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Abstract

In the field of explosive science, the existence of the ‘hpaitsis generally ac-
cepted as essential to any theory on shock initiation. @antn-based shock initia-
tion models only account for ‘hot-spots’ implicitly, ancetmajority of these models
use pressure-dependent reaction rates. The developmasiraple but physically
realistic model to predict desensitisation (double shedfects within the confines
of an existing pressure-based model is described and diondacompared with
experimental data with mixed results. The need to invokeparsg¢e desensitisa-
tion model for double shocks demonstrates that reacti@s rate not substantially
dependent on local pressure.

The newly developed continuum, entropy-dependent, CRE8deirhas been
implemented and validated in a number of hydrocodes. Horvékie move to
entropy-based reaction rates introduces a number of catuol problems not
associated with pressure-based models. These problemissamébed, in particular,
an entropy-dependent model over-predicts the rate of gmelgase in an explosive
adjacent an impact surface, and requires a finer mesh thaesaype-dependent
model to achieve mesh converged results. The CREST modet] Gnly to one-
dimensional data of the shock to detonation transitionhaa to be able to accu-
rately simulate two-dimensional detonation propagatatadThis gives confidence
in the predictive capability of the model.

To account for ‘hot-spots’ explicitly, a simple model to dabe ‘hot-spot’ ini-
tiation has been developed. The simple model is presentedewhot-spots’ are
formed as a result of elastic-viscoplastic stresses getkema the solid explosive
during pore collapse. Results from the model compare wel weorresponding re-
sults from direct numerical simulations, and both are csiest with observations
and commonly held ideas regarding the shock initiation amgisivity of heteroge-
neous solid explosives. The results also indicate thabpisstic ‘hot-spot’ models
described in the literature are built on an invalid assuampti
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Chapter 1

Introductory Chapter

1.1 Introduction

Explosive materials are compact sources of chemical erteagyare designed
to decompose exceedingly quickly to very hot, high presgases. They are able
to decompose very rapidly because fuelg( carbon or hydrogen) and oxidiser
(e.g. oxygen or fluorine) are wrapped up together in the chemicatsire of the
explosive. One example of an explosive compound is HMX @gttamethylene
tetranitramine), another is TATB (triamino trinitrobemsg [1]. Although the ex-
plosive compounds such as HMX and TATB can be used in theg fanm, the
majority of uses for explosives require mechanical propethat the pure materi-
als do not have. In order to change the mechanical propgtiegpure explosives
are often blended with other (usually) inert materials. Tdwsulting mixtures have
good mechanical strength, and the explosives can be eaadhimed into desired
shapes.

Modern day explosives exist in an energetically metastsiaie, that is an ex-
plosive cannot undergo rapid chemical decomposition ufificient energy has
first been added to get the process started. This is usuaiheteexplosive initia-
tion or ignition. For scientists and engineers who use estpés, it is necessary to
understand exactly how explosives work. In particular, & ¢®od understanding
of how explosives initiate is essential for the developnwrdafer explosives, and
to avoid or reduce the chance of inadvertent explosive swehich could injure or
kill. Various methods for initiation of explosives existduding heat, electrostatic
impulses, friction, shock waves, or any combination of ¢hesergy sources. In this
work, attention is restricted to the study of the shock @&titin mechanism.

The ease with which an explosive can be shock initiated israsvk as its
sensitivity. To help understand the initiation and sewisytiof explosive materials
subjected to shock waves, a variety of experimental testsautinely conducted.
Although the experiments give valuable information on t&ction behaviour and
sensitivity of shock initiated explosives, many of the itggimethods provide little

1
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insight into the fundamental physical and chemical proeesscuring during an
initiation event. Coupled with the high costs of experinseahd scenarios of in-
terest that may be beyond acceptable costs and safety hdhigdsas resulted in
increasing demands being placed on the development of datignal models of
shock initiation to provide both an understanding and mtédi capability.

Over the years, a relatively large number of shock initratitodels, also known
as reactive burn models, have been developed. Numericatlsotishock initia-
tion need to be coupled to large computer programs calledolepdes so that the
dynamics of shock wave initiation in explosives can be cotegpuHydrocodes are
programs that use a number of different solution technitpueslve a wide variety
of non-linear problems in solid, fluid, and gas dynamics. tdgdde calculations
usually require a good number of meshes through an explsse&ction zone for
accurate phenomenon resolution. Since reaction zone sviglgxplosives are very
small, typically~0.1mm for HMX-based explosives, ard..0mm for TATB-based
explosives, then reactive burn models are very mesh andnimesive. As a result
shock initiation models have tended to be relatively singuid this can limit their
predictive capability.

Researchers are now making use of recent advances and pleesits in both
hydrocodes and computers. The appearance of powerful deraid Picoflop com-
puters, coupled with modern numerical methods such asiadapésh refinement
techniques in hydrocodes, gives an opportunity to devetggaved shock initia-
tion models for explosives where calculations allow goodimeesolution of the
reaction zone. However, any new reactive burn model wilydrd as good as the
guality and quantity of the experimental data against witi¢tas been validated.
Therefore, accurate modelling of explosive shock inibiatand growth of reaction
requires appropriate and accurate experimental data. elaj@ng new reactive
burn models, consideration also needs to be given to théreegent that it must be
relatively straightforward to implement any model in a hyatvde. In this thesis, a
number of aspects of the mathematical and numerical madedli shock initiation
of explosives is considered.

1.2 Background On Explosive Shock Initiation

There has been a significant quantity of experimental rekeperformed over
the past several decades, aimed at understanding theéiamtaand growth of reac-
tion behaviour in explosive materials subjected to shockesa When discussing
shock initiation of explosives, the process is usually gatised in terms of the
physical nature of the explosive as either homogeneousterdgeneous. The ex-
plosive materials themselves are commonly referred to asheneous or hetero-
geneous explosives. Homogeneous explosives are typlapligs or single crys-
tals in which there are a minimal number of physical impeiters .g. bubbles
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or voids). Heterogeneous explosives are generally allrdtipes; heterogeneous
means a material that contains any kind of imperfectag.(void or gas cavities,
cracks, solid inclusionstg). Homogeneous and heterogeneous explosives exhibit
different shock initiation properties, as described indlzssic experimental studies

of Campbellet al. [2] [3]. HOmogeneous initiation occurs by a thermal expbosi
which produces waves that develop into a reactive wave dehminitial shock [2].
Heterogeneous initiation occurs because the shock wasrauts with the material
heterogeneities producing so-called ‘hot-spots’ thatt $kee chemical reaction in
the material [3]. In this work, attention is restricted toosk wave initiation of
heterogeneous explosives.

The physical structure of a heterogeneous explosive ysaoalfisists of pores
(void or gas cavities), cracks, and binder material, in toldito the explosive crys-
tals or grains, and distinct boundaries exist between thewsconstituents. Figure
1.1 is a micrograph showing the physical structure of a gigietergeneous solid
explosive, while Figure 1.2 gives an illustration of a snsainple from the micro-
graph. The irreguarly shaped explosive crystals or graiesckearly visible, and
there is mixture of coarse and fine grains to achieve a higkipgalensity. The
grains contain imperfections such as cracks. A binder id tiséold the crystals
together and to make the explosive safe to handle by stoppéengrystals rubbing
together. The binder material also helps to improve the @gchl properties of the
explosive, meaning that it can be easily manufactured ietirdd shapes. On the
micrograph a number of ‘dark holes’ are also visible. It isure what these are;
they could be pores, or a by-product of sample preparatigrpolishing. Note the
scale of the explosive grains and imperfections; the larg@®mponents of the mix
are the grains, and the largest explosive grain sizelis0um.

The key to understanding initiation in heterogeneous estyés was first dis-
cussed in detail by Bowden and Yoffe [4] whom, to help exptaminitiation pro-
cess, introduced the concept of the ‘*hot-spot’, and whoidensd that all ignitions
were thermal in origin. ‘Hot-spots’ are small localisedioets of elevated tempera-
ture that are produced by the interaction of a shock wave tvéhnhomogeneities
in a heterogeneous explosive which create sufficiently teghpertaures to lead to
reaction. The necessity of the ‘hot-spot’ concept ariseabge, under shock com-
pression, the bulk (homogeneous) temperature is too lonitiate reaction. Local
chemical decompostion occurs at the ‘hot-spot’ sites ifigeht thermal energy
is generated and retained there. If sufficient thermal gnisrgroduced, then the
‘hot-spots’ can burn outwards into the bulk of the (coolegplesive leading to a
possible growth of reaction.

Based on the experimental evidence, the shock initiatiocgss in heteroge-
neous explosives is usually described as having two sepphaises(i) an ignition
phase where ‘hot-spots’ are created due to shock compnessid the subsequent
chemical decomposition of the explosive in these locallsested regions, an()

a growth phase where the build-up of chemical reaction @casrthe ‘hot-spots’
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grow and coalesce to consume the remainder of the explosterial. Figure 1.3
illustrates the process of ‘hot-spot’ initiation by a shackve leading to growth of
reaction. The figure shows a snapshot in time when the mbbefiend the leading
shock is at various stages of decomposition. Here, growtéaaition from the local
dynamically overheated ‘hot-spot’ regions is shown. Hogrevgnition of ‘hot-
spots’ does not necessarily result in a build-up of reactiblot-spots’ are cooled
by the conduction of heat from the ‘hot-spots’ into the coohaterial surrounding
them so there is a competition between ‘hot-spot’ inducedtren and cooling. If
the ‘hot-spot’ is hot enough that the material begins totrbatore heat conduction
cools it too much, the surrounding material can initiate #rareaction can then
grow.

When a violent, explosive event occurs we often hear the tatonation men-
tioned. Detonation is synonymous with shock initiation.tH&é input shock to a
heterogeneous explosive is sufficiently large and susiaihe shock can grow to
detonation and this process is usually called a shock-tord¢ion transition. In
this process the ‘hot-spots’, created from the interactibthe input shock with
the heterogeneities, decompose and add their energy tmtheThis strengthens
the leading shock so that when it interacts with additioredelogeneities, higher
temperature ‘hot-spots’ are formed and more of the expéoisidecomposed. The
shock wave grows stronger and stronger, releasing more anel emergy, until it
becomes stong enough to produce self-sustaining propagdd¢tonation. A popu-
lar means of assessing the shock sensitivity of heterogsreeglosives is by study-
ing the shock-to-detonation transition.

1.3 Shock Initiation Mechanisms and Related Exper-
imental Studies

The importance of ‘hot-spots’ in describing initiation agebwth of reaction in
heterogeneous explosives is firmly established. In cartvdlse general acceptance
of the ‘hot-spot’ concept, the exact origin of the ‘hot-sgpa$ not well understood.
This is due to the very nature of their properties; small digien, short duration,
and high temperature. As a result, it is difficult to obtairedt experimental ev-
idence on the fundamental mechanisms involved in theirtiorea Bowden and
Yoffe [4] attempted to quantify ‘hot-spot’ temperaturesyation, and sizes. They
presented evidence that ‘hot-spots’ need to have dimessibtypically 0.1 - 10
um, durations of 10° - 102 s, and temperatures greater than 700 K. Despite the
fact that little is known or has been directly observed rduay the evolution of
‘hot-spots’ behind a shock wave, a large number of mechanfenthot-spot’ for-
mation have been proposed as summarised by Field [5]. Indpisrg=ield lists ten
possible ‘*hot-spot’ mechanisms:
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1. Adiabatic compression of trapped gas spaces.

2. Other mechanisms involving cavity collapse such as vsoo plastic heating
of the surrounding matrix material or, for very high shocKajose pressures,
hydrodynamic shock focusing.

3. Friction between sliding or impacting surfaces, or bemvexplosive crystals
and/or grit particles in an explosive.

Localised adiabatic shear of the material during medaéfailure.
Viscous heating of material rapidly extruded betweenaating surfaces.
Heating at crack tips.

Heating at dislocation pile-ups.

Spark discharge.

© © N o 0 b

Triboluminescent discharge.
10. Decomposition, followed by Joule heating of metalliarfilents.

The proposed ‘hot-spot’ mechanisms are based on a mixtuegpErimental ob-
servations and numerical modelling work, and there is aiilyeo universal agree-
ment as to the mechanism(s) by which energy localisationrsdo produce ‘hot-
spots’.

It is well known experimentally that the introduction of psr(voids or gas
cavities) in an explosive material causes increased $&tysib shock initiation.
Bowden and Yoffe [4] were among the first researchers to shawthe shock sen-
sitivity of explosives could be greatly increased by thespreee of gas bubbles, and
who attributed the formation of ‘hot-spots’ to adiabaticrqgressive heating of the
gas. A purely hydrodynamic mechanism to explain ‘hot-sfmthation as a result
of shock wave interactions with density discontinuitiesyweoposed by Mader [6]
[7]. These interactions produce hydrodynamic heating dweid collapse, jetting,
and shock collisions. ‘Hot-spots’ can also be created bysthans invoked in the
solid explosive material surrounding the collapsing p@iéiser via inviscid plastic
work [8] or viscoplastic work [9]. The modelling studies ofely [9] showed that
heating due to viscoplastic work in the vicinity of collapgicavities can supply
significant heating for ignition to occur within the timesesfor shock initiation.

In heterogeneous solid explosives, pores are usually mrasgpart of the man-
ufacturing process, and all heterogeneous explosives $@we porosity. Unfor-
tunately, the majority of explosive experiments recordydhle quantity of pores
in terms of an overall percentage extracted by comparingahneple density with
the theoretical maximum density (TMD) expected for the ipatar composition
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(TMD is the weighted average of the densities of the corestitparts). Pore size
distributions are given only a passing nod by assuming paeead particle size
are related, and the position of the pores is generally gphdExperimental studies
which only record the bulk porosity do, however, show a gjroglationship be-
tween this porosity and shock sensitivity, with sensiyivitcreasing for increasing
porosity (decreasing density), as observed in the cldstiodies of Campbekt al.
[3] and Gittings [10]. More recent work has shown that voistemt, rather than
binder or binder amount, appears to be the dominating facteiock initiation of
pressed granular explosives [11]. For the above reasons; praposed ‘hot-spot’
mechanisms are based on shock induced pore collapse.

As well as the pore collapse mechanism, shear banding obattiashear has
also been suggested as a possible source of ‘hot-spot’ fimmia shock initiation
of heterogeneous solid explosives. Plastic deformati@salid is an efficient way
to convert mechanical energy to thermal energy and, in nmgstatline solids, plas-
tic flow occurs inhomogeneously along crystallographip glianes, called shear
bands. Significant localised temperature rises, leadirigaspot’ formation, can
occur due to this deformation as discussed by Afanasev ahdlBo[12], and Win-
ter and Field [13]. By analysing recovered damaged samplegie et al. [14]
observed shear zones in heavily confined explosive targbjected to shock im-
pact. Since there was little or no decomposition in theiregxpents on TNT and
Composition-B, it was unclear whether the observed sheaada would have con-
tributed to the initiation process. Using high speed ph@plgy and heat sensitive
film techniques, Fielcet al. [15] [16] have observed shear driven plastic defor-
mation and associated ignition in PBX’s and PETN crystaldrop-weight impact
tests. Further experimental evidence on initiation résgifrom shear induced plas-
tic flow has recently been provided by Plaksiral. [17] using their high resolution
optical probe technique. In addition to the experimentaesbations, Frey [18]
attempted to calculate the temperature rise in shear b&md®NT explosive, ‘hot-
spot’ temperatures in excess of 1000 K in timefus, and where the shear band
(heated region) is-1um wide were calculated. These conditions are sufficient for
ignition to occur in TNT explosive charges.

A dislocation description of localised shear deformatias been developed by
Coffey and Armstrong [19] [20] to describe initiation in stglline explosives by
shock or impact. Although they showed that dislocation-pjys can produce sig-
nificant localised heating, Field [5] questioned whethahsithot-spots’ reach the
critical parameters to cause ignition during the impacttack loading of explo-
sives. Experiments performed by Mohanal. [21], in which single crystals of
RDX and PETN were subjected to particle impact, showed exid®f dislocation
pile-up, however, ignition did not take place.

Frictional heating between sliding explosive grains andfa particles is an-
other possible source of ‘hot-spot’ formation as first disat by Bowden and co-
workers, and whose work is summarised in [4]. To study itigraby friction,
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Chaudhri [22] devised an experiment in which a truncatedoabstriker penetrates
a column of the test explosive. The striker picks up a layadifering crystals as
it enters and drags them along into the compact, causirtgpfied heating between
the adhered particles and the other explosive crystalshau@hri’'s experiments, it
was found that the temperature rise in a compact of lead @mantde due to friction
during the penetration was sufficient to cause ignition. dékieret al. [23] de-
scribed experiments to examine the role of frictional wonkexplosive initiation.
In flat plate impact experiments on the HMX-based explosXell0, the conditions
of impact (0.3 - 1.0 GPa) were less than that required forctiskrock initiation but
still resulted in violent events. The role of friction in thtiation of explosives has
also been dicussed by Frey [18], who formulated a model tordesthe tempera-
ture rise which can occur at sliding interfaces in an expkasi

The fracture of explosive crystals is also considered ashangossible ‘hot-
spot’” mechanism leading to explosive initiation [24]. Usgihigh speed photo-
graphic techniques, Chaudhri [22] examined initiationfacfure on single crystals
of silver azide, lead azide, and PETN. These studies shdveg¢¢kist fractures (trav-
elling at several hundred metres per second) were unabletupe the initiation
of a fast reaction in the explosive samples. However, areas® in explosive sen-
sitivity to shock loading was observed by Swallowe and Fj2k] by the addition
of polymers that fail catastrophically by fracture or lasal shear.

Direct experimental evidence of ‘hot-spots’ in shock coegsed explosives is
very scarce. Edeat al. [26] saw some evidence of reacting ‘hot-spots’ for weak
shocks into a heterogeneous explosive. Using high-speatdgtaphic techniques,
they observed small areas of local darkening in the expdomaterial behind a
shock of sufficient strength. These areas did not grow (atfficiemt rate) nor
multiply in time at a given location in the explosive, but s pressure increased,
more and larger areas were created. These were deduced teaseo localised
reaction in the explosive, or ‘hot-spots’, which failed topagate. Bourne and Field
[27] have studied the collapse of ‘large’ gas cavities] mm in diameter ) within a
reactive material as the result of the passage of relatiigtyamplitude & 3.5 GPa
) shocks. They concluded that the two main causes for ignédre hydrodynamic
(compressive) heating in the region impacted by the jet aaliabatic heating of the
trapped gas. They estimated that temperatures in exces$¥0fKL were achieved
in the adiabatically compressed gas. On a similar themeexperimental study
of cavity collapse leading to explosive ignition has beestdssed in a number of
other papere.g.[28] [29].

Experiments such as those of Bourne and Field [27] proviééuligsight into
viable mechanisms for ‘hot-spot’ formation, however thpitgl size of defects in
heterogeneous explosives are much less than 1 mm (usumllsize). Observa-
tions of the elementary ‘hot-spot’ processes occuringraadauicroscopic defects in
shocked heterogeneous explosives, within very short (qus)timescales, presents
obvious great difficulties and is beyond current experirakecdpabilities. Areas of
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uncertainty are therefore: (i) the nature and size of ‘lpuits formed by shock
compression of the explosive material, (ii) the statistizaure of the ‘hot-spot’
distribution, (iii) cooling effects due to heat conducti@md (iv) the description of
the evolution of the reaction front from the ‘hot-spot’ site

Although experimental studies of shock initiation typlg&lave not provided di-
rect information on the mechanisms for ‘hot-spot’ formatamd subsequent chem-
ical energy release, experimental observations have heaveiown that explosive
initiation is strongly dependent on the explosive microsture (porosity, grain size,
crystal orientatioretc), initial temperature, and the applied shock profile. The ex
perimental studies conducted on shock initiation of hefen@ous solid explosives
typically provide data on the macroscopic or bulk resporigeeexplosive.

Early experimental studies were restricted to charaagrexplosive shock ini-
tiation by the distance (or time) required for a sustainqultrshock to achieve
detonation, usually termed the run-distance to detonatum-distance to detona-
tion data as a function of input pressure was obtained fromig&dest experiments
using optical techniques [3] [30]. In a Wedge Test the expéosample is subjected
to a sustained planar shock of a prescribed pressure. Agdleian proceeds, the
shock velocity in the sample increases until, very late artim to detonation pro-
cess, the shock velocity accelerates rapidly to reach datanvelocity. For a given
explosive, the tests are performed at various input pressufhe derived shock
initiation data is then presented in the form of Pop-Plotg @hich express the
relationship between the input shock pressure and theistante to detonation as
measured from the input boundary. However, such expersggwe no information
on the growth of reaction in the body of explosive before datmn is attained.

For short duration shock loading, Walker and Wasley [32jodticed the con-
cept of a critical imparted energy, related to the initiadekhamplitude and duration,
which is constant for a given explosive. If the shock trandiinto the explosive
exceeds this critical value, an initiation is triggered g¥hieads to detonation pro-
vided there is sufficient explosive present. The boundanyden the go and no-go
situations corresponds to a point on the initiation thrés$loarve. Just above the
threshold curve, the shock grows to detonation despitedhenfing rarefaction,
but the run to detonation is extended compared with a suestaihock of the same
initial shock strength. Just below the threshold curvestiek attenuates and reac-
tion eventually dies out. A similar intiation criterion fehort pulses has also been
developed by James [33]. The type of initiation thresholgegkments described
in [32] and [33] also give no information on the reaction baigtin the shocked
material.

More recently, the development of in-material gauging teghes has enabled
the shock initiation response of explosives to be charze@in greater detail [34]
[35]. Using embedded gauges, simple one-dimensional gagxperiments, where
projectiles are fired at explosive targets to deliver weliragzl shocks into the sam-
ples, are now routinely performed to provide reaction misttata on explosives of
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interest. Wackerlet al. [34] described the use of embedded manganin pressure
gauges to provide information on reaction inside sampleh®tHMX-based ex-
plosive PBX9404. On a similar theme, the electromagnetigop technique of
Vorthmanet al. was first described in [35]. Since this time their gaugindnteque

has been used extensively to provide high quality data frezide shocked, reacting
explosives from gas-gun experiments [36] [37].

