3.5.2 Analysis othe gasphase region

Thesmaller molecular weight species formed duringdeomposition of MX including
CH20, N2O, NG;, NO,HONO, HCN,H:0, CO,, and CQOdesorb from the liquid phase aedolve
into the gaphase These decomposition products niapidly with the purge gas Nand evolve
into arelatively cooleregion. Hencetheyare assumed not todergo further reactions in the gas
phase The concentration gradient within the gpbaseregion is also assumed @ negligible
Since the pressure and tleeiperaturén the gagphase control volume rema@most constanthe
total number of moles ithegas phase remaim®nservedThe conservatin of massof specied
in the gasphasecontrol volumebased on molar analysis is shoimrEqg. @-3). The conservation

of mass for the purge gas via molar balance is given by3Et). A detailed derivation is given

Appendix B.
Q& Y'Y a Q oy a O Q pey L L
06 o 0o R Do @i fQeRBLp (33
Qd YYa 4 Q oy a a Q Ry
— e il s Y (3-4)
Q0 ULV VW 0w 0w

Here®y, is the mole fraction of specié the gas phase ad is the mole fraction of the purge
gas in the gas phas¥. is the universal gas constafi, 0 , andw are the temperatureressure,
and volume of the ggshase regiortt is the mass of the liquid phask, is the number of species

in the gas phasé, w andd represents the molecular weight and the flow rate of the purge gas.
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3.5.3 Temperature profiles of the sampldiguid-phase

In the case of TGA experiments, the temperature profile is defined by the heating rate. In
the case of CRT experiments, the temperature priefdpproximated based on the measurement
of heating rates by &2¢ m-tyje thermocouplwith an nert samplg28], asshown inFigure3-3,
for a set temperature of 573. Khe fitted exponential function taoeproducethe temperature

variationobtained experimentallg given byEg. 3-5),

YUY Y "YA@Dc 08 (3-5)

where’Y is set temperaturéYis theinitial sample temperaturandt is thetime in seconds

Experimental temperature (inert sample)
Simulated temperature

600
550 |
< 500 f
= _
3 [
= 450 ) )
2 [ t=0 for simulations
5 [ (nosignificant -
a s .,
& 400 decomposition at L Upper and bottom
[ low temperatures) AN . heaters come in contact
350 | e
B + — — Bottom heater in contact with foil
300 Lo e o 0 0 e
0 2 4 6 8 10

Time (s)

Figure3-3. Temperature profiles in the CRT setup for a set temperature of 573 K.

Since the temperature profileerfboth types of experiments are known, the energy
eqguation is not needeitlhe temperature and pressure inghephasecontrol volume are assumed
as 200 °C and 1 atm respectively. By employing the comprehensive reaction mechanism, the initial
value probém defined byfirst-order differential equationés-1), (3-3) and (-4) is numerically

integrated. iemass fraction of HMXn theliquid phaseandthe mole fraction othepurge gas in
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the gasphasearetaken as unity at the start of thenulation. With these initial conditions, the
solution of the initial value problem gives thigecies rassfractionprofilesin theliquid phase and

mole fraction profiles in thgasphase.

3.6 Experimental results

3.6.1 TGA and DSGlata

The TGA curves for the falheating rates are givenhigure3-4(a) and the corresponding
DSC curves are given irFigure 3-4(b). These resultare the averag@ of three repeatable
experimeng with similarsamplemassesT h eH MX tHMX phase transformation is observed
at around 190 °C as indicated by a slight endothermic peak in the DSC data as shogurdoy
3-5. As the temperature is further increased above 260 °C, the mass loss starts very slowly. On
further heating, the melting of the sample is observed at 280°C as revealed by the endothermic
peaksin Figure 3-4(b). These endothermic peagkift to a slightly higher temperatusd higher
heating rates dum heat transfer limitationsHence, 280°C is taken as thpproximate melting

temperature of HMX.