The experimental set-up for a gas-gun shot diagnosed usecty@magnetic
particle velocity gauges is illustrated in Figure 1.4. Whiea impactor strikes the
explosive sample, a well defined planar shock is generatéchvgtarts the initia-
tion process. The particle velocity gauges detail the gnavftthe bulk reaction as
a function of time at different (Lagrangian) particle pamsits in the explosive sam-
ple. Typical of data obtained from the experiments, FiguBeshows the particle
velocity gauge data for a 5.2GPa sustained shock into the Hbsised explosive
PBX9501 [36]. Here, the gauges are located at approximatélyym intervals in
the explosive sample. The first gauge is located on the inguatice, and records
the input shock to the target. It can be seen that the wave-tofiped early on, but
after~0.5us, the particle velocity at this position begins to gradud#crease, indi-
cating reaction is occuring in the body of the explosive aeceterating the impact
surface. The other gauge profiles show a small increase ifitadgat the shock
front, and a large following reactive hump that builds witkpth. If the impact
pressure is high enough, as in this case, then the follow@active hump eventually
catches up with the shock front and detonation occurs veostigtthereafter. If the
target material was inert, then the sustained input wavddymopagate unchanged
through the sample. Thus, the build-up in particle velo@tylue to reaction in-
side the explosive, and stronger reaction is produced atgredepths as the wave
builds towards detonation. This figure shows an examplee$tiock to detonation
transition in an explosive where, in this case, detonaticcuss at a run-distance
of ~5mm into the explosive sample. These features, a small anodgnowth in
the shock front and a large amplitude following wave, havenbseen in the shock
initiation of a range of heterogeneous explosieas [38]. This type of data has
proved invaluable for: (i) understanding the processeslved in shock initiation
of heterogeneous solid explosives, and (ii) calibratiragtien rate models.

Recently, a suite of gas-gun experiments diagnosed wittireleagnetic par-
ticle velocity gauges have been fired to examine the shotiation response of
the HMX-based explosive EDC37 [38]. The response of theastyt to sustained
single shocks, thin pulse shocks, and double shocks waredtud the case of the
double shock compression of EDC37, the initiation and ristadce to detonation
was significantly modified by preshocking the explosive.slihicommonly termed
‘shock desensitisation’, where a weak precursor wave msnitie explosive less
sensitive to a following stronger shock, and has been obdanvother HMX-based
explosives [39]. On a similar theme, ‘dead pressing’ has lméserved in multiple
shock compression of the TATB-based explosive LX-17 [40]thieir experiments,
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which were diagnosed using embedded pressure gauges, antiehkhock, which
is below the initiation threshold for the explosive, is reted from a rigid boundary.
The initial shock wave removed the ‘hot-spots’ sites avdddo the reflected wave,
such that it simply propagated as an inert wave and did noesitian to detonation
as would have been expected at the pressure of the reflectedalmme.

Many experimental studies have also examined the effeatarging the phys-
ical properties of the explosive material, and initial teargiure. Factors that have
been shown to affect the shock initiation and sensitvityetehogeneous solid ex-
plosives are: initial density (initial porosity), crysial grain size distribution, crys-
tal orientation, and initial temperature of the explosiVéde early experiments of
Campbellet al. [3] showed that the time required for a given initial shockeach
detonation increased with increasing density. The effettdensity on growth to
detonation were examined in greater detail for the expéoBiEZTN by Stripeet al.
[41]. Low density samples were found to be more shock seesttian high density
samples. Gustavset al. [36] observed significant differences in Pop-Plot data for
the HMX-based explosive PBX9501 with initial density. Aeteame input pres-
sures, the run-distances to detonation decreased withakang density (increasing
porosity) showing that lower density material is more seévesto initiation.

Experimental work on crystal or grain size effects in hegereeous explosives
is summarised by Moulard [42] [43] and Chiekal. [44]. The general findings are
that in terms of the shock to detonation transition (Pogg}l@emall grains inhibit
ignition at low pressures while larger particles are bedtggromoting ignition. At
higher pressures, such as in propagating detonation, idifeaent story. Here,
larger grains are less sensitive than smaller grains. Mdylastulated that at high
pressures the ignition phase takes a negligible time, laatgiowth was easier for
fine material due to the larger surface area and ‘hot-spatsitie In contrast at
lower pressures the ignition takes a significant amountaé tout larger ‘hot-spots’
are more efficient and set the growth going sooner. In sunsingridetonation
experiments on the TATB-based explosive PBX9502, ¢tikl. [45] concluded that
finer grained material was more sensitive; keeping the teosnstant, a decrease
in particle size resulted in an increase in the detonatidocity. There was also
a corresponding correlation between grain size and dridieeneter. However, in
relatively low pressure experiments examining the shoaetonation transition in
PBX9502, Gustavseeat al. [46] observed that the particle size distribution has a
negligible effect on shock initiation behaviour. Sincesitgenerally believed that
particle size distribution influences initiation behaviby determining the size and
number density of ‘hot-spots’, then these findings are ssir.

The shock sensitivity and detonation behaviour of heteregas solid explo-
sives is known to vary with temperature, with sensitivitgrigasing with initial tem-
perature. There are many examples in the literature, sesx&mple [45] and [47].
Studies of initiation in single crystal explosives, suchHidX, RDX and PETN,
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has shown that crystal orientation can affect shock seitgif48]. Initiation mech-
anisms in such single crystals are dislocation pile-up &edusheating.

1.4 Continuum-Based Shock Initiation Models

Complementing the experimental developments and obsengata great deal
of effort has been expended over many years in developingkshiiation models,
also commonly referred to as reactive burn models, to sitauriiation and growth
of reaction behaviour in heterogeneous explosives. Heeagview and discussion
of shock initiation models concentrates mainly on those elodhich have been
key developments in the field, and those models which are widsty used.

Based on the degree of sophistication of the models, for plathe physical
and chemical phenomena they attempt to explicitly take @acof in the model
description, the review is split into two classes of modglcgntinuum-based mod-
els, and (ii) physics-based or mesoscale models. Contirhasad shock initiation
models give only a generalised description of the undeglpimysical and chemical
processes involved, and their reaction rate equationsrapgesalgebraic relation-
ships, usually in terms of pressure and/or temperaturegtwiniodel the *hot-spot’
and grain burning contributions implicitly. Physics-bdse mesoscale models at-
tempt to explicity take account of the fundamental procegselved in shock ini-
tiation, e.g. formation and ignition of ‘hot-spots’, usually by taking@particular
‘hot-spot” mechanism and modelling its behaviour in detale continuum-based
models are described below, while the physics-based orsnalomodels are de-
scribed in the next section.

Continuum-based reactive burn models first appeared inateell970’s and
early 1980's, and well known models of this era include theeBbFire model [6],
the Lee and Tarver Ignition and Growth model [49], and thendoh-Tang-Forest
(JTF) model [50]. Due to the computing facilities availahtéhe time, these models
had to be relatively simple. Forest Fire [6] is a reactioe rabdel that predicts the
response of explosives subjected to sustained single shatiere the rate of de-
composition is expressed as a simple polynomial in predsuited by a depletion
term. The model is purely phenomenological and relates erglosive’s reaction
rate to Pop-Plot data and the partially reacted Hugoniotddllcalibration is thus
obtained by fitting to Pop-Plot data. The Forest-Fire modsuaes that the reac-
tion of the explosive takes place across the shock fronthwisioiot in accordance
with experimental data. In addition, with the reaction raéeng solely dependent
on local pressure, the model cannot account for the phenoma&rishock desensi-
tisation’ [51].

The Lee-Tarver Ignition and Growth model [49] gives a gelsed descrip-
tion of the underlying physical and chemical processesluagbin shock initiation
and, based on the experimental evidence, the reactionaateih the model are
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divided into an ignition phase where ‘hot-spots’ are créa@se a result of the shock
compression, and one or more growth phases where the huitd-chemical reac-

tion occurs from the ignitied ‘hot-spots’. The original sem of model divided the

initiation process into an ignition phase and a single ghopltase [52], while the
model was later modified by the addition of an extra growtmtéws enable short

pulse duration shock initiation experiments to be acclyatedelled [53]. Since

the model is readily available, it has been embedded in mgdgokodes and has
been parameterised for many explosives. Hence, the LeeiTanodel is the most
popular reactive burn model in use today.

The Lee-Tarver model has been successful at predictinglisitance to det-
onation (Pop-Plot) data [49], in-material manganin presgauge measurements
examining growth of reaction in shock initiated explosii&], corner turning data
[52], short pulse shock initiation data [53], and detonafwopagation and failure
[54]. However, for a given explosive, there are numerousgas in the literature
of reaction rate parameters being continually re-caldatab fit an ever increas-
ing range of data covering different phenomena, and/oedifit sets of parameters
being used to model different phenomena. For example,rdiftesets of coeffi-
cients for the TATB-based explosive PBX9502 have been usetbdel the shock
to detonation transition [55], and corner turning expenisg56]. In addition, in
modelling the shock initiation of the TATB-based explosive-17 at temperature
extremes, different sets of parameters were required touacdor the explosive
response to initial temperature [47]. Thus, there are gquestarks over the ability
of the Lee-Tarver model to predict a wide range of phenomettaansingle set of
parameters, or to predict experiments outside its fittiggme. The main deficiency
of the Lee-Tarver model, or any pressure-dependent reactarlel, is that there is
no mechanism to predict explosive behaviour under douldelsloading, in partic-
ular the phenomena referred to as ‘dead pressing’ [40] dmatlsdesensitisation’
[38] [51].

The JTF model [50] attempts to include an improved desaomptf the ‘hot-
spot’ ignition phase in describing the shock initiation etérogeneous explosives.
The model partitions the explosive into ‘hot-spots’ andtiatance, or remainder, of
the explosive. Although the authors declare that the madahiexplicit ‘hot-spot’
model, the ‘hot-spots’ are defined only in a general way:dlege sites within the
explosive that are susceptible to mechanical simulatiorhave a higher local tem-
perature than the bulk material. The ignition phase is baselthermal explosion
where the induction time is a function of temperature. H#re,temperature rep-
resents an average ‘hot-spot’ temperature that is dependehe pressure of the
incident shock wave. The growth phase in the model, desyithie burn of the bal-
ance of the explosive, is represented by a polynomial inspiresthat is very similar
to the Forest Fire [6] reaction rate. The main advantage ®fJifF model is that
the ignition process includes temperature as an explicarpater. In the model,
assuming a double shock process, additional heating ofhibtespot’ (created by
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the first shock) due to the second shock is calculated asraggenitcompression.
Thus, the model has the potential to describe the phenonwra@sensitisation by
preshocking. The model has been shown to match sustaine#l shiation data

and the essential features of shock desensitisation amachaged by the model [50].

Following Bowden and Yoffe [4], the general consensus i$ thaction rates
are largely dependent on temperature and not pressure coarador this, Partom
[57] [58] developed a temperature-dependent reactive tmaahel based on ignition
at ‘hot-spots’ and propagation of burn surfaces. The reagatte in the model is
dependent on the (bulk) temperature of the unreacted expl@nd the model co-
efficients are calibrated to Pop-Plot data. For the TATBelaasxplosive PBX9502,
the model is able to reproduce the Pop-Plot, detonationggaion data, and cor-
ner turning data [58]. Although based on temperature, thdahis not predictive
since the reaction rate had to be modified to account for teagmnenon of ‘dead
pressing’ in insensitive high explosives [59].

The ‘classical’ models discussed above were developediateavthen experi-
mental data on the shock initiation of heterogeneous ek@esame mainly from
Wedge Test experiments [3] [30]. These experiments giveuhalistance and run-
time to detonation from single sustained input shocks,iteath the Pop-Plot [31],
but give no information on the reaction history behind theckhbefore detonation
is attained. Since this time, advances in diagnostic teglas, in particular the de-
velopment and use of robust in-material gaugeas [35], has revealed new data
on the growth of reaction inside shocked decomposing ex@e$36]. The newly
acquired in-material gauge data has lead to new ideas armadheges being put for-
ward regarding the shock initiation of heterogeneous satiglosives [60]. These
ideas and hypotheses, coupled with the deficiencies oficésshock initiation
models, lead to the development of the CREST reactive budehi61].

The continuum-based CREST model [61] is based on the cdonkisf exper-
imental observations. Analysis of high quailty, in-maaérparticle velocity gauge
records shows that, at least to first order, the reactiordegtends on shock strength
and not on the local thermodynamic stageg( pressure and/or temperature) [60].
The best measure for shock strength for use in hydrocoddsmgton of entropy of
the shocked, non-reacted explosive, and hence the modahtexgropy-dependent
reaction rate. CREST needs in-material gauge results ier aodcalibrate the re-
action model coefficients, coupled with both an unreactetaareaction products
equation of state in order to calculate explosive behavidtpresent, the model is
giving promising results in simulating a wide range of shotgkation phenomena
[61] [62].

The criticisms that can be labelled at continuum-based le@te summarised
below. Although reaction is said to be temperature-driviea,majority of models
use pressure-dependent reaction rates. Although sometagdeshock initiation
can be adequately described by pressure-dependent reeattge.g.the Pop-Plot,
such reaction rates have proved problematic in trying tachat-material particle
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velocity histories behind behind different shock inputenfrgas-gun experiments
[63]. In addition, as will be shown in Chapter 2 of this thepiessure-based models
have no mechanism to describe the phenomenon of shock dessgims [38] [51].

The reaction rate expressions in continuum-based modpbendeupon the av-
erage or bulk conditions in the reacting explosive mixt@alculation of tempera-
ture, the variable of preference for some reaction rate msatiee to its presence in
Arrhenius theory, requires knowledge of the specific hepaciy which is poorly
known for most explosives. In any case, it is known that ieaatates in heteroge-
neous explosives are not controlled by bulk temperatureesspire, but are instead
driven by the local ‘hot-spot’ temperatures. In additidme reaction rate models
usually contain a relatively large number of fitting conssathat have to be cali-
brated against experimental data, and it has become applaatparameters fitted
to a limited set of experimental results have to be adjustétidifferent data and/or
model different phenomena.

The majority of the continuum-level models date back to #éQls and 1980's.
Since this time new experimental data, making use of adwincgiagnostic tech-
niques, has been obtained, and new ideas and hypothesesanisitiation have
emerged. Analysis of recently acquired in-material phatielocity gauge data
from gas-gun experiments has revealed a number of integestirrelations [60].
These findings lead to the development of CREST which is sigpwiomise as a
predictive model, as will be shown in Chapter 3 of this theldiswever, continuum-
based models do not address the fundamental processesgihokshock initiation.
For example, no attempt is made to explicitly model any ofgh@posed physical
mechanisms leading to ‘hot-spot’ formation in a heterogesesxplosive. Instead
they give only a generalised description of the underlyihggical and chemical
processes involved, and their reaction rate laws are simplhematical expres-
sions that approximate the ‘hot-spot’ mechanisms and spuiese growth of reac-
tion behaviour. This could potentially limit their predic capability.

For continuum-based reactive burn models, a completelysetwf experimen-
tally defined parameters will usually be required if an esple formulation is var-
ied in any way, for example, if the particle size distributigoorosity, or binder
material is changed. Since it employs a porosity-depengemacted equation of
state, CREST is the only continuum-based model that carated@unt of the effect
of porosity on an explosive’s response with one set of parara¢62]. However, to
predict differences in explosive behaviour due to partsike effects, the reaction
rate coefficients in CREST would have to be re-fitted to matqgfegmental data.
To predict the effect of changes in explosive morphology loock initiation and
detonation behaviour so-called physics-based or mesosualels are required.
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1.5 Physics-Based Shock Initiation Models

The shock initiation and detonation behaviour of hetereges solid explosives
can be affected by a number of properties of the explosivaghacrystal or grain
size, pore size and porosity (which may not be wholly indejgem of grain size),
binder material, and ambient temperature. Without adwanctéhe modelling the
affect of changes in these initial explosive conditions caly be demonstrated by
a battery of experiments. However, with recent advancesmmpriting technology
e.gTeraflop and Picoflop computers, coupled with modern hydiesdhat exploit
modern numerical metho@sg. adaptive mesh refinement, the opportunity exists to
develop improved models of shock initiation behaviour tteat address some of the
present shortcomings in the modelling. Below, a number gbjs-based models,
sometimes also called mesoscale models are reviewed, wmiphasis placed on
describing models that have been implemented in hydrocodes

Shock initiation models that are more sophisticated angighily realistic than
their continuum-based predecessors have recently beatogede.g. AMORC
[64], the Cook-Haskins CHARM model [65], and the model of Bett [66]. These
models explicitly describe the dynamical formation of “spiots’ in an explosive,
and their subsequent evolution with time, based on onegpiatti process, that of
the collapse of pores in an explosive material. Pores anegpeandidates as poten-
tial ‘hot-spot’ sites as numerous experimental studiestsnown that increasing
porosity can make an explosive material more sensitivedolsiitiatione.g.[36].
However, pore collapse leading to the formation of ‘hottspm an explosive ma-
terial is treated differently in these models. In the AMORGdal [64], ‘hot-spots’
are created by viscoplastic flow in the vicinity of collapgioids. In the Cook and
Haskins Model [65], ‘hot-spots’ are formed as a result ofad@batic compression
of gas-filled bubbles, whereas in the Bennett model [66]e potlapse is modelled
with aP —a model [67], where massless voids represent the initialgpdké three
models assume spherical pores which collapse symmeyriealdl include explicit
heat transfer between the ‘hot-spots’ and cooler portidtiseomaterial.

The AMORC model [64] effectively consists to two models, eleped and cal-
ibrated separately; one devoted to initiation of the reachy the ‘hot-spots’ based
on viscoplastic pore collapse, and the other to the expmogiain burning which
is modelled via a pressure-dependent burning law. It isradi that the model is
based on an explicit description of the microstructure efékplosive and has very
few fitting parameters. AMORC has been implemented into acimensional hy-
drocode, and has been successful at modelling pressueceidsstrom in-material
manganin pressure gauges in shock to detonation expeset effect of ini-
tial temperature on sensitivity, and the influence of mitragure on explosive re-
sponse in terms of pore and grain size in a number of TATB<basenpositions
[64]. The model is also able to describe the phenomenon adndéssation by
preshocking in HMX, TATB, and HMX/TATB compositions [68].
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The Cook-Haskins model [65] is an ignition and growth moadelshock initia-
tion of explosives based on temperature-dependent Aukartiemical kinetics. In
the model, heterogeneous effects are accounted for viatsfod’ ignition model
based on gas-filled pore collapse. To enable simulationgarigms of interest to
be carried out, CHARM has been implemented as a separateé@yoistate within
the DYNA2D hydrocode [69], and the model successfully agptio fragment im-
pact data [65]. To account for the fact that adiabatic cosgiom of gas bubbles
may not be the only important mechanism in describing ‘lpatt'sformation, the
model was subsequently improved to include a cumulativeadgnapproach for
‘hot-spots’ [70]. This models straining in the collapsirigel of explosive material,
specifically to account for ‘hot-spot’ phenomena occuriagaesult of low velocity
impactse.g.shear heating, viscoplastic flastc

The model of Bennett [66] is based on the Void-Inert-Reac{VIR) model
[71], previously applied to condensed-phase reactionsewter mixtures, but mod-
ified to deal with heterogeneous explosives. The model Usesriergy deposited
from collapsing pores in a heterogeneous explosive as asjaif ignition source
for the material, where the dynamic pore collapse procesessribed by a -
model [67]. The model was built into the DYNA2D hydrocode J|68d was able
to match particle velocity gauge data on PBX9501 exploswefa single gas-gun
experiment of the shock to detonation transition [66].

There also exists a number of explicit *hot-spot’ modelsdoiasn viscoplastic
pore collapse that have been developed and described itettaure [72]-[73]. All
these models use the approach of Carroll and Holt [8] for tivysof pore collapse
effects in explosive material. These models were printyp#tveloped as stand-
alone models and were not incorporated into hydrocodesnidudel of Khasainov
[72] has since been implemented into the Autodyn hydroc@dé [and the two-
dimensional Eulerian code EDEN [75]. These viscoplastat-$pot’ models are
discussed in further detail in Chapter 5.

To date, no theory of hot-spots has attempted to cover alieftitfferent ‘hot-
spot’ phenomena, and most models have isolated the porgpsellmechanism,
as described above, and have modelled ‘hot-spot’ ignittomfthis perspective.
Clearly such an approach disregards the details of the pttyeically realistic *hot-
spot’ mechanisme.g. shear banding, friction between graigts, but this is not to
deny the physics of such mechanisms. To allow for the fa¢t tio&-spots’ may be
generated as a result of a number of different mechanismsinder of so-called
statistical ‘hot-spot’ models have been developed [76].[77

The statistical ‘hot-spot’ model of Nicholls [76] has beariltinto the ALE3D
hydrocode [78]. Their approach relies on an assumption @fsthe and number
density of ‘hot-spots’ in shocked compressed material astarting point for the
calculations. Such information could come from the resafitarge scale mesoscale
simulations of an ensemble of the explosive consisting@ftbre size distribution,
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grain size distribution, binder, and other solid inclusiomhese types of simula-
tions have been performed by Baaral. [79] [80]. However, much ‘data mining’
needs to be performed to extract the relevent ‘hot-spadrmftion required as in-
put to any model. In the model of Hamage al. [77], rather than keeping track
of distributed ‘hot-spots’ as in [76], an aggregated ‘hpbdts concept is used which
represents the overall effects of the distributed ‘hottspoThe model has been
implemented into the CASH hydrocode [81] developed at Logn#ds National

Laboratory, and is able to reproduce the effect of grain sizd>op-Plot data in
RDX-based explosives [77].

1.6 Hydrocodes

To enable the modelling of practical shock initiation pebk to be performed,
any developed reactive burn or shock initiation model mestrizorporated into
so-called hydrodynamics codes, usually shortened to lopdies. Hydrocodes are
large computer programs used to simulate shock hydrodyssaproblems [82].
They differ from Computational Fluid Dynamics (CFD) codeghat they must be
applicable to solid materials as well as to liquids and gablgslirocodes solve the
equations governing unsteady material dynamic motiorrmgenf the conservation
of mass, momentum, and energy. In order to obtain a compd&igan, in addition
to appropriate initial and boundary conditions, it is nesegg to define a further re-
lation between the flow variables. This can be found from aentmodel which
relates stress to deformation and internal energy (or testyre). In most cases,
the stress may be separated into a uniform hydrostaticyneasd a stress deviator
associated with the resistance of the material to sheasrtiest. Then, the relation
between the hydrostatic pressure, the local density (aifsp&olume) and local
specific internal energy (or temperature) is known as thaigu of state. Consti-
tutive strength models are used to represent the matesiagtaace to shear distor-
tion. Various forms of equation of state and material sttiemgodels are usually
included in hydrocodes.

Hydrocode programs use a discretised mesh in one, two, a@el dimensions,
to model the materials being evaluated. Spatial disctatisaan be performed in a
Lagrangian, Eulerian, or Arbitrary Lagrangian EuleriarL A setting. To obtain a
numerical solution of the governing flow equations, finitiéettence, finite element,
or finite volume techniques are commonly used [83]. In gdnasahe dimensional
degrees of freedom required by the problem increase, soedocaimputational re-
sources needed to run the problem.

The two main types of hydrocode in common use today are Lagarand
Eulerian [84]. Lagrangian codes solve the governing flowagiqus assuming a
Lagrangian frame of reference, where the computationahnres/es with the ma-
terial flow. Eulerian codes solve the governing equationthéEulerian frame of
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reference, the mesh remaining fixed and the material floirggh it. Both meth-
ods have strengths and weaknesses and neither is suitablkedpplications. In the
Lagrangian approach, material interfaces and featurdseofidéw, such as shocks,
are well defined. The major disadvantage of Lagrangian cizdiémt if excessive
material movement occurs, the numerical mesh may beconmyhdgstorted lead-
ing to an inaccurate and inefficient solution. Further, thesy lead to a termination
of the calculation. In contrast, Eulerian codes can coph setere distortion since
material moves through the mesh, however material intesfand features of the
flow are not tracked as accurately as in a Lagrangian code.

An ALE hydrocode can be considered as an attempt to alwaywitarthe opti-
mum mesh, exploiting the advantages of both the Lagrangidrtalerian methods
by using the most appropriate description for differentgpaf a problem. Although
ALE schemes have been in existence for many years [85], mitst onethods have
ignored the complexities of material interfaces. Thesehous can be regarded as
Simple ALE or SALE schemes as they impose the restrictioh ttha interfaces
must remain Lagrangian. This approach may not be adequasd! fapplications,
and recent work has attempted to address some of the defeserfche traditional
ALE methods [86].

Adaptive mesh refinement (AMR) is a technique allowing theeleof mesh
resolution to vary significantly across the computatiomethdin and to dynamically
adjust to the evolving solution by placing meshes in regadnsterest, for example,
where the solution is changing rapidly [87]. The aim is toU®bigh resolution only
where it is needed and, thus, obtain a level of accuracy caabfgwith existing
(non-AMR) hydrocodes but with less demand on computatitegdurces. This can
be applied to Lagrangian, Eulerian, or even ALE codes. Reabtirn modelling
is ideally suited to AMR hydrocodes. Accurate resolutiornha reaction zone in a
block of shock initiated explosive requires many zones/rvhen it is considered
that, for many practical problems of interest, the dimensiof the explosive region
can be many centimetres then calculations of this type carefyechallenging on
non-AMR codes; having to mesh the entire computational dioméh uniformly
fine zones is inefficient and the computational costs couidnpeactical.

The type of hydrocode to use for practical problems will lisuze chosen on a
problem by problem basis. Thus, where possible, any reslstitn model should be
implemented in a range of different types of hydrocodes.éewvetbping new mod-
els, consideration should also be given to the ease withhathie model(s) can be
implemented into the different types of codes. For examplejel implementation
in Lagrangian and Eulerian codes will be more straightfedthan in ALE codes.
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1.7 Thesis Outline

This thesis describes a number of aspects of the mathematidanumeri-
cal modelling of explosive shock initiation. In Chapter Betwidely popular,
continuum-based, pressure-dependent Lee-Tarver redatitn model is consid-
ered. For evaluation purposes, the model is implementedralndated in a one-
dimensional hydrocode. A critique of the model is given|uding discussions re-
garding the predictive capability and limitations of thedrb The main deficiency
of pressure-dependent models is that they contain no mischam predict the phe-
nomenon of shock desensitisation. Consideration is gigeto &#ow to model the
effects of shock desensitisation within the confines of tee-Tarver model, and
a simple but physically realistic desensitisation modeldageloped and described.
The model is then applied to available experimental datxaoéne its suitability.

Chapter 3 concentrates on a number of aspects of the contivased CREST
reactive burn model. For completeness, the background ESJRand an overview
of the model is given. The implementation of the model in a-dimensional,
and a number of two-dimensional hydrocodes is then destiibéeetail, and the
various implementations validated. During the hydrocadplementation and use
of CREST, it was found that the move to an entropy-dependsattion rate in-
troduces a number of computational problems not assocvatbdpressure-based
models. These problems are described, and where possibtess to the prob-
lems found or identified. The predictive capability of the ER model is then
more rigorously examined by application of the model to datmn propagation
data.

The application of a least squares solution approach ferohéning run-distances
and run-times to detonation, using a method devised at Las18$ National Labo-
ratory (LANL) for fitting shock trajectory data, is describen Chapter 4. The least
squares solution method is validated against run to detomdistances quoted by
LANL for sustained single shocks into an HMX-based explesithe method is
then applied to shock time of arrival data from hydrocodewations using the
CREST model to see how well, or otherwise, CREST fits experially derived
Pop-Plot data.

Explicit modelling of the formation and initiation of ‘hatpots’ is described in
Chapter 5, where the mechanism for ‘hot-spot’ formationdstec-viscoplastic pore
collapse. The chapter is essentially split into two partse Tirst part details direct
numerical simulation work performed to support the develept of a simplified
‘hot-spot’ initiation model. In the second part, a simpletispot’ initiation model is
developed and described. Results from the direct numesiicallations and simple
model are presented, and the results obtained are disdudsechs of whether they
are consistent with observations, and commonly held idesggrding the shock
initiation of heterogeneous solid explosives.

The conclusions are given in Chapter 6, along with a disonssi future work.



CHAPTER 1. INTRODUCTORY CHAPTER

20

Figure 1.1: Microstructure of a heterogeneous solid exydos
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Microstructure of Heterogeneous ﬁ@
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Figure 1.2: lllustration of the microstructure of a heteangous solid explosive.
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Shock wave Explosive crystals

Formation and ignition Growth of reaction from ‘ Coalescence of "hot-spots" ‘
of "hot-spots" localised "hot-spots" and bulk reaction

Figure 1.3: lllustration of ‘hot-spot’ formation and grdwof reaction in a hetero-
geneous solid explosive (the darkened areas represeniahttat has burned).
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Chapter 2

Pressure-Dependent Lee-Tarver
Reactive Burn Model

2.1 Introduction

The continuum-based Lee-Tarver model for shock initiabbieterogeneous
solid explosives was first described in 1980 [49]. The moded developed on the
basis, backed by considerable experimental evidencepttetan clearly distin-
guish two distinct phases during shock initiation, (i) aniigpn phase where *hot-
spots’ are created due to shock compression, and the sdrgedgromposition
of the explosive in these localised heated regions, and (@jowth phase where
the build-up of reaction occurs as the reaction grows ouwtsvérom the formed
‘hot-spot’ sites to consume the bulk of the material. Indeékd model divides the
reaction rate into an ignition term and one or more growtmgerand hence is also
known as the Ignition and Growth model.

The ignition and growth concept in the Lee-Tarver model gesented by a
reaction rate equation whose terms are algebraic reldijpsnsn terms of density
and pressure. These terms model the ‘hot-spot’ and gramirgicontributions of
shock initiation implicity. Many of the fitting constantstine reaction rate equation
have physical meaning, for example related to viscopléstiespot’ heating during
pore collapse, the outward burning of spherical ‘hot-spatsd the inward burning
of explosive grains. However, the ignition term relatesit@ke shock input, and
the growth terms are purely functions of pressure, whichdieedvantages that are
discussed below.

At the time, the Lee-Tarver model provided a much improveplabdity for
modelling shock initiation problems of interest. Todaye thee-Tarver model is
the most popular reactive burn model for use in hydrocodeutaions of shock
initiation, as any review of conference papers in the fieltd t&stify. The model
is widely used because; (i) it is readily available, and leemas been embedded in

24
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many hydrocodes, and (ii) it has been applied to a relatiaefye number of explo-
sives. Initially, the Lee-Tarver model was successful ptaducing Pop-Plot data
for single sustained shocks. The Pop-Plot [31], named afterof its originators,
represents the run distance to detonation in an explosiagf@sction of the input
shock pressure. However, as time has progressed the longaif the model have
become apparent as new data, making use of advances in gilmgeohniques, has
become available, and also as the range of phenomena to thieichodel has been
applied has increased.

The main disadvantage of utilising a pressure-dependactiom rate in any
model is that it has no mechanism to describe complex shdw&viieur, for exam-
ple double shock compression of an explosive. Experimigniais well known
that the reaction rate behind a second shock travellingifirpreshocked material
is less than that behind a single shock of the same pressyr¢39] [51]. This
phenomenon is commonly referred to as ‘shock desensitisali is important to
considerations of safety, as many accident scenarios fiogixes confined by in-
ert materials involve double or multiple shock compressiohthe explosive, and
hence needs to be represented in any model. For any reaat@ipased on the local
pressuree.g.Lee-Tarver, it is necessary to have an additional dessasdn model
to account for the double shock observations, otherwisesthetion rate behind the
second shock will be too strong, and detonation will occucimearlier.

In this chapter, the theory of the popular Lee-Tarver mosl@dscribed. The
model has been implemented in PERUSE [88], a one-dimendiagaangian hy-
drocode which is used as a test-bed for developing, testhmyjcomparing different
reactive burn models. Results of calculations to validiageitnplementation of the
model are presented. A critique of the Lee-Tarver model&s tiven, including
discussions of the predictive capability and limitatiofighee model. To illustrate
one of the major deficiencies of pressure-dependent redutixn models, the stan-
dard Lee-Tarver model is applied to double shock explostypeements in which
the phenomenon of shock desensitisation has been obs€&wadideration is then
given as to how to model the effects of shock desensitisatithin the confines of
the Lee-Tarver model, and a simple but physically realdtisensitisation model is
developed and described. This is then applied to a numberufid experiments on
the HMX-based explosive EDC37 to further examine its sulitgto model double
shock situations. Finally, the conclusions are given.
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2.2 Description of the Basic Model

2.2.1 Preamble

The Lee-Tarver Ignition and Growth model [49] consists of tvasic elements:
(i) an EOS model for the reacting material, and (ii) a reactiate model to gov-
ern the rate of explosive decomposition. In the model, thetreg material is as-
sumed to be a mixture consisting of two components, unrédaséd explosive
and gaseous reaction products, where the unreacted nhatettiseaction products
are assumed to be in pressure and temperature equilibritine @xplosive is con-
sumed. Separate Gruneisen-like equations of state in tlesilkins-Lee (JWL)
form [89] are used to describe the unreacted and gaseous)lzesl ideal mixing
in which the volumes and energies of the components areiaslditused.

The reaction rate model is based on an ignition and growtkaxdtion concept
for modelling heterogeneous solid explosives as they itiandrom unreacted ex-
plosive to gaseous reaction products. The rate equatidaiosra number of terms,
which are simple functions of local thermodynamic varighle terms of density
and pressure, to phenomenologically represent the ignéral growth processes
observed experimentally during the shock initiation ofenetjeneous solid explo-
sives.

The various components of the Lee-Tarver model are deschb®w where,
in the model equations, the subscripndg refer to the unreacted solid explosive
and gaseous reaction products respectively.

2.2.2 Equations of State

Separate temperature-dependent JWL equations of statesedefor both the
unreacted explosive and the reaction products. For thexate@ explosive the pres-
sure is defined by,

Ps=Ry exp(—%) +R exp(—%) +RansT  (Rz3=wsCy,) (2.1)

S S

and the energy given by,

Rl R5 RZ R6
= Ry R A T 2.2
£ exp( ns) + Re exp( ﬂs) +Cy, (2.2)

wherens is the relative density of the unreacted exploste%) , Ps is the density
of the solid phase materigdy is the initial densityCy, is the specific heat capacity
of the unreacted explosive, T is the average temperaturkeoimixture, andRy,
Ro, Rs3, Rs, Rs, andws are constantsR, is usually negative, allowing the solid to
undergo tension. This equation of state is fitted to avalalperimental Hugoniot
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data, and® = 0 whenns = 1 at the initial temperature (generally 208 Tarver
[49] states that this form has some advantages over fornesll@sa linear shock
velocity-particle velocity fit to Hugoniot data. The JWL edion of state can ac-
commodate the measured bulk sound velocity and the expetatheobserved cur-
vature of shock velocity-particle velocity relationshig@wv shock pressures, while
still approaching the linear shock velocity-particle \@tg data at higher shock
pressures.
For the gaseous reaction products, the pressure is defined by

Py :Aexp<—>:]—Pl) +B exp(—f}—PZ) +GngT  (G=wyCy,) (2.3)
9 g

and the energy given by,

A X B X
e G B L Gt R A

whereng is the relative density of the gaseous prodL(cts%) , Pg is the density of

the gaseous phase matery,is the initial densityCy, is the specific heat capacity
of the gaseous products, and A, BP, XP, G, andwy are constants. The equa-
tion of state parameters for the reaction products are egwvimarily from fits to
cylinder test expansion data. It is noted that the units efhergiesgs andeg, are
Mb cm®/pg g.

2.2.3 Temperature Calculation

Temperature was originally introduced to include the gubgi that the reac-
tion rate may be temperature-dependent, and to enforcendmmal equilibrium
assumption for the mixture. The total internal energy ofrthieture is defined by,

e=(1-MA)es+Agg+(1-A)Q (2.5)

wherees andeg are calculated from the unreacted and gaseous productsagua

of state respectively is the mass fraction of explosive that has reacted, and Q is
the chemical energy released from the unreacted matergat. =As(4/, T,\) then

in incremental form,

De De De
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Therefore, the energy equation (2.5) written in incremidotan is,

de = |(1—n) 2k D&l gy
DV lrn DVl
[ Deg Deg
1) =2 e’ T
o i ya DT m]d
[ De De
_ ss—sg+Q—(1—)\)D—}\s‘T _ D—;JT ]d)\ 2.7)
v v

Rearranging (2.7), the increment in temperature can beanrés,

CvdT =de—Jdv +HdA (2.8)
where
De Deg Deg
&G = == = (1-N) = —
DT |, » DT [, » DT [, »
D D D
3 = & = (1-2) Des P&
DY |1 DV Irn DVl
De Des Degg
H = —— = &—&+Q—(1-7N) = -\ ==
DAlr DA [1.4 DA |7

and T is the average temperature of the mixture. Since, flaniitst law of ther-
modynamics,
de = —(P+q)dv (2.9)

equation (2.8) can be re-written as,
CvdT = —(P+J+q)dv +HdA (2.10)
The temperature chang#T, is calculated in two steps;
¢ that due to the hydrodynamiddy at constani
e that due to the chemical reactidiig at constant’

such thadT = dTy + dTg. The temperature change in the hydrodynamic and reac-
tion phases are respectively given by,

ovdTy = —(P+J+q)dv (2.11)

CvdTs = HdA (2.12)
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Evaluating the change in temperature with respect to timesgi

DT Dv DA
and then,
DTy Dv
— = —(P —_— 2.14
Cv Bi (P+J+0) Dt (2.14)
DTg DA
CVﬁ = Hﬁ (2.15)

are the temperature changes with respect to time in the tydemmic and reaction
phases respectively.

2.2.4 EOS Model for Reacting Material

The reacting material is treated as a mixture of two co-#ggihases consisting
of the unreacted solid explosive (reactants) and the gaseaction products. A
simple mixture law, in terms of the mass fraction reacted used to express the
relative volume of the mixture as the weighted sum of thetikedasolumes in the
separate phases, that is,
YV =(1-N)Vs+ A7y (2.16)

The mass fraction of explosive that has reactedjoes from 0 to 1, wherk =0
represents no reaction (solid unreacted explosive) \aadl represents complete
reaction (all products). A suitable equation of state isduse each phase, and
the pressures of the reactants and products are assumedrtahamodynamic
equilibrium, that is,

P(V,T,\) = Ps(¥s,T) = Ps(7s,T) (2.17)

where T is the average temperature of the mixture. The velatblumes of the
reactants and products are respectively given by,

q/s_ns a-nn (2.18)
_1_ (1-B
Vg 0= (2.19)

wheren is the relative density, or compression, of the mixté&e% , Po Is the
initial density,ns andng are the relative densities of the reactants and products
respectively, an@ is the (real) volume fraction occupied by the reacta(nis%).
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The volume fractiord goes from 1 down to O, whefe= 1 represents all reactants,
andp = 0 represents all gaseous products.

In its inner workings, the model works in terms of the relatdensitiesns
andng, rather than the relative volumes of the explosive in itsdsahd gaseous
states. The pressures in the reactants and products aeéotieedependent on the
relative densities of the explosive in these two states,fangdressure equilibrium
it is required that,

Ps(Ns, T) — Py(Ng, T) =0 (2.20)

Pressure equilibrium between the reactants and produattaised by adjustment
of the volume fractior, via an iterative technique, using equations (2.18), (2.19
and (2.20), and is performed at fixadandT. Using equations (2.18) and (2.19),
(2.16) can be re-written as,

1:(1—)\)i+)\i (2.21)
n Ns Ng
Adjustment of facilitates changes in boths and ng, however from (2.21) the
compression of the mixturg, remains constant.

Newton’s iterative method is used to attain pressure dafuilin between the
reactants and products in equation (2.20). If the method doeconverge within
a given number of iterations, then the slower Bisection metis used. Several
derivatives of the equation of state of the mixture are négleth for evaluation of
Cv, J, andH, and for sound speed calculations. All these derivativessaaluated
at pressure equilibrium.

2.2.5 Reaction Rate Model

The reaction rate model is the most important aspect of aagtive burn model
since this controls the rate at which the explosive relei#gsetored chemical energy.
The rate equations in the Lee-Tarver model are based ondsyabie experimental
evidence that the ignition of the explosive occurs in lasdi ‘hot-spots’, and that
the build-up of reaction occurs as the reaction grows ouwtsviom these localised
ignited sites. Two different pressure-dependent formsttierreaction rate have
been described [52] [53]. These are generically known aswbeterm reaction
rate model, and the three-term reaction rate model respéctiln both cases, the
ignition and build-up sensitivities to shock are separated

The original version of Lee-Tarver used a two-term reactaie equation [52],
consisting of an ignition term and a single growth of reactierm,

% =1(1-1)°(Ns—1—a)*+ Gy (1—N)APY (2.22)

ignition growth
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whereA is the mass fraction reacteq is the relative density of the shocked unre-
acted explosiveR is the local pressure, anda, b, x, G1, ¢, d, andy are constants.
The first term (ignition) approximates the formation of ‘fegots’ created during
shock compression and the subsequent ignition of theséidedaheated regions,
while the second term (growth) describes the subsequenttigmf reaction from
the ignited ‘hot-spots’ as the rest of the explosive is comsa.

The three-term reaction rate model consists of an ignigomtand two growth
terms [53], and is given by,

c(jzl_)t\ =1(1-2)°(Ns—1- )+ Gr(1-N)APY+ Go(1-N)N9P*  (2.23)

ignition growth completion

whereA, ns, andP are as defined above, ahd, b, x, G1, ¢, d, y, G, €, g, andzare
constants. Again, the first term (ignition) represents tiimftion of ‘hot-spots’ and
their subsequent ignition. The first growth term models #atively slow growth
of reaction in inward and/or outward burning of the isolatsat-spots’, while the
second growth term (completion) represents the rapid cetopl of the reaction as
the reacting ‘hot-spots’ begin to coalesce. This reactada model was shown to
be more effective at simulating shock initiation data imod) high pressure, short
duration shocks [53].

The reaction rate constants are empirically fitted to expenital shock initiation
data. In both forms of the reaction rate model, parameeter critical compression
that is used to inhibit ignition, and hence reaction, untiégtain degree of compres-
sion has been reached. The threshold conditignz 1+ a, must be satisfied for
ignition to occur. Examination of the model parameters foaaety of explosives
shows that most of the exponents remain fixed in value for ta@mnty of hetero-
geneous explosives, these being related to the geometityobkpots’ (spherical
voids). The parameters that tend to change between exeaiel andx which
control the amount of ignition as a function of shock stréraytd duration, anty,

y, G2, andz which control the rate of growth of reaction.

Constraints on the values dfare also added to the reaction rate computations so
that the various terms in the reaction rate equations caarbed on, or turned off,
at various values of. For the two-term model (2.22), the ignition rate is set équa
to zero whem > Aigmax, and the growth rate set equal to zero wideh Agimax
whereas for the three-term model (2.23), the constrainte@ignition and growth
rates are as per the two-term model, and the completion sagetiequal to zero
whenA < Agomin. These allow the relative contributions of the ignition ardwth
term(s) to be adjusted when fitting to experimental data.
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2.3 Implementation in PERUSE

2.3.1 Preamble

The Lee-Tarver Ignition and Growth model has been implesgkimito the one-
dimensional, finite difference, multi-material Lagrangtaydrocode PERUSE [88].
This is a relatively simple research code which is used astéte for developing,
testing, and comparing different reactive burn models. BRBSE, the solution
of the governing fluid flow equations is advanced forward metiusing an explicit
two-step (predictor-corrector) numerical scheme. Thelipter-corrector method
operates by running for half a timestep with first-order aacy to calculate a half
timestep pressure (the predictor step), and then usingafaidvance the equations
for a full timestep with second-order accuracy (the cooestep). The overall
scheme is second order accurate in time and space [90].