The melting of the sample is immediately followed by rapid mass loss and exothermic
decomposition as shown by the TGA and DSC data. At 5 K/min, approximately 20% of the initial
sample mass sublimates before the imgltemperature of 280°C. At 10, 15 and 20 K/min, the
corresponding values are approximately 8%, 5%, and 3% respectively. Aehimg rates, the
mass loss starts to occur at a lower temperature because more time is dagithblsample to
undergo shlimation and possibly solighasedecompogion. At higher heating rates, the sample
temperature reaches the liquefaction temperature of 280°C relatively quickly before any substantial
sublimation and soligphase decomposition could occur. Exothermicityh® decomposition is

observed to increase with the heating rate as revealed in the DSC curigas@8-4(b). Hence,
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these TGA and DSC results suggest that therdposition of HMX occurs predominantly in the

liquid phase.
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3.6.2 Species evolution

43

Figure3-6(a) shows a single transmittasmspectrumn the case of TGA experimerits a

heating rate of 20 K/min and a sample temperature of 2856CCRT experiments, a single

transmittance spectrum is shownFigure 3-6(b) which wasobtainedfor a set temperature of

300°C at t = 10.08s. Various decomposition products identified in earlier studis109]

including CHO, NO, NG, NO, HCN, HO, CG, and CQ can be observed in the spectrum

recorded in the present study. Signal intensities of the absorption ba@@sarfd NO areveak

due tosmallpermanent dipole moments.
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Figure3-6. FTIR spectrum ofhe evoled gases (a) TGA setup (heating rate = 20 K/min and

temperature = 285°C) and (b) CRT setligi(= 300°C and = 10.08 s).

In addition to these species, thermal decomposition products in the gas phase may include

other similar molecules. Here, temporalokiion profiles were obtained for only these eight

species using the data reduction model previously described.
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3.6.3 Effect of heating raten TGA experiments

Species evolution profiles, obtained frdflIR spectroscopynd shown inFigure 3-7,
revealthat CH,O and NO aremajor decomposition products followed by®, HCN, NG, NO,
CO; and CO in smaller concentrations€lrates ofevolution of NO and CHO are considerably
higher compared to other species. The rapid evolution of species is observed only after the
temperature reaches 280°C for all heating rates as shdviguire3-7. This indicates that the mass
loss before melting of the sample mainly consists of sublimating HMX which condenses out in the
transfer tube maintained at the maximum possible temperature of 28 ®&/min, the evolution
of species ends witthe complete mass loss at around 285°C since more time is available for the
sample to decompose at lower temperatures just after liquefaction. As the heating rate is increased,
temperature increases relatively quickly and hence the species evolutiomesntitil a higher

temperature is reached as revealed by the stretched profegine3-7 (b) 1 (d).

3.6.4 Effect of set temperature in CRT experiments

In the CRT apparatus, the optical path length is not known with certainty. Hence, in the
data reduction model, the path length is assumed to be 1 cm, which renders the concentration
profiles as relativeDue to these reasons, the trend of relative mobtidrasof speciess compared
unlike theabsolute valuesised in TGA experiments where the path length is known exactly as
12.3cm. Species evolution profiles féwur set temperatuseinvestigated in this studgsobtained
from FTIR spectroscopyareshowvn in Figure3-8. It is again observed th&H,O and NO arethe
major decomposition products followed by® CQ, NO,, NO, HCN and CO Significant
fluctuations are olesved in the mole fraction profile of.B which are attributed to the difficulty

in resolving the fine line structure of@.
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Figure3-7. Variation of species mole fractions in the gas phase with temperature during HMX

decomposition in TGATIR setup(a) 5 K/min, (b) 10 K/min, (c) 15 K/min and (d) 20 K/min.

For high heating rate experiments in CRTIR setupN.O and CHO evolve at a much

higher rate compared to other species. On increasing the set temperature, the decomposition rate

increases as evident by a shifthe ppeak®f mole fraction profilesAt higher set temperatures, the

relative mole fraction of N@is slightly higher indicatig a shift towards higtemperature reaction

pathways. N@is also consumed very quickly which indicates that it participates in secondary
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reactions. Maximum levels of G@nd NO occur later in the decomposition process, which reveal
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that they are formedrdm secondary reactions. However, £LHand NO remain the major

decomposition products at all set temperatures investigated in the present study.
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Figure3-8. Species mole fractions profiles in the gas phase during HMX decomposition in CRT
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