2.3.2 Solution Scheme

The steps in the solution method employed for the Lee-Tangatel to advance

the solution fromt" to t"*1 over a timestepi&t”+% are described below, where it is
assumed that the state of the explosive is that of a reactirtyre. In addition,

it assumes that the two-term reaction rate model (2.22)irsghesed. In the fol-
lowing difference equations the tilde symbol indicategintediate values during a
predictor or corrector step, and the supersaripgpresents the temporal index. For
reasons of clarity, the spatial index has been omitted.

e Predictor Step (forward Euler half timestep)

The purpose of this stage is to compute values for the LeeeTaariables at

the half timestepr(+ 3), and proceeds as follows, wherd™2, E™3, and
g" have been computed by the hydrocode.

1. Update pressure due to the hydrodynamics (performedeatXix

Temperature

NI

. (VI’H-%_(VH
T =T”—<P”+J”+q”>< o ) (2.24)

Mixture model:

Initial guessf3”+% is given by,

Bn+% _ (1_)\n)ngn
(L=AMng"+A™Mg"

(2.25)
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Calculate,

1
1 )\n nn+§

T )
F;gn+% _ Pg<ﬁ8+%afn+%)

~n+l ~ne1
2 B2 <107,

and iterate o™t 3 until

2. Calculate the explosive burn.
. 1 X N
AM=1 (1A (ﬁ?*z ~1- a) +GL (- A (B

Athr% >\I’1

)\I’H—% — )\n+
3. Update pressure due to the explosive burn (this is peddran fixed\).
Temperature

(2.26)

T3 — Fnt3 + (An+% _)\n>

Mixture model:

Initial guess{3”+% is given by,

Bz — . (2.27)
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Calculate,

1

P = Pg(ngn+%,-|-n+%)

and iterate orB”+% until Ps”+% — Pg”+% <1078,

e Corrector Step

The CREST variables are now updated to the time levell as follows,
wherey "1 E"1 andqg" have been computed by the hydrocode.

1. Update pressure due to the hydrodynamics (this is peedanfixed\).

Temperature
n+1_ on
Fred (P”+% + 3 +Q”+%) (#) (2.28)

Mixture model:
Initial guessB™1 is given by,
(1_)\1’14—%) ngn-i—%

gl = 2.29
B <l_)\n+%> ngn+% +)\n+%nsn+% ( )
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Calculate,
1
Azt = (1-Am3) "
s Bn+1
ML = R (DT
At = ———<
(1 _ Bn+1>
F;gn+1 _ Pg (ﬁ8+1,-|-n+1)
and iterate o8+ until )f’snﬂ - F39n+1‘ <1078,

2. Calculate the explosive burn.
. b d .
A= (1AM ) (D - 1) 4 Gy (1-ATE)T (aned)” (B
AL AN L AfE A

3. Update pressure due to the explosive burn (this is peddran fixed\).

Temperature

THE =T (AT A7) ;n:l (2.30)
Mixture model:
Initial guessB™+1 is given by,

Bz — (L-A") g (2.31)

(1 _ )\n+1) ﬁa+l + )\n+1ﬁ2+1
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Calculate,

n+1
Nt = (1_)\n+1)r]

Bn—i—l

Psn+1 — PS (nsn+l,-|-n+1)

)\n+1nn+l
r]gn+1 — ISR

(1-p")
Pgl’H—l — Pg(r]gn-i-l,TrH-l)

and iterate o™ until [P — Py < 107°.

2.3.3 Validation

To validate the implementation of the Lee-Tarver model irRRSE, a simple
one-dimensional test problem was run that had previousiy lseiccessfully mod-
elled on the widely available DYNA2D hydrocode [69]. The Iplem is that of a
sustained pressure pulse of 0.025 Mbars into a slab of the Hbed explosive
PBX9404 that is 35mm in length, see Figure 2.1. The sustginessure pulse is
introduced from one side of the computational mesh via aspresboundary con-
dition in PERUSE. The model developed by Tarver for PBX948d] was used,
which is based on the three-term reaction rate equatior8)2.Zhe Lee-Tarver
model parameters for PBX9404 are given in Table 2.1. Theutations were per-
formed using a mesh density of 16 zones/mm, a zoning at wheltalculations
are mesh converged.

The calculated pressure profiles from PERUSE at a seriestafdies (1, 2, 5,
8, 10, 15, 20, and 25mm) along the charge length from the ifguét of the ap-
plied pressure are shown in Figure 2.2. The correspondilegleted profiles from
DYNAZ2D are shown in Figure 2.3. The pressure profiles from BER are in ex-
cellent agreement with the DYNAZ2D results, thus validatingimplementation of
the model in PERUSE. In the calculation, the transition timdation occurs shortly
after 15mm of run into the explosive. Once detonation isirsétd the calculated
detonation wave propagates at the correct steady stateityedd 8.8mm/is.

It is observed that there are significant numerical os@itet behind the shock
front in the early stages of the build-up to detonation inENMNA2D calcualtion.
However, no such numerical noise is present in the PERUSHs$eS his is proba-
bly due to the different forms of artificial viscosity, q, as& the two calculations.
PERUSE utilises a scalar monotonic g form [91], whereaserX¥NA2D calcula-
tion the so-called ‘bulk g’ is used [92]. Bulk g is not a pauti&rly accurate form of
artificial viscosity, and is known to suffer from post-shadcilallations [93].
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Table 2.1: Lee-Tarver parameters for PBX9404 and EDC37.
Parameter PBX9404 PBX9404 EDC37 Units
Three-term Two-term Three-Term
Model [53] Model [52] Model [63]
Po 1.842 1.842 1.842 glen?
Pos 1.842 1.842 1.842 glen?
Reaction products equation of state
A 8.524 8.524 8.524 Mb
B 0.1802 0.1802 0.1802 Mb
G 3.8x107°° 3.8x107°° 3.8x107°°
X Py 4.60 4.60 4.60
XPy 1.30 1.30 1.30
Cy, 1.0x107° 1.0x107° 1.0x107° Mb/ K
Wy 0.38 0.38 0.38
Q 0.102 0.102 0.102 Mb
Unreacted equation of state
Ry 9522.0 9522.0 69.69 Mb
Ro -0.05944 -0.05944 -1.727 Mb
Rs 2.4656x 107° | 2.4656x 107° | 2.148789x 10>
Rs 14.1 14.1 7.8
Re 1.41 1.41 3.9
Cv, 2.7813x 107° | 2.7813x 10°° | 2.505x 107> Mb/ K
Ws 0.8867 0.8867 0.8578
To 298.0 298.0 298.0 K
Reaction rate parameters
I 7.43x 101 44.0 3.0x10% pst
b 0.667 0.222 0.667
a 0.0 0.0 0.0
X 20.0 4.0 20.0
G1 3.1 850.0 90.0 MbYus™?
c 0.667 0.222 0.667
d 0.111 0.667 0.333
y 1.0 2.0 2.0
Gy 400.0 0.0 200.0 Mb~Zust
e 0.333 0.0 0.333
g 1.0 0.0 1.0
z 2.0 0.0 2.0
Aigmax 0.3 1.0 0.3
AG1max 0.5 1.0 0.5
AG2min 0.0 0.0 0.0
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2.4 Critique of the Lee-Tarver Model

At the time of the development of the Lee-Tarver model, datalwck initiation
of explosives came mainly from Wedge Test experiments [3]. [B a Wedge Test,
an explosive sample is subjected to a sustained shock ofarfired pressure, and
at some distance into the sample the shock wave will tramsitb a detonation
wave. The variation of shock velocity with distance tragdldown the explosive
charge is recorded, from which the run distance to detonaizm be determined.
For a given explosive these tests are performed at variqug pressures, and the
derived data is presented in the form of so-called Pop Plote Pop Plot [31]
expresses the relationship between the input shock peeasdrthe run distance to
detonation as measured from the input boundary. The reacite parameters in
the Lee-Tarver model were traditionally calibrated to Pty Bata, and the model
has been successful in fitting run to detonation data for abenmof explosives.

Wedge Test experiments give the run-distance and run-brdetonation for a
given input shock, however they give no information on thetion history behind
the shock wave before detonation is attained. The most itapoadvance in di-
agnostic techniques in the last 20 years or so has been tbduction of multiple
in-material gauges, initially measuring pressure and meeently particle velocity
histories behind shock waves in explosives. In partictiferelectromagnetic parti-
cle velocity gauge of Vorthman [35] has been used in manyntega&s-gun studies
to provide high quality data on the initiation and growth eéction inside shocked
explosives [36] [37] [38]. This type of data provides a magerous test of reactive
burn models for shock initiation than simple Pop-Plot dat#hough some aspects
of explosive shock initiation can be adequately describggiessure-dependent
reaction ratese.g. the Pop Plot, such reaction rates have proved problematic in
trying to accurately match in-material particle velocitgtbries behind a range of
sustained shock inputs from gas-gun experiments. To lidltesthe problem, an
example is given below in terms of data obtained on the HMXeldaexplosive
EDC37.

Wedge Test data and in-material gauge data has been aquited@©@37 explo-
sive. Initial data on the single shock response of EDC37 véaiimed from Wedge
Test experiments carried out by Rabie and Harry [30]. Theperanents yielded
run distance to detonation data for a range of sustained giqmek pressures. More
recently, detailed information on the reaction inside $led¢ decomposing EDC37
explosive has been provided by gas-gun experiments firedsalamos National
Laboratory using embedded particle velocity gauges [3&sd8l on the data ob-
tained, Winteret al. [63] developed a Lee-Tarver model for EDC37 explosive.

Taken from [63], the calculated Pop-Plot for EDC37 is comepawnith experi-
ment in Figure 2.4. It is seen that the Lee-Tarver model foCBD explosive gives
very good agreement with the experimental run distance tiond#ion data. Also
taken from [63], the experimental particle velocity higgsrfrom EDC37 gas-gun
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Shot 1160, in which a single sustained shock of 35.2 kbargistiinto the EDC37
sample, are compared with the corresponding Lee-Tarveuledéd histories in Fig-
ure 2.5. The first experimental gauge trace is at the interfatth the other gauges
at depths of 6.07, 7.96, and 9.93mm respectively into théosk from the input
boundary. Figure 2.5 illustrates the differences in shagie/®en the experimental
and calculated particle velocity profiles. The gauges inbibéy of the explosive
show that the experimental reaction histories are ‘corlikg, whereas the calcu-
lated patrticle velocity histories are ‘concave’-like. Bdugh the calculation fails to
accurately represent the shape of the reactive hump beminshiock at the gauge
locations, it does however obtain a good match to the shook f arrival at the
same positions.

Overall, the interesting property of the calculations &t tine Lee-Tarver model
for EDC37 reproduces the Pop-plot (run distance to detonpatnore or less cor-
rectly, but it does not reproduce the shape of the partidecity profiles. In the
calculation of EDC37 Shot 1160, it is observed that the readiehind the shock
is initially under predicted, but then there is rapid growtheaction up to the peak
in particle velocity. These two calculational effects aqp® cancel each other out
such that the shock velocity is correctly modelled. In otlerds, it appears to be
a case of two wrongs making a right!

The calculated particle velocity profiles are more inforiwetharacteristics of
the model quality than simple Pop-Plot data. The Lee-Tanael fit to the particle
velocity data from this single experiment (Shot 1160) cdagdmproved, however,
the difficulty comes in modelling the profiles from a range ioigte shock experi-
ments at different input pressures with the same paramettekiany attempts have
been made to optimise the Lee-Tarver reaction rate parasrtetit EDC37 particle
velocity histories over a range of applied shock pressumgsng to find a (unique)
set of parameters that would fit run distance data, arrivasi, and particle veloc-
ity histories for a range of experiments has not proved pssiln particular, it
has proved difficult to accurately represent the shape ofdhetive hump behind
the shock at the gauge positions. These observations acaltgb Lee-Tarver cal-
culated profiles obtained from simulations of embedded gageriments. The
difficulty in accurately representing the shape of the dd&tmioed from the em-
bedded gauges probably lies in the mathematical form chiosehe reaction rate
equation(s) in the model.

From a review of the literature, the Lee-Tarver model has\bseccessful’ at
reproducing a range of explosive data including embeddadeaxperiments, run
distance to detonation data, detonation velocity as aimmaot diameter including
failure diameter, and corner turning data. However, reactate parameters have
been adjusted widely in an attempt to fit an ever increasingea@f data covering
different phenomena, and hence have tended to lose thesigathyneaning. Thus,
it appears that there are now no guidelines as to the rangealoéw that the pa-
rameters can take. Additionally, there are examples oéudifit sets of parameters
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for a given explosive being used to model different phenandror example, a
Lee-Tarver model was developed for TATB-based explosivE®I2 based on the
shock initiation embedded gauge experiments of Gustagsah [55]. More re-
cently, modelling of detonation wave propagation data dedd zones’ from corner
turning experiments on PBX9502 has been described [56]L&keTarver parame-
ter set used for modelling detonation propagation in PB)23&xXplosive is different
to that described for modelling the shock initiation of PESX2. Therefore, it would
appear that the predictive capability of the model is lowd #@a ability to predict
experiments and/or phenomena outside its range of valglgyestionable.

The main deficiency of the Lee-Tarver model, or any presdemendent model,
is that there is no mechanism to predict explosive behavioder double or mul-
tiple shock compression. Experimental studies by sevesdarchers have shown
that, where a weak precursor wave, or preshock, compressephosive before be-
ing followed by a stronger second shock, then the reactibimbehe second shock
is weaker than that for a single shock alone at the same peegsuncompressed
material [39] [40] [51] [94]. This effect has been termeddsk desensitisation’, and
needs to be represented in any reactive burn model. Singgdtgh terms in Lee-
Tarver reaction rate are dependent on the local pressaretle model will predict
an increase in reaction rate in such situations, which islds avith experimental
observations. To enable the Lee-Tarver model to be usecethgbdesensitisation
effects, a simple but physically realistic model for sho@sehsitisation has been
developed within the confines of the Ignition and Growth mipded is described
in the next section.

2.5 Shock Desensitisation

2.5.1 Preamble

Over many years numerous researchers have observed sighififerences
in reaction rates between singly and multiply shocked esipés [39] [40] [51]
[94]. Specifically, reaction rates are slower behind shqmokgagating through
preshocked, but not detonated explosive, in comparisohasame shock prop-
agating through uncompressed material. This type of bebavwas been termed
‘shock desensitisation’, and is important to consideratiof safety of explosives,
as many accident scenarios for explosives confined by inatg¢nmals may involve
double or multiple shock compressions of the explosive.

Any reaction rate model based on the local presseige,Lee-Tarver, will pre-
dict an increase in reaction rate in a double shock situattoere a weak preshock is
followed by a stronger second shock, and will produce reshét are very different
to experimental observations. Therefore, for pressupei@ent models it is nec-
essary to have an additional desensitisation model to atéouthe double shock
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observations. It is noted that with a reaction rate takenet@ function of local

temperature, it is probable that no additional desensitisanechanism would be
required, since the temperature behind doubly shockedrialateless than behind
a single shock to the same final pressure.

Below, the important experimental evidence is reviewed] #ren considera-
tion given as to how to model the phenomenon of shock dessatsin within the
confines of the pressure-dependent Lee-Tarver model. Alsibyh physically re-
alistic desensitisation model is then developed and de=tri The model is then
applied to double shock data on the HMX-based explosive EXG3urther assess
the suitability of the model in double shock situations.

2.5.2 Experimental Evidence

Campbellet al. [3] first established the phenomenon of shock desensdisati
They observed that a 3.9 GPa shock in a plastic bonded HMEebasplosive ren-
dered it less sensitive to initiation by a following 10 GPadh in comparison to
initiation by a single 10 GPa shock. The explanation gives tirat compression
by the weak first shock suppressed the initial porosity, gheh the preshocked
material reacted to the subsequent shock more like a horeogematerial.

Setchell [94] examined the effects of precursor waves ohioek initiation of
the HMX-based explosive PBX9404. In Setchell's experiragirtitiating shocks
of 5.0 GPa were preceded by either a 3.2 GPa sustained slstitigl@.37s, or a
ramp wave having a rise time of & The build-up to detonation was inhibited
while the preshock persisted, with the ramp wave having atgrelesensitisating
effect than the sustained precursor. In both cases the stamde to detonation was
extended by an amount that depended on the duration of tharnsor wave.

Campbell and Travis [51] studied the shock desensitisatidhe HMX-based
explosive PBX9404. In their experiments, a detonation weagrun into a preshocked
region of the explosive. For a preshock in the range 1.0 t&3P4, the detonation
reaction was weakened and eventually quenched. By obggharextinction of the
detonation wave, an inverse relationship was obtained dmiwhe time required
for desensitisationt, and the preshock pressuf®, namely: P22t = 1140. The
desensitisation tima, is interpreted as the time required to eliminate the paént
‘hot-spot’ sites in the material.

More recently, Mulfordet al. [39] investigated the initiation behaviour of a
number of HMX-based explosives subjected to weak precwslsock waves. In
their experiments a composite impactor was acceleratenl amtexplosive target
using a gas-gun. This generated successive shocks, a wesdlopk followed by a
higher pressure second shock, travelling in the same direittrough the explosive
sample, where the second shock eventually catches up andkmethe preshock.
In experiments on PBX9404, a sustained precursor shock3dsRa was followed
0.65us later by an initiating shock 5.6 GPa. It was observed treapthcursor wave,
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while it persisted, desensitised the explosive to the ¥ahg higher pressure shock
wave, resulting in an extension of the run distance to détmmaThe transition to
detonation occured at a distance, after the two shocks haldsm®d into a single
wave, very similar to that expected from the Pop-Plot for PBB4 at the pressure
of the main shock alone. Modest growth of reaction was olesHpehind the second
shock as it travelled through the preshocked region. Thig mdicate that the
precursor wave reduced, but did not eliminate, the volumgoténtial ‘hot-spots’
available to the second shock. It was noted that accordingadCampbell and
Travis criterion [51], the precursor shock is too short topbetely desensitise the
explosive;P>?1 = 644 < 1140.

The double shock response of the HMX-based explosive ED@3also been
investigated [38]. In gas-gun experiments very similathiase performed by Mul-
ford et al. [39], planar sequential shocks were input into EDC37 sam@eénhigher
pressure second shock travelled through preshocked mddtedatch and overtake
the first shock in the situations where, (i) there was litd@o observable reaction
in the first shock, and (ii) there was significant reactionibelthe first shock before
it was overtaken by the main shock. In the first set of expanisjavhere there was
little or no reaction in the first shock, it was observed that$econd shock did not
contribute to the build-up of detonation until after wavelascence, and the run
to detonation was extended by an amount for which the préspecisted. These
results are consistent with the findings of Mulfegtial. [39]. In a separate set
of experiments, the effect of significant reaction behirlfihst shock was investi-
gated. It was found that, in this case, reaction before waeéescence appears to
contribute to the final build-up to detonation; the run cis&to detonation from
wave coalescence was found to be shorter than that expeotadtie Pop-Plot at
the pressure of the main shock alone.

With insensitive high explosives, there is an additiona¢mpdmena of ‘dead
pressing’ which was observed by Tanedral. [40] whilst studying the effect of
reflected shocks on previously shocked samples of the TAG&4 explosive LX-
17. Steel flyers were used to impact thin discs of LX-17 whidrevbacked by
high impedence materials to produce reflected shocks ofngargagnitude in the
preshocked explosive. ‘Dead pressing’ was observed whenitzad shock of 6.8
GPa was reflected from a copper disc producing a 14.0 GPa girogagating
back through the preshocked material. At this pressurestexpected run to det-
onation would occur within the sample thickness. However,dmbedded gauges
recorded no reaction due to the reflected shock. The iniiatls pressure is just
below the initiation threshold for LX-17, and it was postel that this shock re-
moved the internal porosity such that the reflected shockdaw ignition sites
and just propagted as an inert shock. To model this behausing the Ignition
and Growth model, Tarver [40] added a condition to the ignitierm in the reac-
tion rate equation (2.23) to prevent any reaction from docyif a critical range of
shock compressions (or pressures) was applied to the exglos
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In experiments on the TATB-based explosive PBX9502, Dick] [@nposed
preshocks of 2.3 and 5.0 GPa respectively on pieces of datgnexplosive. In
both instances, the detonation failed to propagate in teghmcked explosive. The
preshock pressures are below the initiation thresholdBx9502, suggesting ‘dead
pressing’ by mechanically compressing out the potent@ttgpot’ sites€.g.pores).

In summary, the interpretation of the above experimentaliss and observa-
tions is that the preshock removes the available ‘hot-sptds, such that a subse-
guent stronger shock is then travelling through materigriged of reaction sites.
Pure mechanical compression of pores is one plausible mieschdor ‘hot-spot’
removal, while ‘hot-spot’ initiation and subsequent lowdereaction during the
preshock is another suggested mechanism. The shape, ouegrand duration of
the precursor wave can all affect the extent of residualiseihs

The general concensus is that desensitisation due to mlasgawill occur ex-
cept when, (i) the time interval between the two shocks istshad (ii) there is a
following rarefaction wave. Desensitisation is a time degent process, and a short
time interval between the preshock and main shock will notnitethe desensitisa-
tion process to take place, resulting in nearly normal daion. In the case where
the explosive is allowed to release following preshockieghanced sensitisation
could occur due to the porosity recovering, or as a resultaofiabe, which could
lead to an increase in porosity.

2.5.3 Simple Model for Shock Desensitisation

The main disadvantage of pressure-dependent reactiomiatels is that they
contain no mechanism to predict the effects of so-calledlskesensitisation, and
hence a bolt-on desensitisation model is required. Her@nple but physically
realistic model for shock desensitisation is developedhiwithe confines of the
Lee-Tarver model. It is based on the modelling of the premusbock experiments
performed by Mulforcet al. [39], where the phenomenon of shock desensitisation
was observed.

Mulford et al. [39] investigated the initiation behaviour of the HMX-bdse
explosives PBX9404 and PBX9501 subjected to precursorksivawes. In their
experiments, a composite impactor was accelerated ontexgiiesive specimens
using a gas-gun. The impactor consisted of a low impedendayer (Perspex),
mounted on the front surface of a higher impedence backingmab(Vistal). When
the projectile impacts the explosive sample, one shock wadeven into the ex-
plosive and another is driven back into the Perspex. The \watlee Perspex then
reflects from the higher impedence Vistal eventually deiingea second, higher
pressure shock, to the explosive sample. This second shibieltly travels through
the preshocked region but eventually catches up and oesrtak precursor wave.
The experimental set-up and distance-time diagram showieghock trajecto-
ries is shown in Figure 2.6. Embedded particle velocity gaugrovided data on
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the time evolution of the reaction in the explosive, and tkgeeiments were one-
dimensional over the region and time of interest.

In experiments on PBX9404, a sustained precursor shock &baes was fol-
lowed 0.6%us later by a stronger second shock of 56 kbars. The experainest-
ticle velocity gauge results are reproduced in Figure 2hg flrst gauge trace is at
the projectile/explosive interface, with the second etvelocity trace at a depth
of 1.0mm into the explosive. All subsequent gauges are aappately 0.5mm
intervals with the final trace at a depth of 10.0mm into thel@sipe. For the shock
conditions of interest, the whole build-up process canmotionitored in a single
experiment. Instead two experiments were fired, one witlgthegye package for-
ward monitoring the early build-up, and another monitorting late build-up with
the gauge package aft. Figure 2.7 shows the combined datmebdtfrom the two
nominally identical double shock experiments on PBX9404e §eneration of en-
ergy in the shocked material behind the shock front is inditdoy an increase in
particle velocity above that in the shock front. The resadistain a wealth of data,
and the observations that may be made are described below.

The amplitude of the preshock was insufficient to cause ptamitgation since
there is little or no observable reaction in the first shocfoleeit gets overtaken.
The higher pressure second shock travels faster than tberpog wave, and the two
waves coalesced after approximatelyubs.@rom input of the second shock. Only
modest growth of reaction was observed behind the secorzk it travelled
through the preshocked region. After catch-up, the sechodksrapidly grows to
detonation. Detonation occurs after 9.4mm of run from impéthe first shock, or
after 8.7mm after the second shock enters the explosivePdpédPlot for PBX9404
predicts a run of 3.5mm at the pressure of the main shock (&6sklalone. Mea-
sured from the location of wave coalescence, which is maoketie figure, the run
is 3.8mm. The run distance over which the second shock gmwstbnation after
catch-up is therefore very similar to the run distance winolld be expected for a
single shock at the same pressure. Thus, the run distanetdoadion is extended
by an amount for which the preshock persists.

Initially, with the aim of highlighting the inadequacy ofdlstandard Lee-Tarver
model to predict explosive response to double shock ingutslculation of the
Mulford precursor shock experiments on PBX9404 was peréorosing PERUSE.
The set-up consisted of a stationary 30mm thick PBX9404 oty target im-
pacted by a projectile consisting of a 1.4mm thick Perspertftayer, backed by
30mm of Vistal. The target and projectile were initially iontact, with the projec-
tile given the measured velocity of 0.931mus/ The two-term reaction rate model
developed by Tarver for PBX9404 [52] was used, and the modedrpeters are
given in Table 2.1. The Vistal layer of the impactor was masteby a Linear
Gruneisen EOS which has the form,

P:PH(V)er(E—EH(V)) (2.32)
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where P is the pressure, V is the specific volume, E is the padiernal energy,
andPy andEy are the Hugoniot pressure and energy corresponding to thek sh
velocity Us)-particle velocity Up) relationship,

and the Gruneisen gamma is given by,

rVv)= Fo+r1X (2.34)
Vo

In the above equatior®, s, Mg, andll; are material specific constants. The EOS
and strength constants for Vistal are taken from [96] andgaren in Table 2.2,
where Y is the yield strength andis the shear modulus, and both are assumed
constant. Another Linear Gruneisen EOS was used to modektpmonse of the
Perspex layer of the dual material impactor, and the EOStantssfor Perpex [97]
are also given in Table 2.2.

Table 2.2: EOS parameters for Vistal and Perspex.

| Vistal [96] | Perspex [97] ||
po (g/cn?) | 3.969] po (g/cn?®) | 1.186
pos (g/c?®) | 3.969]| pos (g/cn?) | 1.186
Co (cmis) | 0.814 | Co (cmius) | 0.2598
S

1.28 |[ s 1.516
Mo 0.0 | To 0.0
M 23 |[T1 0.97
Y (Mb) 0.058
1 (MDb) 1.555

The PERUSE calculation was performed using a mesh densit§ ebnes/mm
in the PBX9404 region. Lee-Tarver model results are mestiezged at this mesh
density. Appropriate meshing was also defined for the ingaciaterials, and a
scalar monotonic artificial viscosity was used to accuyatepresent the propagat-
ing shock discontinuities. Figure 2.8 shows the calculpsaticle velocity histories
at initial positions of 0, 1, 2, 3, 4, 5, 6, 7, 8, and 9mm into &xplosive charge
from the side of impact. As expected, very poor agreemerit @iperiment is ob-
tained. Since the growth of reaction in the model is depenaiethe local pressure,
then the calculation predicts rapid growth of reaction bdhhe second shock as it
travels through the preshocked region.

Consideration has been given as to how to model the phenamanshock
desensitisation within the confines of the existing Lees@damodel. The interpre-
tation of the accumulated experimental evidence on shoskrdsgtisation is that



CHAPTER 2. LEE-TARVER REACTIVE BURN MODEL 46

the preshock compresses and/or initiates the availabtesimat’ sites, such that any
subsequent shock is then travelling through material degrof such reaction sites.
Since the formation of ‘hot-spots’ in an explosive is a hygiteversible process
and can happen only once then, to a first approximation, timedtion and subse-
guent growth of reaction from ‘hot-spots’ is dependent anghock pressure of the
first wave passing through the explosive. To predict theceffef shock desensiti-
sation within the confines of the Lee-Tarver model, the ieaatate is fixed at the

pressure of the first shock seen at any given point in the ex@dsn, such that the

passage of subsequent stronger shocks cannot result in@ewpse in the reaction
rate. The quantity, _

P = min(P, Pshy) (2.35)

replaces the local pressuf,in the reaction rate equations (2.22) and (2.23). The
value ofPspi is found as follows. In hydrocode calculations, the valuéhefartifi-

cial viscosity is only non-zero through an arriving shoanft. When a propagat-
ing shock wave arrives at a given computational cell, thié@al viscosity in that
cell becomes non-zero. It then subsequently rises andwilisthe passage of the
shock, eventually dropping back to zero which occurs at@pprately the top of
the rise time of the shock. When this happens, the shockymegsthe cell Pspy

is captured.

The PERUSE calculation of the Mulfoed al. [39] precursor shock experiments
on PBX9404 was repeated using the described simple modekthcp desensiti-
sation effects within the confines of the Lee-Tarver modéie Tee-Tarver model
constants for PBX9404 were unchanged. The computed mawstocity profiles
utilising the desensitisation model are shown in Figure Q@alitatively the calcu-
lation reproduces the main features of the experiment; theuypsor shock, while it
persists, inhibits the build up to detonation of the maincéhand the run to deto-
nation beginning approximately at the end of the preshoc&gibn. From impact
of the precursor wave, detonation occurs after approxim@é&mm of run. This
is in good agreement with the experimentally observed retadce of 9.4mm from
impact of the first shock. In addition, the position and tignof shock coalescence
is well modelled. From this point, the calculated run dis&ato detonation is ap-
proximately 4.0mm, in good agreement with the experimgntsduced value of
3.8mm.

However, the calculated time to detonation from the poineésgtthe two shocks
coalesce is shorter than experiment. In addition, the samatunt of observed
growth in the second shock before catch-up is not modellegctly probably due
to the code freezing the reaction rate in the material atetel lof the first shock.
Although it is unlikely that this deficiency is significant this particular experi-
ment, it could become important if the second shock was gé&oor if the time
difference between the shocks was greater. In reality ieappthat the preshock
puts a brake on the growth of reaction, but does not rendenghl@sive completely
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incapable of sustaining a build-up process as assumed Isyntipde desensitisation
model.

The described desensitisation model is a very simple wayt@fgting to sim-
ulate shock desensitisation within the framework of the-Tasver model. The
validity of this treatment needs to be investigated in thetext of other multiple
shock situations, and for other explosives of interest. tAapHMX-based explo-
sive on which double shock data has recently been obtain&E37, and the
experiments and their modelling is described in the nexicec

2.5.4 Modelling EDC37 Double Shock Experiments

A number of gas-gun experiments have recently been pertbankeos Alamos
National Laboratory to study the double shock responseeHtk X-based explo-
sive EDC37 [38]. These experiments, in which a weak preshas<followed by
a stronger main shock, were very similar to the precursoclsleaperiments per-
formed by Mulfordet al. [39], and which showed an extended run to detonation in
preshocked material. The experimental configuration ferEBC37 double shock
experiments was the same as that shown in Figure 2.6, exuwapthie composite
impactor consisted of Kel-F mounted on the front surface afizSapphire in order
to generate the required sequential shocks. Kel-F was aséebd of Perspex for
generation of the weaker first shock as this material hastarietpedence match
to EDC37 than Perspex. In the experiments, the growth otiteam the shocked
explosive samples was monitored by embedded particle iglgauges.

The EDC37 double shock experiments and the results obtameslimmarised
in Table 2.3. Experiments have been performed at differgmiti conditions; the
magnitude of the input shocks is determined by the veloditthe impactor, and
the time delay between the two shocks is set by the thicknedseKel-F layer.
In order to monitor the whole reaction history at each inpardition, it was nec-
essary to fire a pair of nominally identical shots, one with glauge package mon-
itoring the early build up, and one monitoring the late buifal The first pair of
experiments (Shots 1175/76) were chosen such that there Wwewno observable
reaction in the first shock before it is overtaken by the maiock, thus comple-
menting Mulford’s experiments on PBX9404, an explosiveikinmn composition
to EDC37. The second pair of experiments (Shots 1194/95 wlensen such that
there would be significant reaction behind the first shockigethe second shock
traversed the preshock region. This regime for double sleapkosive had been
hitherto unexplored.

The derived run distances to detonation in Table 2.3 are umedd$rom impact
of the first shock, and the value quoted in brackets is the istartte as measured
from the point of shock coalescence. For Shots 1175/76 tineedierun distances to
detonation from impact of the first shot show reasonably gmotsistency between
the pair of shots. The average run distance after wave @males in 6.35mm. This
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Table 2.3: Summary of EDC37 Double Shock Experiments.

Shot No. | Impact Vel.| Particle Vel. | Shock Vel. | Input Pressure Run Distance

(mmius) Up (mmius) | Us (mmius) (kbars) (mm)
1175A 0.921 0.44+ 0.020| 3.63+0.10 29.4 11.96
1175B 0.77+0.020| 4.25+ 0.20 62.0 (6.18)
1176A 0.925 No data No data 12.29
1176B 0.77+0.020| 4.25+0.20 62.0 (6.51)
1194A 1.170 No data No data 39.3 9.43
1194B No data No data 85.8 (2.40)
1195A 1.165 No data No data 39.3 8.40
1195B No data No data 85.8 (2.00)

is very similar to the run distance that would be expectechftbe Pop-Plot, see
Figure 2.4, for a single shock of 62 kbars into EDC37. Thesalte appear to
indicate that the second shock does not contribute to the bpiof detonation until
after wave coalescence, and the run distance to detonat&manded by an amount
for which the preshock persists. The observed desenstidaghaviour is thus very
similar to that seen in preshocked PBX9404 and PBX9501 |8Bgre there was
also no observable reaction seen behind the first shock iexiperiments.

For Shots 1194/95, the reproducibility of the experimedth is not as good
as in Shots 1175/76. For Shot 1194, detonation is attain@dtdamm, 2.18s from
impact of the first shock. For Shot 1195, the run distancedsided to be 8.40mm,
and the run time is 2.Q8. The reasons for the differences are not known. The
run distance to detonation after wave coalescence is 2.4faimi®hot 1194, and
2.00mm for Shot 1195. The expected run distance to detonftiaa single shock
of 86 kbars into EDC37 is approximately 4mm based on the Ropiét this explo-
sive, see Figure 2.4. Thus, reaction before wave coales@amtributes to the final
build up to detonation, and the rule of thumb for lower presgiist waves, that the
distance to detonation is approximately equal to the rutadce at the pressure of
the second shock, plus the distance to wave coalescencendbapply if there is
significant reaction in the first shock.

PERUSE calculations of the EDC37 double shock gas-gun empets have
been performed using the Lee-Tarver three-term reactitsnmedel for EDC37
[63] in conjunction with the simple shock desensitisatiood®l. The Lee-Tarver
EDC37 parameters are reproduced in Table 2.1. These dabrigdavere run to test
the applicability of the desensitisation model in the ditwraof planar sequential
shocks input to the EDC37 samples, where (i) there is no vakkr reaction in the
first shock (Shots 1175/76), and (ii) there is significanttiea in the first shock
(Shots 1194/95). In the calculations, the double layergoactor was modelled
using a Linear Gruneisen EOS (2.32)-(2.34) for the z-cup8ap backing material,
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while the Kel-F front layer was modelled using a Cubic GreeaiEOS [98] of the
form,

posCo? & [1+ (1- ) &-5 €]

i 2 3+ (Mo +AZ) posE € >0(2.36)
[1— (s1-1DE-S ¢y —s3 —(Eil)z}
P = pos(Co®&+ToE) £ <0(2.37)
where,
f= 1 (2.38)
Pos

is the compression, and the shock velociti)¢particle velocity Up) relationship
is non-linear,

U Up)?
Us Us

The EOS parameters for the impactor materials are givenbteT™4. The param-
eters for z-cut Sapphire were taken from [99], while the peaters for Kel-F are
due to Steinberg [98].

Table 2.4: EOS parameters for z-cut Sapphire and Kel-F.

| z-cut Sapphire [99] | Kel-F [98] |
Initial Density,po (g/cc) | 3.985|| Initial Density,pg (g/cc) | 2.133
Solid Density,pgs (g/cc) | 3.985|| Solid Density,pos (g/cc) | 2.133
Co (cmius) 1.119|| Co (cmius) 0.205
S 1.00 || s1 1.66
Mo 00 | & 0.4064
M1 23 || s3 -1.037
Mo 0.66
A 0.0

In the calculational set-up for EDC37 Shots 1175/76, the mmsite impactor
consisted of a 30mm thick layer of z-cut Sapphire backingatflayer of Kel-F of
thickness 1.0mm. The impactor was initially in contact vatBOmm thick EDC37
explosive target, and had an initial velocity of 0.923ms/The computed particle
velocity profiles for EDC37 Shots 1175/76 are compared Wl éxperimental
gauge records in Figure 2.10. The profiles correspond toegalegated at depths
of 0, 2.5, 3, 4,5, 6,7, 8 9, 10, and 11mm into the explosive.aiAgat least
gualitatively, the desensitisation model is able to repoedthe main features of
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the experiment; little or no reaction in the first shock, tkddzup to detonation of
the second shock being inhibited by the first wave while isigs, and the run to
detonation only beginning at the end of the preshocked nedgidowever, it is noted
that there are some subtle differences.

The two shock waves coalesce at approximately 5.20mm afgslcompared
with 5.78mm and 1.5% respectively in the experiment. Experimentally, some re-
action is observed behind the second shock as it traversgaréishocked region.
However, this is not reproduced in the calculation whichdpres very little or no
growth of reaction in this region. After shock coalescemmmal build-up to det-
onation occurs. From wave coalescence, the computed rtandesto detonation
is 6.00mm, which is in good agreement with the value of 6.35detduced from
experiment. It is observed, however, that the shape of tive weofiles in the build
up to detonation after wave coalescence is different betwegperiment and calcu-
lation.

The calculational set-up for EDC37 Shots 1194/95 was theesasnthat de-
scribed above for Shots 1175/76 except, (i) the Kel-F fraper was 1.428mm (in
order to increase the time separation between the two shaks (ii) the velocity
of the flyer was set at 1.168mps. The comparison of experimental and calcu-
lated particle velocity profiles for EDC37 Shots 1194/95hsewn in Figure 2.11.
Again the profiles correspond to gauges located at depths 2603, 4, 5, 6, 7,
8, 9, 10, and 11mm into the explosive. In the case of significaaction behind
the preshock, poor overall agreement is obtained betwdenlaton and experi-
ment. The input shocks to the explosive sample are well ntexighowever poor
agreement with experiment is obtained for the subsequ@hbgixe response. The
experiment shows significant reaction due to the first shoakiever the calculation
fails to predict any growth of reaction in or behind the filsbek. As a result, the
velocity of the first shock is slower than observed. The failio model the growth
of reaction due to the first shock is a direct consequencesafésensitisation model
which limits the reaction growth rate at the shock presstithefirst wave seen at
any given point in the explosive.

As the second shock travels through the preshocked regi@pi@increase in
the calculated particle velocity at the shock front is olaedr and its magnitude
is much larger than seen experimentally. At first glance seiems a little odd
as the desensitisation model is meant to limit the react® in preshocked ma-
terial, whereas an enhancement of the reaction is obserZgdmination of the
relative contributions of the three terms in the rate lawhi ¢verall reaction rate
reveals why this is so. At the pressure of the second shockl{86), the ignition
term dominates the response, which, unlike the growth tdrassno restrictions
placed upon it in the desensitisation model. In the EDC3&ettterm reaction rate
model, the ignition term contributes to the overall reactiate until the mass frac-
tion reacted in a computational cell equals 300gax=0.3). This allows significant
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reaction to occur before the ignition term is switched offd aesults in wave co-
alescence occuring much earlier than observed. The ambumaterial ignited in
the second shock is not modelled correctly, thus givingewe to suggest that the
contribution of the ignition term to the reaction rate shiblé reduced.

2.5.5 Summary

A considerable amount of experimental data has been acatedulhich shows
that initiation and run distance to detonation in explosiean be significantly mod-
ified by preshocking the material. For example, where a weakyssor wave, or
preshock, is followed by a stronger second shock, the watthind the second
shock is weaker than that for a single shock of the same pees3is effect has
been termed ‘shock desensitisation’.

Using the standard Lee-Tarver model, simulations of expents where shock
desensitisation has been observed give poor agreememiedment. Calculation-
ally, the reaction rate behind the second shock is too stamagdetonation occurs
much earlier. This illustrates that reaction rates baseith@tocal pressure have no
mechanism for describing explosive behaviour under dosbtek compression,
and require an additional desensitisation model to acctaunthe double shock
observations.

Consideration has been given as to how to model the effectbarfk desensi-
tisation within the confines of the pressure-based Leeefanodel. The develop-
ment of a simple, but physically realistic model to prediesensitisation effects has
been described, where the reaction rate is fixed at the peesfthe first shock seen
at any given point in the explosive. This is a compromise betwensuring that the
passage of any subsequent shock through preshocked madeisanot result in any
significant increase in the reaction rate, yet ensuringdimagle shocks in pristine
material are still able to grow to detonation more or lessiasgoy the Pop-Plot.

Application of the desensitisation model to double shockgan experiments
on the HMX-based explosives PBX9404 and EDC37 has showniilinere there
is little or no observable reaction in the first shock, thelesipe response is well
modelled. The simple desensitisation model is able to taisiely reproduce the
main experimental features; the weak precursor wave, vithlersists, inhibiting
the build-up to detonation of the main shock, and the run tordsion beginning
approximately at the end of the preshocked region.

Applying the model outside its fitting regime, where thersignificant reaction
in the first shock in double shock experiments on EDC37, pgoeeanent with
experiment is obtained. The calculation fails to correqgthgdict the growth of
reaction due to the first shock. This is a direct consequehteealesensitisation
model limiting the reaction rate at the pressure of the finsick. In addition, the
agreement to the build-up of reaction due to the second seqdor. This is due to
the ignition term dominating the explosive response. Ttheswider applicability



CHAPTER 2. LEE-TARVER REACTIVE BURN MODEL 52

of the simple desensitisation model to simulate a range wiblgoor multiple shock
situations must be questioned.

The need to invoke a separate desensitisation model folelshbcks is simply
a manifestation of using a reaction rate model that is degr@nah the local pres-
sure. With a reaction rate dependent mainly on temperdturexample, it is quite
possible that no additional mechanism is required to adcfourthe double shock
observations since the second shock develops a lower tatnpethan it would be
behind a single shock of the same pressure. Expressed amathethe fact that,
experimentally, the reaction rate behind a second shoassthan that behind a
single shock of the same pressure demonstrates that theregate is not largely
dependent on pressure.

2.6 Conclusions

For evaluation purposes, the widely used, continuum-hassd Tarver reactive
burn model has been implemented and validated in the onerdiimnal Lagrangian
hydrocode PERUSE. The reaction rate law in the Lee-Tarveataiis based sub-
stantially on the local pressure. Although some aspectspbsive shock initiation
can be adequately described by a pressure-dependenbreeati,e.g. Pop Plot
data for sustained single shocks, such reaction rates tanoount for explosive
behaviour under double shock compression.

For a reaction rate based on pressure-dependence, it ssaegeo postulate an
additional desensitisation model to account for doubleklobservations. A simple
desensitisation model, developed within the confines of e Tarver model, has
been applied to double shock data with mixed results. TheHat, experimentally,
the reaction rate behind a second shock is less than thatdatsingle shock of
the same pressure demonstrates that the reaction rate sdlett dependent on
pressure. It follows that reaction rate models such as lageer are based on a
false premise.

To account for double shock observations without requittnigvoke a separate
desensitisation model, a different form of reaction rateeseded. For example,
with a reaction rate dependent mainly on temperature, itigegossible that no
additional mechanism is required since a higher pressaansgeshock develops a
lower temperature than it would be behind a single shocke@ttme pressure.

Discussed in the following chapter, a new approach to shatikiion modelling
that utilises a reaction rate based on entropy rather tresspre, also allows double
shock experiments to be modelled without recourse to a agpdesensitisation
model. However, the move from a pressure-dependent reaetie to an entropy-
dependent reaction rate introduces additional numeraraptexities, and these are
described in detail in the next chapter.
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Figure 2.2: Calculated pressure profiles from PERUSE fol02®Mb sustained
pressure pulse into PBX-9404.
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DYNA2D (Lee-Tarver Model)
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Figure 2.3: Calculated pressure profiles from DYNA2D for @2B. Mb sustained
pressure pulse into PBX-9404.
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Figure 2.5: Particle velocity histories for EDC37 Gas-GinotSL160.

Pop Plot for EDC37

10.0

A Wedge test data
Gas gun data

— Inx=2.0-1.5InP
B Lee-Tarver model

1.0

Pressure (GPa)

Figure 2.4: Pop-Plot data for EDC37 explosive.

2.0

Lee-Tarver Model
EDC37 Gas Gun shot 1160

1.5

Particle velocity (mm/us)

05—

1.0—

— Experiment
— Calculation

IR R R T B R bl

0.0

2.0
Time after impact (us)

1.0

55



CHAPTER 2. LEE-TARVER REACTIVE BURN MODEL 56

HE
s,
e %
Vistal 5 "o‘,/’/
K- %,
o )
HE
projectile
i
Lo
[} !
%) b
2- i
8 ' : I:
a ' ! Pl
I ]
] 1 ,|:
o/ ] ::. D
e ' 111 gauge positions
= ! SRS
0 ' EEITEY
0 5 10

position, x, mm

Figure 2.6: LANL precursor shock experiments; experimeateangement and
distance-time diagram showing preshock and main shock gtoe.

2.00 T T T T T

1.75

mm/us

1.50 —

1.25

1.00 ~

particle velocity,
o
~
an
|

Figure 2.7: Data from LANL precursor shock experiments oiXFER04; 23 kbar
preshock followed 0.65slater by 56 kbar shock.



CHAPTER 2. LEE-TARVER REACTIVE BURN MODEL 57

PERUSE - Lee-Tarver Model
PBX9404 Mulford et al. double shock shots
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Figure 2.8: LANL precursor shock experiments; calculat@diple velocity profiles
in PBX9404 1sina the standard | ee-Tarver model.
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Figure 2.9: LANL precursor shock experiments; calculatadiple velocity profiles
in PBX-9404 using the simple desensitisation model.
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Figure 2.10: Comparison of calculated and experimentdigb@nelocity profiles
for EDCR7 doiihle shock nas-aiin shots 1175/76.
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Chapter 3

Entropy-Dependent CREST Reactive
Burn Model

3.1 Introduction

Traditionally, reaction rates in continuum-based re&chiurn models to calcu-
late explosive shock initiation have been based on presswh®r temperature. For
example, the most widely used continuum reactive burn miadede in hydrocodes
today, the Lee-Tarver model [49], uses a pressure-depemneaction rate to de-
scribe the explosive response. The majority of these malddésback to the 1970’s
and 1980’s and, as time has progressed, (i) it has becomeespplaat parameters
fitted to a limited set of experimental results have to bestdulito fit different data
and/or model different phenomena, and (ii) the developroénew experimental
techniques have permitted a far greater insight into thelshwtiation process. In
particular, heterogeneous explosive response to multhpek inputs is now much
better understood. This is one aspect of explosive shotktion that cannot be
predicted by pressure-based models without recourse tdditicaal desensitisa-
tion model (see Chapter 2). Analysis of recently acquirgd ttam shock initiation
experiments, coupled with the inability of pressure-dejegr models to accurately
simulate a wide range of shock initiation phenomena, hasteshe development
of a new reactive burn model.

CREST [61] is a new continuum reactive burn model for simagashock wave
initiation and propagation of detonation in heterogenesmlisl explosives based on
the conclusions of experimental observations. The modealtmmpletely different
basis from other continuum reactive burn models in thakigetion rate is indepen-
dent of local flow variables behind the shock such as presswtéemperature. The
foundation for CREST, based on a detailed analysis of exygarial data, is that re-
action, at least to first order, is a function of shock strbrj§0]. The best measure
for shock strength for use in hydrocodes is a function ofaytrof the shocked,

59
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non-reacted, explosive and hence the model utilises anmnrttependent reaction
rate. This form of reaction rate coupled with both an unm@dand a reaction
products equation of state (EOS) allows CREST to calcubgiéosive behaviour.
The overall objective of CREST is to accurately model as wadange of explo-
sive phenomena as possible with a relatively simple moadel veithout having to
change the model parameters and/or the form of the rea@terequation in order
to simulate different phenomena for a given explosive.

This chapter commences by giving a brief summary of the #tesa and ex-
perimental background to CREST and, for completenesss gimeoverview of the
model itself. To enable shock initiation and detonationbems of interest to be
modelled using CREST, the model has been built into a numbhydrocodes.
The implementation of the model in a one-dimensional, andiaber of two-
dimensional, hydrocodes is then described in detail, asaltseof calculations are
presented to validate the implementation of the model. m@utine hydrocode im-
plementation and use of the CREST model, a number of compuoshiproblems,
not associated with pressure-based models, were identifibése problems are
described and, where possible, solutions have been saughihtmise the effect
of these additional problems on CREST calculations. To ipeoa rigorous test
of CREST’s predictive capability, a CREST model for the TAbBsed explosive
PBX9502, fitted to in-material gauge data from one-dimamai@xperiments ex-
amining the shock to detonation transition, has been apptiewo-dimensional
explosive data from detonation experiments. The calanati detonation studies
are described, and the results discussed, particulargiation to the wider appli-
cability of the CREST model. Finally, the conclusions aneegi

3.2 Backgroundto CREST

Before developing a new reaction rate model for heterogemsolid explosives,
it is important to understand the experimental data obthineshock initiation ex-
periments. At the time of the development of some of the ocoitm models that
are widely used today, such as the Lee-Tarver model [49]]alte available on the
shock response of explosives came mainly from so-calledgé/dests [3] [30].
These experiments measure the trajectory of the leadirakghamm which the vari-
ation of shock velocity can be determined. It was found thatshock velocity
increases very slowly to begin with, but after a depth inmekRkplosive, dependent
on the initial shock strength, the shock velocity increasgadly to full detonation
velocity. These experiments give the run-distance andire-to detonation from
sustained input shocks, leading to the Pop Plot [31], whereun-distance and run-
time to detonation decrease as the shock strength incredsagver, Wedge Test
experiments give no information on the reaction historyibelhe shock before
detonation is attained.
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More recently, the development of new experimental diaioéschniques has
helped to improve our understanding of the shock initiabehaviour of hetero-
geneous explosives. For example, the development and usdudt in-material
gauges, such as the electromagnetic particle velocitygatiyorthman [35], has
revealed new data on the growth of reaction inside shockptbsives. Using in-
material particle velocity gauges, a wealth of valuableinfation on the reaction
behaviour of impact initiated explosives has been obtafr@d one-dimensional
gas-gun experiments carried out by Gustawseal. [36] [37] [38] at Los Alamos
National Laboratory. Effectively, the particle velocitgyges indicate the growth of
the bulk reaction along a number of different (Lagrangiaar}iple paths within the
explosive samples.

CREST is based on the detailed analysis [60] of the in-nmaltearticle ve-
locity gauge records obtained from the experiments caoigdy Gustavsen and
co-workers. Since all the experiments were one-dimenkinmeature, the analysis
is centred on one-dimensional shock initiation phenomd@iha. analysis showed a
strong correlation of time to peak particle velocity wittosk strength, and from the
fact that particle velocity histories at the same shockngfitescale independently of
how the shock strength had developed. The conclusion of thieservations is that,
at least to first order, the reaction rate history for any espk particle must depend
on the shock strength experienced by the particle, and duetepend on the pres-
sure or temperature developing along the particle paths assumed by all other
reaction rate models. The best measure for shock strengiisédn hydrocodes is a
function of entropy of the shocked, non-reacted explositech remains constant
behind the shock, unless a further shock is propagatedhetexplosive. CREST
therefore utilises an entropy-dependent reaction rateddeithe explosive reac-
tion, where the function of entropy is evaluated from thedsphase internal energy
(and specific volume) within the non-reactive EOS for thelesipe.

The main advantage of using an entropy-dependent rea@tens that no ad-
ditional desensitisation model (as required by pressaseth models) is needed to
model multiple shock situations. In double shock experitsieih has been shown
that the reaction rate behind the second shock followingakwiest shock is signif-
icantly less than behind a single shock at the same pressedor example [38].
Since the internal energy (and therefore entropy) reaahadnaterial by a double
shock up to a given pressure is less than that reached byla simack to the same
pressure, then a reaction rate based on entropy can natacaibunt for double
shock phenomena.

In any reactive burn model, itis important that the equatiofrstate of the differ-
ent components of the reacting mixture are modelled as attyas possible. Any
errors in these EOS will naturally be folded into the pararsein the reaction rate
model, which in turn could lead to inaccurate conclusionadpenade about the re-
active behaviour of an explosive. The EOS for the unreactptbsive is especially
important for shock initiation because, (i) it determinies pressure, temperature,



CHAPTER 3. CREST REACTIVE BURN MODEL 62

entropyetcin the initial shock state, and (ii) the explosive near thecéhfront is
at or near its non-reactive state for the majority of the muddtonation. Heteroge-
neous explosives are always, by design, to a greater or lessnt porous. Since
the porosity can vary from sample to sample, and it is welvkmexperimentally
that small changes in porosity can change both the noniveat¢tigoniot and shock
sensitivity of an explosive [36], then porosity should beaaiable in any reactive
burn model.

However, continuum reactive burn models have never inclydeosity as a pa-
rameter, and have always implicitly assumed that the utedddugoniot has been
measured at exactly the required degree of porosity (whiltiharely be available).
If an explosive sample has a different porosity to that atcwtihe Hugoniot has
been measured, then in the absence of Hugoniot data at thiee@gorosity, the
unreacted EOS of the material can only be guessed at. Therdtoaccurately
model an explosive with differing porosities, the paramete the unreacted EOS
and/or reaction rate model usually have to be adjusted tomthaé data. To address
this issue, CREST employs a porosity-dependent unreac®&lii the model.

In CREST, porous non-reactive Hugoniots are evaluated &@ingle baseline
EOS for the fully dense material using the Snowplough ptyesodel. Since there
is no Hugoniot data for explosives at zero porosity, the actexd EOS for the fully
dense material is determined by extrapolating availatdedlly sparse) Hugoniot
data for the porous explosive to a best estimate of the fdlysd Hugoniot using a
methodology devised by Lambourn [100]. This baseline EO8mused in con-
junction with an appropriate porosity model, allows theaamnted Hugoniot at any
given porosity to be determined. CREST utilises the Snougihomodel as this is
the standard form currently used in the hydrocodes to mamtelys materials.

CREST needs in-material gauge results in order to calitbh&teeaction model
coefficients, coupled with both an unreacted and a reactiodycts EOS in order
to calculate explosive behaviour. From the one-dimens$simack initiation studies
carried out by Gustavseat al,, in-material gauge data has been obtained on a num-
ber explosives, including the HMX-based explosives PBXOEEB] and EDC37
[38], and the TATB-based explosive PBX9502 [37]. By fittimgthe particle veloc-
ity gauge histories from sustained single shock gas-guerexents, CREST pa-
rameters for two explosives EDC37 [61] and PBX9502 [62] hasen developed.
A model for PBX9501 explosive is under development.

Using a single parameter set, the fited CREST model for ED&&losive
was subsequently shown to be able to simulate a range ofiomendional shock
initiation data involving sustained, thin pulse, and deubhock inputs [61]. A
clear advantage over pressure-dependent models is thaitjlising an entropy-
dependent reaction rate, the results of double shock erpats can be predicted
without recourse to a separate desensitisation model. BEOB02 explosive, it
was shown that the fitted CREST model was able to reproducealiomensional
shock initiation data covering a range of input pressurebdth sustained and thin
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pulse shocks [62]. In addition, the use of the Snowplouglogior model allows
CREST to predict the effects of porosity on initiation threks data for RX-03-AU
[101] (which has the same composition as PBX9502) withouirfgato adjust the
model parameters [62].

3.3 Overview of the CREST Model

3.3.1 Preamble

The CREST model [61] consists of two basic parts: (i) an EOSehtor the
reacting material, and (ii) a reaction rate model. The ieganaterial is assumed
to be a mixture of two co-existing phases consisting of urtezhsolid explosive
and gaseous reaction products, and an EOS must be provideddio phase. The
non-reactive explosive is modelled via a finite strain foffE@S [100]. This is
thermodynamically complete as temperature is evaluatednddel the explosive
reaction products, the universal Jones-Wilkins-Lee (J¥utth of EOS [89] is used.
To yield the EOS of the reacting mixture, CREST uses the tepitt Solid Equa-
tion (ISE) model [102], where it is assumed that the solid gaseous phases of
the reacting material are in pressure equilibrium. The acted solid explosive is
assumed to be on an isentrope through the point on its Hugtmishich it was
shocked with the gaseous detonation products taking ugethaining volume and
internal energy at pressure equilibrium. The Snowplougbgity model is used to
account for porosity in determining the unreacted expmsasponse.

The reaction rate model controls the rate of explosive dgosition in going
from unreacted explosive to gaseous reaction products.rddation rate terms in
CREST are based on detailed analysis of in-material pantielocity gauge histo-
ries from explosive gas-gun experiments which suggestsiththe early stages of
the growth to detonation, the reaction rate at any givenigharnposition depends
only on the shock strength at that position [60] [103]. Timdicates that the solid
phase entropy, which remains constant between shockst iméghn appropriate
variable representing shock strength for use in a reactitmmodel.

The various components of the CREST model are described/ vdiere, in the
model equations, the subscrigandg refer to the unreacted solid explosive and
gaseous reaction products respectively.

3.3.2 Equations of State

Unreacted EOS

A Mie-Gruneisen form of EOS [100] [104] is used to model theaatted ex-
plosive, where the principal isentrope, written in finiteast form, is taken to be the
reference curve. This form of EOS has the advantage thabvwskthe temperature
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and a function of entropy of the unreacted explosive to béyeagluated for their
potential use in any temperature and/or entropy-depemdaation rate model. The
unreacted EOS is described by the following expressions,

(V.
Ps = P(Ve)+ S/S) (Es—Ei(Vs)) (3.1)
S
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wherePs, Vs, andEs are respectively the pressure, specific volume, and specific
internal energy of the unreacted explosi?g\Vs) andE;(Vs) are the pressure and
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specific internal energy on the principal isentropes the Gruneisen gamm@, is
the initial specific internal energy of the non-reacted exple, f is the finite strain
variable used to define the compressidg,is the specific volume at solid density,
Kos is the isentropic bulk modulus, arid, A, Az, By, By, B3, fc, &, m, yoo, 1, and
"> are constants.

The EOS is thermodynamically complete since it allows fa ¢valuation of
temperature. In this instance temperatures are obtained easily by defining
specific heat at constant volunt&;s, as a function of temperature in the unreacted
explosive onvs = Vgs. With the principal isentrope as the reference curve, therot
isentropes are given by,

Es = Ei(Vs) +T(Ve)Zs(Vs) (3.11)

whereZg(S) is a function of entropy of the non-reacted explosive, and
Vs
T(Vs) = exp(— —dvs) (3.12)

Given any state poiniVvs, Es), T is easily evaluated from (3.12), and herfzecan
be determined from (3.11). The important point to note i$ Hgaemains constant
on an isentrope, and the functi@g is the specific internal energy % = Vos 0N
the isentrope through the currgivg, Es) point. Assuming a linear variation & s
with the temperature in the unreacted explosikg,(which is about the best that
is available experimentally) then the temperature at thatpehere the isentrope
through(Vs, Es) intersects the lin¥s = Vps is given by,

275

Tls = TOs +
CVOS + \/CVOSZ + ZZS ddc‘;i'/ss

(3.13)

whereTgs is the initial or ambient temperature. The temperatureeathosen point
(Vs, Es) is then related td;s via the expression,

Ts(Vs, Es) = T(Vs) Tis (3.14)

The above unreacted EOS for the explosive relates to mies¢isalid density.
Since all heterogeneous explosives of interest have sogree®f porosity, the
unreacted EOS is based on porous Hugoniot data which is firstpolated back
to zero porosity using a method devised by Lambourn [104]e Zéro porosity
Hugoniot is then converted to form the principal isentropstten in finite strain
form, which is used as the basis for a Gruneisen form of the EO§. This EOS,
when used in conjunction with an appropriate porosity moaéws the unreacted
Hugoniot of the porous explosive to be determined. CRESTeatly utilises the
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Snowplough porosity model to evaluate the unreacted Hagomia porous explo-
sive.

Reaction Products EOS

For hydrocode modelling applications, a universally usealygic EOS for the
reaction products is the JWL form [89] which is given by,

) 2o R ) e () el R )+
Php=A({l-——|exp| -Ri—~ | +B|1l-—=——F ) exp| "R |+ ——
g ( R Vg ) &P\ Vs RoVg ) TP\ Vs ) TV

wherePy, Vy, andEg are respectively the pressure, specific volume, and specific
internal energy of the gaseous reaction produgtsis the specific volume at solid
density, andh, B, Ry, Ry, andw are constants.

3.3.3 EOS Model for Reacting Material

In CREST, the ISE model [102] is used to determine the EOS efdlacting
material between unreacted solid explosive and gaseocisae@roducts, with the
assumption that the solid and gaseous phases are in presgilibrium. The un-
reacted solid explosive is assumed to be on an isentropaghrthe point on its
Hugoniot to which it was shocked with the gaseous detongtroducts taking up
the remaining volume and internal energy at pressure egjuitn.

The entropy in the unreacted solid explosive is set by theimgashock wave
after which, in the absence of additional shocks, the sdi@sp entropy remains
constant. To calculate shock discontinuities in the hyddes by a continuous but
rapid jump [105], an artificial viscosity, is added to the pressure in the governing
flow equations. In order that the solid component of the nmexteaches the correct
entropy appropriate to the initial shock, or to the initiabsk plus any other shocks
that enter the region in which reaction is taking place, tié@al viscosity needs
to be applied to the unreacted solid component of the mixt@asewell as to the
mixture itself, so that it experiences the shock trans{gpn

Simple mixture laws in terms of the mass fraction reackedse used to express
the specific volume and the specific internal energy of theuméxas the weighted
sums respectively of the specific volumes and specific iatemergies in the sepa-
rate phases. The appropriate equations for the model are,

dE+ (P+q)dV=0 (3.16)
dEs+ (P+q)dVs=0 (3.17)
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Ps = Ps (Vs7 Es) (320)
Py = Py (Vg; Bg) (3.21)

whereP, V, andE are respectively the pressure, specific volume, and spétific
ternal energy of the mixturey is the artificial viscosity, and is the mass fraction
reacted. These equations are written with the assumptetrthie initial specific

internal energy of the unreacted explosive is Q, the detmmapecific energy. ‘Re-
lease’ of energy is treated within the phase change fromagted explosive to
detonation products, witk as the progress variable.

There are normally two ways of treating the origin of energiythe unreacted
explosive. In the perhaps more traditional method, thelstérts off with zero spe-
cific internal energy aP = 0,V = Vj, and energy is released through the reaction
zone. The conservation of energy in the explosive is ther- (P + q)dV = AdQ.

In the alternative method, the solid explosive is assumdtht@ potential energy

Q atP =0,V =V, Q being the detonation energy per unit mass. Energy is not
then released explicitly in the reaction zone, but imdiditrough the transforma-
tion of the unreacted solid explosive to detonation proslu€or hydrocodes it is
convenient to use the potential energy method, since it doeequire a change to
the conservation of energy equation in the integrationmseheTlhus, the potential
energy method is used in the CREST model.

For pressure equilibrium it is required th&,— Py = 0. Given ¥/,E, A) for any
point in the mixture, there are then 4 equations (3.17)8)3(B.19), and (3.22) and
5 unknownsP, Vs, Es, Vg, andEg). Note that equation (3.16) is the internal energy
equation for the mixture which is calculated by the hydrezmther than the model
itself. To solve for the unknown parameters, an iterativmtéque is used where
the specific volume of the unreacted mateni4|, is allowed to adjust to achieve
pressure equilibrium. For numerical reasons, to iteratgpfessure equilibrium
between the reactants and products ‘significant’” amountsotf components of
the mixture need to be present. A cut-dff,is included in the model to signify
where the mixture treatment is turned on, and then turnedrof computational
cell based on the value of the mass fraction reactenh the cell. IfA < g, then the
explosive is modelled with its unreacted EOS only, wheréé$+ A) < € then the
explosive is modelled with the EOS for the reaction produéts all other values of
A, the explosive is treated as a mixture based on the two EOQ®scally, a value
of € = 10~*is used in numerical simulations using CREST.

Newton iteration is used to to attain pressure equilibriwtween the solid and
gaseous phases in equation (3.22). If convergence is ravhexdt within a given
number of iterations, then the much slower Bisection metkaged. This should
be full-proof, and to date has not caused any problems, hewvedternative iterative
methods could be easily implemented should the need arise.
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3.3.4 Reaction Rate Model

To describe the explosive decomposition, the CREST reaci® model utilises
two reaction rates; (i) a fast reaction,, which encompasses all the primary sources
of reaction (‘hot-spotsétg), and (ii) a slower reaction ratap, associated with the
bulk burn of the explosive and activated by the fast reactibime overall reaction
rate in the explosive is given by the weighted sum of theserates, both of which
are dependent on a function of entropy of the unreacted sgptbsive Zs, which
is calculated within the finite strain EOS.

The overall reaction rate,, describing the explosive decomposition is given by,

}\ =M }\1+m2>\2 (3.23)

wherem; andmy, are weighting factors. The forms of the individual reactrates
are given by,

Nl

A o= (L=A1)[=2byIn(1—A1)] (3.24)

A = (1=A2) Mg {sz (bé—)l\l—ln(l—)\z))]% (3.25)

and the derivation of these equations is discussed in [61l].A’A can range be-
tween 0 and 1 where, in particular,= O represents no reaction (unreacted solid
explosive), and = 1 represents complete reaction (gaseous products).

Following the reasoning given in [61], the reaction rategpagterd; andby,
which largely determine the time of the peak reaction raadm andm,, which
determine the magnitude of the peak reaction rates, ardidmscof the entropy
parameteZs given by the expressions,

by = Go (Z6)" (3.26)

by = ¢(Z5)° (3.27)

my = (1—}\)% (3.28)

My = (1 B )\) C8(Zs)_c9 +\(;]§2(Zs - C13)Cll (3.29)

wherecy, c1, C2, C3, Cs, Cg, Cg, C10, C11, andcy2 are constants which are fitted to par-
ticle velocity gauge data from one-dimensional, sustasteack, gas-gun experi-
ments. An additional constart;s, is included to represent a threshold in entropy
below which there is no reaction. Incorporating the deptefactor(1—A) in the
expressions for the weighting factors ensures that theafiveiaction rate), is a
smoothly varying function of time.
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3.4 Implementation of CREST in Hydrocodes

3.4.1 Overview

To enable computer simulations of a range of explosive problof interest to
be performed using CREST, the model needs to be implememtedne or more
hydrocodes. Hydrocodes are large computer programs tivatthe equations gov-
erning unsteady material dynamic motion in terms of the eoration of mass,
momentum, and energy. In order to obtain a complete soluioaddition to ap-
propriate initial and boundary conditions, it is necessargefine a further relation
between the flow variables. This can be found from a mater@ehwhich re-
lates stress to deformation and internal energy (or tenyr@da In most cases, the
stress may be separated into a uniform hydrostatic presandea stress deviator
associated with the resistance of the material to sheartiest. Then, the relation
between the hydrostatic pressure, the local density (arifsp&olume) and local
specific internal energy (or temperature) is known as thatou of state. Various
forms of equation of state (EOS) and material strength nsoalel usually included
in hydrocodes.

The CREST reactive burn model described above has beemmapted into the
one-dimensional hydrocode PERUSE [88], and the two-dimeas hydrocodes
CORVUS [86], PETRA [106], and SHAMROCK [87]. The hydrocodssve the
governing flow equations which describe the conservationags, momentum, and
internal energy of the reacting explosive mixture. The ¢iqua associated with
the model, as given in Section 3.3, are solved within the E&5 &nd hence the
model appears to the hydrocodes just like any other EOSn@utiowever, to link
the model to the hydrocodes required the creation of a nummibextra arrays in
PERUSE, CORVUS, PETRA, and SHAMROCK, to store the appropriariables
associated with the model that need to be carried from tiepesttimestep.

The common features of the hydrocodes into which the CRESdehtas been
implemented are: (i) the use of explicit time integrationtemporal discretisation,
(i1) use of the microsecondi§), centimetre (cm), and gramme (g) system of units,
and (iii) use of a staggered grid in the solution scheme. Tlusgre termed stag-
gered since velocity and position are nodal quantitieslendii other flow variables
are cell centred. In some staggered grid schemes the nadiakdrcentred quanti-
ties are at different time levels, but in the hydrocodes siedl here the numerical
schemes are such that at the end of a timestep all the flonblesiare at the same
time level.

In the following Sections, the implementation of the CRESGdal in PERUSE
is described first, followed by its implementation in CORVIPETRA and SHAM-
ROCK in turn.
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3.4.2 PERUSE

Preamble

PERUSE is a one-dimensional Lagrangian, finite differenudti-material hy-
drocode for the calculation of time dependent compressiove [88]. It is used
as a test-bed for the development and testing of models dbgi¥p shock ini-
tiation behaviour. The strategy is to develop and test nwoudethin a relatively
simple research code before implementing these modelgimtre complex two-
dimensional hydrocodes.

The solution of the governing fluid flow equations is advaniediard in time
using an explicit two-step (predictor-corrector) numakischeme. The predictor-
corrector method operates by running for half a timestep ¥iist-order accuracy
to calculate a half timestep pressure (the predictor s, then using this to
advance the equations for a full timestep with second-aadeuracy (the corrector
step). The overall scheme is second order accurate in ticheace [90].

Solution Scheme

The steps in the solution method employed for the CREST mindativance
the solution fromt" to t"*1 over a timestemt”+% are described below, where it
is assumed that the state of the explosive is that of a repotirture. In the fol-
lowing difference equations the tilde symbol indicategintediate values during a
predictor or corrector step, and the supersaripgpresents the temporal index. For
reasons of clarity, the spatial index has been omitted.

e Predictor Step (forward Euler half timestep)

The purpose of this stage is to compute values for the CRE8dbles at the

half timestep i+ 3), and proceeds as follows, wher&+z, EN 2, andq” are
given data, computed by the hydrocode.

1. Update pressure due to the hydrodynamics. This involokgien of
equations (3.11) and (3.17)-(3.21), and is performed atlfAxe

~ 1 ) .
ISE model: InitialiseVs”+2 (start with value o¥/s from end of previous
step). Calculate,

1 ~ 1
Eer_? — Esn . (Pn + qn) (VSrH-? _Vsn)

el o~
22+% _ Es *—FE
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~nel ~nedl ~ 1
Psn+ 5 — p, (Vsn+27Esn+ 2)
1 ~ 1
gt VT (1A
g - }\n
~ 1
el _ EMz — (1— AN E 2
g - AN
~ 1 ~ 1 1
Pgn+2 _ <Vgn+27 Egn+2>

< 10 % Mbars.

: oned o lanel osnel
and iterate oWs"" 2 until |Ps"" 2 — ;"2

2. Calculate the explosive burn. Solve equations (3.2329(3

C
BT% ~ & <22+%) 1

oy 2
b, ?
anp ) "% ~nt L €11
il CS(ZQ+2> +010(22 2—013)
N2 = (1-A"
= (1A —
2
AtI’H-% .
Aanr% — Aln_i_ 2 )\Q
Atn+% .
AN = A 5 A2
1
A AT g

3. Update pressure due to the explosive burn. This involekgien of
equations (3.11) and (3.17)-(3.21), and is performed atlfixe
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ol
ISE model: Initialise V5" i (start with value of\/sn+2 from 1. above).
Calculate,

EM3 — ES— E <Pn+|5n+%> _‘_qn} <Vsn+% _Vsn>
Esn+% _E n+3 (Vs)

™3 (Vs)

PSI’H- 5 — PS (VSI’H-% ; ESI’H- %)

Vi <1_ )\n+%> Vo

1
)\n+§

1

EN+3 _ <1_)\n+%) ESN3

1
)\n+§

Pgn+§ — Pg <Vgn+% , EgnJr%)

and iterate oNs”JF% until Ps”+% - Pg”+% < 10-% Mbars.

4. Update reaction rates ready for the corrector step. ®gjuations (3.23)-
(3.29).

b1n+% — CO (an‘i‘?) €

1

b2n+§ — C2 (an+%)c3
m1n+% — (1_)\n+%>

1\ —Co 1 C11
Cs <Zs”+?) +c10(Z"z — 013)

1
b2n+?

Wh— (1oart) [c2ptin (1-a3) |
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1

el n+iy n+3d 2

}\2+2 _ (1_)\2n+%) )\1r1+% [2b2n+§ (bz bzn)f% N (1_)\2n+%)>]
1

A rH_l o rH_l A n+% n+l A n+%
N2 =m™2A; 2 M2z,
e Corrector Step

The CREST variables are now updated to the time levell as follows,
whereV"1 E"L andg" are given data, computed by the hydrocode.

1. Update pressure due to the hydrodynamics. This involokgien of
equations (3.11) and (3.17)-(3.21), and is performed atlfAxe

ISE model: Initialise\7sn+l (start with value o¥/g"* 2 from the predictor
step).

Calculate,
E~5n+1 = E"-— <Pn+% + qn> <\75n+1 —Vsn>

FML EST—EMH(W)
T (Ve)

F~,Sn+1 — P (\75n+1,|§sn+1>

\VAL g (l _ AI’H—%) \7$n+l

1
AI’H‘Q

T+l
Vg =

EN+l _ <l _ AI’H—%) Eanrl

An—k%

= 1
Eq

F;gn+1 _ Pg (VgnH,ENgnH)

5 n+l

and iterate oVs '~ until

P — F7g”+1‘ < 1075 Mbars.
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2. Calculate the explosive burn. Solve equations (3.2329(3

Rn+1
b1

[ S
b2

A1n+1
)\2n+l

)\I’H—l

Co (Z£1+1)C1
cp (2011)%
(1-a3) M
\/@
(1 _ )\n+%> 6s (Z071) T 4 ¢p0 (2041 — y5)

1:int+3
)\1H+Atﬂ+2 )\1 2
1in+d
)\2n+Atn+2 )\2 2

)\n_l_Athr% }\n+%

3. Update pressure due to the explosive burn. This involeagisn of
equations (3.11) and (3.17)-(3.21), and is performed atlfAxe

ISE model: Initialise Vs"*! (start with value ofVs

Calculate,

ESI’H- 1

ZSnJrl
Psn+l

n+1
Vg

n+1
Eq

Nl
Py

"1 from 1. above).

_ BN E (Pn+% + |5n+1> n qn] (Vsn+1 —Ve")

ESrH-l o Ei n+1 (Vs)
T+l (Vs)

— PS (Vsn+l, Esn+1)

Vn+1 _ (l _ )\n+1> Vsn+l
}\I’H-l

EI’H—l _ (l _ )\I’H-l) Esl’H-l
)\l’H-l

— Pg (Vgn—i—l, Egn+1)

and iterate os"! until [Pt — Py"1| < 1076 Mbars.
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4. Update reaction rates ready for the next timestep. Sojwatens (3.23)-
(3.29).

b1 = CO(anﬂ)cl

L™ = o (an+1)03

m™ = (1_)\n+1>

m™l = (1_)\n+1)[

. 1
)\2+1 _ (1_ A1n+l> [_2 b, In <1_ A1n+1>} 2
1
. b n+1)\ n+1 2
1 1 2 1 1
}\2+l _ < )\ n+ }\ n+ [ n+1 ( b 5 —In (1_)\2n+ )
)\I’H-l _ +1 )\I’H-l + m2n+1 )\I’H-l

3.4.3 CORVUS

The two-dimensional, finite element hydrocode CORVUS wataily a La-
grangian code but has since evolved into an Arbitrary LagjeanEulerian (ALE)
code via the introduction of multi-material advection [8B8} the present time, the
CREST model can only be used in Lagrangian mode in CORVUS&s iyet to be
linked to the ALE package.

In the Lagrangian hydro phase of CORVUS, the time diffenegds performed
using a predictor-corrector solution method as per PERUSMS, the steps re-
quired to advance the CREST model variables ftBio t"*1 over a timestem”Jr%
in CORVUS are as detailed above in Section 3.4.2.

3.44 PETRA

Preamble

PETRA is a legacy two-dimensional Eulerian hydrocode [10Bhch hydro
timestep in PETRA is composed of a Lagrangian phase folldwyeiremap phase.
The Lagrangian phase involves advancing the values of tlsé impgantites as if the
mesh were free to move. However, as an Eulerian code is basadstationary
grid, the mesh quantities will be incorrectly located uslascorrection procedure
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is applied. This is the remap phase which corrects the meshtiges back onto the
fixed grid, and which shall be referred to as the advectiorsphd@he Lagrangian
and advection phases are dealt with separately below.

Lagrangian Phase

The Lagrangian phase of PETRA has the the same solution thathCORVUS
(Lagrangian mode), the only difference being that in PETR&\dredictor-corrector
algorithm for the time differencing may be applied a numUddiroes per timestep
to reduce the number of advection steps performed (sincadibection step is com-
putationally more expensive). Thus, the order of the calouh in any timestep in
the Lagrangian phase of PETRA is the same as that given fotJSERNn Sec-

tion 3.4.2 above, except that™" Zis replaced byt ™" 2 (the Lagrangian timestep)
whereAt 3 — At”+%/N, andN is the number of Lagrangian steps to be performed
per advection step. Thus, each predictor step has timAﬁfl—i*ﬁlz /2, and each cor-

responding corrector step has times&ﬁﬁ%, and a total of Rl steps are required
to advance the solution frotfl to t™1 in the Lagrangian phase.

Advection Phase

PETRA is based on a fixed grid and so at the end of the Lagrampdiase the
mesh quantities have to be mapped back to the original mesICREST, the vari-
ables associated with the model need be corrected back stetti@nary mesh such
that the pressure equilibrium assumption for the reactingure is maintained. In
addition, the reaction rates need to be re-calculated jpgpation for the start of the
next timestep. The advection method employed for CREST isdayieans unique.
Indeed two different advection methods were tried; the nsozessful of the two
methods, as described below, has been shown to give godtkresu

By default PETRA advects mass, momentum, and specific iaterrergy. Ad-
ditionally for CREST, the following quantities are advettea the PETRA ‘black-
box’ advector; the mass fractions reacfed Ao, andA, and the solid component
variables comprising the specific volum, specific internal energ¥s, and spe-
cific entropyZs. In the following description, the superscript O indicatetues
obtained from the ‘black-box’ advector, while the supepdct indicates values
that have been corrected to pressure equilibrium. It ismasdithatA;, A2, A, and
Zs are fixed so that.g. Z! = Z0.

The steps in the solution method employed for the advecti@se are given
below. Perform ‘black-box’ advection, then;
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1. Calculate the reaction rates ready for the next timest&plve equations
(3.23)-(3.29).

bt = CO(Zsl)C1

! = o (Zsl)c3

7 1)012
ml = (1-1 Cﬁ(é
1 (1-A%) =
1)~ % 1_ C11
rn21 _ (1_)\1) [CS (Zs ) +CLO£ZS Clg) ]
2

NI

AL = (1—)\11> [—2 bl In (1—2\11)}

1
AL = (1—2\21) At [2b21 (bzblflll “In (1—)\21)>] 2

A= mt AL mpt Al

2. Update pressure due to advection. This involves solui@guations (3.11)
and (3.17)-(3.21), and is performed at fixed

ISE model: Initialise Vs (start withVs2, the value returned from the ‘black-
box’ advector). Also us&s? from advection. Calculate,

Es' = EL—(P+q) (Vs — V&) (3.30)

P' = Ps(VLE (3.31)
Vi (1-ah)vd

Vgt = T (3.32)
El- (1-AY)ES?

' = T (3.33)

Pt = Py(Vg'Eg) (3.34)

and iterate oiVs until |Ps! — Pyt < 107 Mbars.
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3.45 SHAMROCK

Preamble

SHAMROCK is a modern two-dimensional, adaptive mesh refer@nfAMR),
Eulerian hydrocode that essentially combines the PETRArdrage/remap fluid
scheme with a block-patching refinement methodology [8WIRAis a technique
allowing the level of resolution to vary significantly acsohe computational do-
main and to dynamically adjust to the evolving solution bgqihg meshes in re-
gions of interest, for example, where the solution is chaggapidly. The aim is
to focus high resolution zoning only where it is needed andstobtain a level of
accuracy comparable with existing (non-AMR) hydrocodesviith less demand
on computational resources.

With PETRA, having to mesh the entire computational domath wniformly
fine zones can be inefficient and the computational costs eaonhe impractical.
For example, accurate resolution of the reaction zone imekibf shock initiated
explosive requires many zones/mm. When it is considered fimmamany practi-
cal problems of interest, the dimensions of the explosigerecan be many cen-
timetres, it becomes obvious why calculations of this tyae be so challenging
on PETRA. Thus, reactive burn modelling is ideally suitedatoAMR code and,
in particular, for modelling large scale two-dimensionehctive burn problems,
SHAMROCK will be preferred to PETRA.

As stated above, SHAMROCK uses essentially the same hytiense as the
legacy code PETRA to advance the solution through tienthe variables are first
advanced in time using a Lagrangian step, and then the gmdgped back to the
stationary Eulerian mesh by advecting the cell quantiteeess cell boundaries to
account for the mesh movement. The only difference betwieertwo Eulerian
codes in this respect is that SHAMROCK only allows one Lagram step to be
performed per advection step. Thus, the order of the cdloulan any timestep in
the Lagrangian phase of SHAMROCK is the same as that giveraticdh 3.4.2,
and the remap or advection phase is as given in Section 3.4.4.

The AMR procedure in SHAMROCK uses a domain wide coarse mesh a
starting point. Using various criteria, cells of interest #lagged for refinement.
From this list of flagged cells, a set of mesh patches is aldghtd covers these cells,
and is finer by a factor two in each direction. The data fronctierse mesh is then
transferred to the new mesh using a second order, montongimgamethod. This
procedure is continued until either the finest level of refieat has been reached
or no more flagging criteria have been met. Refined cells thabmger meet the
various refinement criteria are subsequently de-refine@® dawn, eventually, to
the coarse level grid.
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Refinement Criteria for CREST

A suitable refinement criteria in SHAMROCK for the reactiverty material
is required in order to flag-up cells that need to be refinedhguee accurate but
efficient calculations using the CREST model. One possiglmement criteria
that could be used for reactive burn calculations is to kegpcall with a mass
fraction reacted greater than 0 and less than 1 refined tortbst fievel specified.
However, this criteria has been found to be unsuitable foOEER In CREST, for
low shock strengths, the total mass fraction reackednay never reach a value of
1. This would mean those cells whose mass fraction reactest gets to a value of
1 being refined at the finest level for all time once reacti@antstin a cell which is
clearly inefficient. Since the reaction rate histories frGREST are ‘bell-shaped’,
see Figure 3.1 which is taken from [61], then in most instartbe reaction rate
eventually falls back to zero when reaction is complete i@y not necessarily
coincide with the burn fraction being 1.

Rather than refine the mesh based on the total mass fractioteds\, explosive
cells modelled using CREST are refined based on the totalioaaate,A. The
refinement criteria is that K > Apnin, WhereAnmin is @ minimum specified value for
the total reaction rate, then those cells where this caitisrimet will be refined at
the finest level specified in the user input file. The defauliedor Ay, is 0.0001.
The user can flag cells with a reaction rate greater than tfaeideninimum value
to a specified level for a specified time. The default is thestitevel for all time for
any region modelled with the CREST model.

3.5 Validation

3.5.1 Initial Validation

The CREST model described in Section 3.3 was initially bwito the one-
dimensional Lagrangian hydrocode PERUSE [88]. This nedétisimple code was
used as a test-bed to examine a number of numerical aspabts GREST model,
and to develop the mathematical form for its reaction ratel@hoThe first explo-
sive to be considered was the conventional, HMX-based sk@dDC37. Data
on the shock initiation behaviour of EDC37 explosive wasaotg#d from gas-gun
experiments fired at Los Alamos National Laboratory usimjrttmbedded particle
velocity gauge technique [37]. The relevent EDC37 expenisiare summarised in
Table 3.1. By fitting to the particle velocity gauge data framumber of the sus-
tained single shock experiments, a CREST reaction rate nfmdeDC37 explosive
was developed [61]. The fitting was carried out using PERUSH,at a mesh res-
olution of 50 zones/mm, a meshing density at which mesh egederesults using
CREST are attained (see Section 3.6.4 for more details oh sessitivity and the
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CREST model). The derived CREST model was subsequentlyrstmbe able to
accurately reproduce the shock initiation response of ElXG3ustained single and
double shocks, and thin pulse shock inputs with one set afhpaters, and without
recourse to a separate desensitisation model for doubbksho

Table 3.1: Summary of EDC37 Gas Gun Experiments

Shot No. | Impact Vel. Impactor Input Pressurg Run Distance Type
(mmjus) Material (kbars) (mm)
1267 0.487 Z-cut sapphire| 27.6+ 1.5 >16.0 Single shock
1160 0.608 Vistal 35.2+1.6 14.4 Single shock
1122 0.682 Vistal 39.5+1.7 12.4 Single shock
1120 0.809 Vistal 49.1+ 1.9 No data Single shock
1159 0.918 Vistal 59.2+2.1 7.0 Single shock
1277 1.403 Z-cut sapphire] 108.0+ 3.0 2.8 Single shock
1175A 0.921 Kel-F backed 29.4+ 1.7 11.96 Double shock
1175B with Sapphire 62.0 (6.18)
1176A 0.925 Kel-F backed 12.29 Double shock
1176B with Sapphire 62.0 (6.51)
1194A 1.170 Kel-F backed 39.3 9.43 Double shock
1194B with Sapphire 85.8 (2.40)
1195A 1.165 Kel-F backed 39.3 8.40 Double shock
1195B with Sapphire 85.8 (2.00)
1281/ 1.220 Kel-F backed | 41.5/90.6 10.00 Double shock
1282 with Sapphire
1279 1.321 Kel-F 445+ 1.5 >12.0 Thin pulse shock
1280 1.320 Kel-F 445+ 1.5 17.0 Thin pulse shock

To validate the implementation of the CREST reactive burmehan the two-
dimensional hydrocodes, the majority of the EDC37 gas gyrerments listed in
Table 3.1 were calculated on CORVUS, PETRA, and SHAMROCIH, the results
compared to the corresponding PERUSE results. The CRESimg#ers used for
EDC37 in the simulations were taken from [61], and are repced in Table 3.2.
For the impactor materials, Vistal was modelled using a &aim@runeisen EOS
with a strength description [96]. A Linear Gruneisen EOS waia® used to model
the z-cut Sapphire [99], while Kel-F was modelled using ai€@runeisen EOS
[98]. For consistency with PERUSE, all the calculationsdugenesh density of 50
zones/mm in the EDC37 explosive (the SHAMROCK simulatiors ygarformed
using a uniform 0.02mm grid), with appropriate meshing asfifor the impactor
materials. A scalar monotonic artificial viscosity was usedive an accurate rep-
resentation of the shock discontinuity [91].

As an example of results obtained from the simulations, idenshe calcula-
tion of EDC37 Shot 1159 where a sustained single shoeka® kbars is input into
the explosive sample via a Vistal impactor. The calculaimet-up consisted of
a 30mm thick Vistal flyer impacting a 30mm thick stationary EX¥ target, see
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Table 3.2: CREST parameters for EDC37 [61] and PBX9502 [62]

| Parametef EDC37 | PBX9502 | Units |
Po 1.8445 1.889 glen?
Pos 1.8445 1.942 glen?
Reaction products equation of state
A 6.642021 | 4.603 Mbar
B 0.2282927 | 0.09544 Mbar
R1 4.25 3.903
Ro 1.825 1.659
w 0.25 0.48
Q 0.0719557 | 0.0373 Mbar cri/g
Unreacted equation of state
Kos 0.1424525 | 0.09314021 | Mbar
Aq 2.417494 0.246257
Ao 2.208027 11.44221
Az 0.0 0.0
B1 0.0 16.8477
B> 0.0 6.534913
Bs 0.0 0.0
fc 0.0 0.05
o 0.0 0.021322
M 32.33557 126.4052
P 3.596933 | 6.554447
Yoo 0.4 0.4
m 2.0 2.0
Tos 293.0 293.0 K
G, 9.17x 1078 | 1.068x 107> | Mbar cn/g/K
dCy,/dT | 0.0 2.42x 1078 | Mbar cn?/g/K?
Reaction rate parameters
Co 2.0x 10° 2.0x 10’ us—?(Mbar cnv/g)~©
C1 2.0 2.5
Co 22x10% | 80x10° us—2(Mbar cn?/g) ¢
C3 2.5 2.5
Ce 0.0 1.8 x 10%? -1
Cs 1.6x10%* | 0.0 us~1(Mbar cn/g)%
Co 1.0 1.0
C10 40x10° |3.0x10° us~(Mbar crP/g)—Cu
C11 1.8 1.25
C12 0.0 5.0
C13 0.0 0.0012 Mbar cn¥/g

81



CHAPTER 3. CREST REACTIVE BURN MODEL 82

Figure 3.2. The two materials were assumed to be initiallyoimtact with the mesh
nodes of the flyer material being given the prescribed vilaufiu=0.918 mmys,
apart from the interface nodes which had a velocity of u/Zhinsimulations, cal-
culated profiles were obtained at a number of Lagrangiancpagositions along
the explosive charge length from the impact surface. Tha&irliagrangian posi-
tions were at 0.0, 0.9, 1.9, 2.9, 3.9, 4.9, 5.5, 6.0, 6.5,8.0,9.0, 10.0, and 11.0
mm into the EDC37 explosive charge.

As stated above, the Vistal impactor was modelled using adrirfGruneisen
EOS which has the form,

P=Ru(V) + (B~ En(v) (3.35)
where P is the pressure, V is the specific volume, E is the patdiernal energy,
andPy andEy are the Hugoniot pressure and energy corresponding to thek sh
velocity Us)-particle velocity Up) relationship,

and the Gruneisen gamma is given by,

V
M(V)=ro+T1— (3.37)
Vo

In the above equatior®, s, Mg, andll; are material specific constants. The EOS
and strength constants for Vistal are given in Table 3.3 re/Nds the yield strength
andp is the shear modulus, and both are assumed constant.

Table 3.3: EOS parameters for Vistal, Perspex, and Kel-F.

| Vistal [96] | Perspex [97] | Kel-F [98] |

po (g/cn?®) | 3.969]| po (g/cn?) | 1.186 || po (g/cn?) | 2.133

pos (g/c®) | 3.969 ]| pos (g/cn?) | 1.186 || pos (g/cn?) | 2.133

Co (cmius) | 0.814 | Co (cmius) | 0.2598| Co (cmius) | 0.205
S

s 1.28 1516 | s 1.66
Mo 0.0 | To 00 | s 0.4064
M 23 | 1 0.97 | s -1.037
Y (Mb) 0.058 Mo 0.66
1 (MDb) 1.555 A 0.0

The calculated particle velocity profiles from CORVUS, PEETRnd SHAM-
ROCK are shown in Figures 3.4-3.6 respectively, whereasdhesponding calcu-
lated profiles from the original PERUSE calculation are oépiced in Figure 3.3.
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In each case, the first calculated history corresponds totiace gauge (0.0mm),
with the remaining traces at ever deeper positions into xipéosive. The last cal-
culated trace is at an initial depth of 11.0mm as measured the impact surface.
Overall, Figures 3.3-3.6 indicate that very similar resalte obtained between all 4
hydrocodes.

To analyse the calculated results more closely, the cordaeticle velocity
profiles from all 4 hydrocodes for EDC37 Shot 1159 are congpard-igure 3.7.
Only a selected number of the histories are displayed far eigiewing, and these
were at initial depths of 0.0, 0.9, 2.9, 4.9, 6.0, 7.0, 9.@ &ab.0mm into the explo-
sive. In addition, the corresponding calculated functibemtropy profiles at the
same positions are also compared in Figure 3.8. The funcfi@mtropy defines
the reaction rate in the CREST model, and it is seen from Ei§u8 that once the
explosive material has been shocked the entropy, in thigesshock case, remains
constant behind the shock at each Lagrangian positionémetst of the calculation.
It is observed that there are some minor differences betiweenalculated results
from the different hydrocodes and these are explained below

The reaction rate terms in CREST are chosen such that thitoreeate depends
only on the local shock strength. Since entropy remainstaohetween shocks,
a function of entropy of the unreacted explosive is choseih@snost appropriate
variable representing shock strength for use in hydrocattitations. For a sus-
tained single shock into an explosive the shock grows imgtrewith depth. This
is because the pressure increases behind the shock as sndrgsated and this in-
formation is fed forward due to the flow being supersonic watspect to the shock,
therefore increasing the shock strength that then incsgthgereaction rate. Thus,
the calculated function of entropy should increase moriotdly with depth. How-
ever, itis seen in Figure 3.8 that the calculated functioemfopy at the interface is
over-predicted in all 4 codes since the entropy here is gréfaan the entropy at the
next gauge position shown. Thereafter, the calculatedpytncreases monotoni-
cally with depth as expected. The over-calculation in threefion of entropy at the
impact interface is analogous to the calculational errescdbed by Noh [93], and
occurs as a result of a numerical start up error due to exbes& fieating on shock
formation. This phenomenon is known generically as ‘wakltivey’ [107] and, in
relation to CREST, is discussed in more detail in Sectior3.6

It is observed that, in this case, the over-calculation ¢fagy at the interface
(‘wall heating’ effect) is greater in magnitude in the Laggéan codes than the
Eulerian codes, consistent with the findings of Rider [1@dih CORVUS giving
the largest, and PETRA the smallest, over-prediction imogyt at the interface.
This trend is replicated in the calculated particle velptiistories in Figure 3.7.
For example, looking at the calculated histories at depftf&®and 7.0mm, it is
observed that the magnitude of the peak particle veloctyaatest in the CORVUS
calculation followed by, in order of decreasing magnitlRlERUSE, SHAMROCK,
and PETRA. However, the observed differences are smalljtarzh therefore be
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concluded that the different hydrocodes give consistentlte

3.5.2 SHAMROCK AMR Calculations

In the previous section, calculations using the SHAMROCKrbgode were
carried out with a uniform mesh,e. without using adaptive mesh refinement
(AMR). To validate CREST in AMR calculations on SHAMROCK, amber of
simulations of EDC37 gas-gun Shot 1159 were performed. Wprtaximum of 3
refinement levels were included in the calculations; thesm&vel mesh and the
number of refinement levels were varied as follows,

1. 0.02 mm uniform mesh (3200 x 16 cells) (no mesh refinement)

2. 0.04 mm coarse level mesh (1600 x 8 cells), with 1 level faheenent
3. 0.08 mm coarse level mesh (800 x 4 cells), with 2 levels fifieenent
4. 0.16 mm coarse level mesh (400 x 2 cells), with 3 levels frieenent

The number of refinement levels was chosen such that in eéaliat#éon the mesh
size at the highest refinement level remained constant.cbhissponds to the mesh
size in the uniform mesh case (0.02mm). Remember at eadofeedinement the
mesh is finer by a factor two in each direction. Using the refiewt criteria for
CREST as given in Section 3.4.5 witk,in=0.0001, the calculated particle velocity
histories from the 4 calculations are shown in Figures 312-8espectively. These
figures indicate that very similar results are obtained betwAMR calculations
using CREST with different numbers of refinement levels gjset

Again, to analyse the calculated results more closely, dnepuited particle ve-
locity profiles from all 4 calculations are compared in Figg&.13, and the corre-
sponding calculated function of entropy profiles at the spositions are compared
in Figure 3.14. With different levels of refinement specifiadhe calculations, it
can be seen that near identical results are obtained. Hovgevee numerical noise
is observed in the calculated histories as the number oferefmt levels specified
is increased. Looking at the calculated entropy profilesartigular, there are a
number of occurances where the entropy changes from a conslae for a short
time before reverting back to the correct value. These absig entropy occur
where the mesh is being de-refined back down from the higlkeéisement level
to the coarse level grid as a result of the reaction ratenfalielowA . It is ob-
served that the magnitude of these numerical oscillatiocreases with the number
of mesh refinement levels used. The numerical noise is dueetmesh refinement
algorithm in the hydrocode, and not a function of the CRESTehoThis is an area
that requires further investigation to examine whethentinaerical noise can be re-
moved, or at least significantly reduced, to provide impdoresults when several
refinement levels are specified in a calculation.
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3.5.3 Summary

For the particular gas-gun experiment modelled (EDC37 $h69), consistent
results between all 4 hydrocodes, and between SHAMROCHKIlzdions with dif-
ferent levels of mesh refinement, have been obtained. Itiaddconsistent results
between PERUSE, CORVUS, PETRA, and SHAMROCK were also obthfor
the other EDC37 gas-gun experiments listed in Table 3.5, ¥alidating the imple-
mentation of the CREST model in the hydrocodes. The smddéréifices observed
between the calculated results correlate with the amoulwalf-heating’ associ-
ated with the function of entropy solutions obtained from tifferent hydrocodes.
This is discussed further in Section 3.6.2.

In adaptive mesh refinement calculations on SHAMROCK, iasireg the num-
ber of refinement levels leads to increased numerical npISREST calculations.
This occurs when the adaptive mesh is de-refined back dovine tmoiarse level grid,
and is a function of the mesh refinement algorithm in SHAMROGKs recom-
mended that CREST AMR calculations on SHAMROCK are not ruth\ailarge
number of refinement levels specified until further investiigns are carried out to
identify, and fix, the source of the observed numerical noise

At present, CREST can only be used in Lagrangian mode in thelimensional
ALE code CORVUS. In future, CREST will be incorporated inte tALE package
in CORVUS, and the validation work carried out to date wilbyide a baseline
against which this work can be tested.

3.6 Numerical Issues Regarding the CREST Model

3.6.1 Introduction

During the hydrocode implementation and use of the CRESTtixeaburn
model, a number of areas of concern arose from hydrocodalattns using the
model. In particular, the move to entropy-based reactioesrantroduces a num-
ber of computational problems, not associated with presbased models, which
have to be addressed. The problems are: (i) an over-predliofi internal en-
ergy/entropy/temperature at the impact interface in thdetimg of explosive im-
pact problemsdggas-gun experiments), (ii) shocks in porous materials mutc-
tion with the Snowplough porosity model, and (iii) mesh sgvity of an entropy-
dependent model.

Although the use of entropy-based reactive burn modelsduites additional
numerical complexities, their ability to model a wider rargg initiation phenomena
when compared with pressure-based models, see [61] andiéRes it worthwhile
to identify and, where possible, attempt to solve thesetaail problems.
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3.6.2 Modelling Gas Gun Experiments

In-material, particle velocity gauges, which are fieldeaire-dimensional ex-
plosive gas-gun experiments, provide valuable insight the reaction behaviour
in impact initiated high explosives, see for example [37heTmodelling of these
gas-gun experiments is required to help determine the pesmin the CREST
reaction rate model by fitting to the available particle e#tjpgauge data. A classi-
cal problem in the modelling of such experiments is an ovedigtion of internal
energy, and hence, a function of entropy and temperatuhe atpact interface.

To illustrate this problem consider a simple, hypothetioak-dimensional im-
pact problem where a 30mm long Perspex projectile trayglliha velocity of
u=0.931 mmys impacts a stationary PBX9501 explosive target also 30memugth,
see Figure 3.15. The two materials were assumed to be Iyitiatontact with the
mesh nodes of the projectile being given the prescribedcitgla, apart from the
interface node which had a velocity of u/2. On impact a weflraal, flat-topped,
shock wave should travel into the target material, and alaishock wave travel
back into the projectile. Over the timescales considered, ke dimensions of the
problem are such that the projectile and the target aretetfeanly by the initial
shock wave. For this hypothetical problem, the magnitudénefshock generated
in the explosive would start the initiation process in PBB95However, here the
PBX9501 region was treated as an inert material (no enelgase). When de-
veloping reactive burn models, non-reactive calculatiares performed to ensure
that the explosive’s unreacted behaviour is accuratelyethed before considering
calculations with energy release.

The simulations were carried out using the one-dimensjomalti-material hy-
drocode PERUSE [88], which is used as a test-bed for modelojement. A mesh
density of 10 zones/mm was defined in both materials, and atapitally limited
artificial viscosity was used to accurately represent tlpggating shock disconti-
nuity [91]. The non-reactive calculations are mesh coregaf this 0.1mm resolu-
tion. The explosive was modelled with its non-reactive EQf érom the CREST
model, and was assumed to be non-poraesthe explosive was at its solid den-
sity or theoretical maximum density (TMD). The non-reaet®/OS parameters for
PBX9501 [108] at TMD are given in Table 3.4. The Perspex ingragas modelled
using a Linear Gruneisen EOS (3.35)-(3.37), and the EOSeas for Perspex
[97] are given in Table 3.3.

The calculated pressure and particle velocity profilesughothe problem at
two different times from impact are shown respectively igufes 3.16 and 3.17.
As the projectile and explosive target are initially in cactt time of impact is t=0.0
ps where the material interface is at 30mm. At t=gs0and t=4.Qus from impact,
the material interface is at 30.8mm and 31.5mm respectilidly pressure-particle
velocity Rankine-Hugoniot solution to this simple impaobiplem is shown in Fig-
ure 3.18, where both materials were described by their octispeEOS’s in Tables
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Table 3.4: Non-reactive EOS parameters for PBX9501 at TMI3]1

| Parametelf Value | Units |
Pos 1.860 glen?
Kos 0.1403788 Mbar
Aq 3.489228
Ao 5.635034
Az 0.0
B4 0.0
Bo 0.0
Bs 0.0
fe 0.0
0 0.0
M 89.40868
) 4,929351
Yoo 0.4
m 2.0
Tos 293.0 K
G, 1.016x 107> | Mbar cn/g/K
dCy/dT | 3.16x 108 | Mbar cn/g/K?

3.3 and 3.4. The condition at the interface after impactas pinessure and particle
velocity must be equal in both materials. This conditionagssied at the intersec-
tion of the Hugoniot curve for PBX9501 at a density of 1.866ng¥ (TMD), and
the Perspex Hugoniot through the impact velocity=Q0931 cmis). Comparing
this solution with the calculated profiles in Figures 3.1@ &117, it is seen that,
in the shocked region, pressure and particle velocity ath bwdelled correctly
as continuous across the impact interface, and with thecomagnitudes. Thus,
by examining the pressures and particle velocities front#ieulation, all appears
well with the modelling of this impact problem.

However, now consider the calculated internal energy m®fthrough the prob-
lem at the same times from impact (t=29and t=4.Qus), see Figure 3.19. For ease
of illustration, the internal energy-distance plot in thereacted explosive region
only is shown in Figure 3.20. The internal energy in the sledcgtate is different
in Perspex and unreacted PBX9501 explosive due to the eliffe@ompressibilities
to the two materials. Perspex has the higher internal erdugyto the greater vol-
ume change in the shock. The feature to note in Figures 3.dA8a0 is that the
internal energies immediately adjacent to the impact iaterin both the Perspex
and unreacted PBX9501 are over-predicted as a result ofrthadt. Away from
the immediate vicinity of the impact interface, the intdmmaergies in both the flyer
and target materials are correctly modelled. CORVUS, PETd&d SHAMROCK
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calculations of this problem also over-calculate the imaéenergies either side of
the impact interface. Since the entropy function and teatpegs calculated in the
unreacted PBX9501 explosive are both functions of the slase internal energy,
then there is a corresponding over-prediction in thesetiiiemadjacent to the im-
pact surface, as shown in Figures 3.21 and 3.22 respectisgige the pressure in
the shocked state is correctly modelled then, for@ Bj EOS, an over-calculation
in internal energy results in a corresponding under-ptexficn density.

The internal energy, function of entropy, and temperataréthe non-reactive
explosive material are significantly over-predicted infirs 3-4 meshes adjacent to
the impact surface. Calculations with different mesh nesohs have shown that the
over-predicted region is a fixed number of meshe8-4), and hence the length of
this region will vary dependent on the mesh size used. In OREf® reaction rate is
a function of the current entropy of the unreacted explosieemesh. Thus, unlike
models that use pressure-dependent reaction rates, CRiISdver-predict the
extent of reaction in the explosive immediately adjacerth&impact surface since
the reaction rate will be artifically too high for the first faawnes in the explosive.
This could potentially have serious consequences on thefrése modelling, and
could lead to incorrect conclusions being made about thetivesbehaviour of the
explosive.

The over calculation in internal energy at the impact irstegfis analogous to
the computational errors described by Noh [93], and is adtre$a numerical start
up error due to excess ‘wall-heating’ on shock formatiortifigial viscosity based
hydrocodes typically spread shocks over a fixed number ohese& 3 or 4). Upon
impact, it thus takes a finite time for the shock to be formeudi during this time
excessive shock heating occurs in the first few zones adjazéme impact surface,
which then propagates as an error over the time frame of thelation. Since eval-
uation of temperature within hydrocodes is based on intemergy calculations,
then temperature-based reactive burn models will alsestrifm the same (‘wall-
heating’) problem. To the authors knowledge, this proble® ot been discussed
in relation to temperature-dependent reactive burn models

The ‘wall-heating’ problem has been an issue for as long askshhysics cal-
culations have been performed. It is a very difficult and lemajing problem for
artificial viscosity based hydrocodes to overcome, and nséingies analysing this
phenomenon have been carried out, see for example [107]. [$08able solutions
to try to minimise the effect of this long-standing problemelude, (i) an artificial
heat conduction cure proposed by Noh [93], (ii) use of an adapnesh shock
capturing technique [109], and (iii) new artificial visctysiormulations [110]. To
examine whether it is necessary to apply a suitable solutiethod to the ‘wall-
heating’ problem in relation to CREST, the effect of the elrothe function of
entropy at an impact interface has been studied in reactivergy release) gas-
gun calculations of the HMX-based explosive EDC37 [111]. pfevent an over-
prediction in reaction rate occuring, the entropy funciiothe ‘wall-heated’ zones



CHAPTER 3. CREST REACTIVE BURN MODEL 89

was scaled locally to remove the ‘wall-heating’ effect. §mvolved running two
calculations; it is necessary to firstly run an inert simolato determine the ‘wall-
heating’ effect, and then run the reactive (energy releeaiellation with the en-
tropy modified locally to remove the entropy over-prediatin the vicinity of the
impact surface. Comparing energy release CREST calcoatgth and without
entropy scaling factors, showed that the over-predictiothé entropy function at
the impact surface made little difference to the calculai@dicle velocity histories.

To an extent, the effect of the ‘wall heating’ problem can eersby examining
Figures 3.7 and 3.8 which compare the hydrocode results D23 Shot 1159.
The over-prediction in the function of entropy at the impiaterface is different
between the different hydrocodes, yet the differences éetvthe calculated parti-
cle velocity histories at the different Lagrangian positas small. This suggests
that the ‘wall-heating’ effect may not be problematic in retisthg EDC37 explo-
sive. However, this may not be the case for other explosivésterest, and will
need to be investigated every time a CREST model for a newffereint explosive
is developed. Therefore, to avoid having to do this, appadpmethods will in
future be applied to minimise the effect of this long stagdmoblem in relation to
CREST.

3.6.3 Snowplough Shocks

All heterogeneous solid explosives of interest containesdegree of porosity,
and it is well known that this has an important influence on mplasive mate-
rial's non-reactive Hugoniot, see for example [36]. Relyerd methodology for
determining the EOS of unreacted explosives as a functigmoodsity has been
developed [100]. This involves extrapolating availablperxmental Hugoniot data
for the porous explosive to a best estimate of the fully deétisgoniot. The EOS
for the fully dense material used in conjunction with an aympiate porosity model
then allows the unreacted porous Hugoniot at any porositetecovered.

CREST employs a porosity-dependent unreacted EOS. Tot¢akemt of poros-
ity in determining a porous explosive’s non-reactive HUQGnCREST currently
uses the Snowplough porosity model. In this model, the ponoaterial is assumed
to compact to close to its solid density at zero pressurel itstate lies on the
EOS surface of the fully dense material for the rest of thewation, see Figure
3.23. In addition, it is assumed that the sound speed is 2etngithe compaction
process. The modelling of shocks in porous materials inwsaztjon with the Snow-
plough porosity model has been shown to be an area of coneganding the use
of the CREST model. To illustrate this, the simple impactybeon described pre-
viously in Section 3.6.2 was re-run with porous PBX9501 egple in place of
the explosive at TMD. The initial density of the PBX9501 @giwas taken to be
1.825 g/cm, corresponding to an initial porosity 8§2%, with the explosive ma-
terial again being assumed inert, and hence modelled véthah-reactive EOS
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taken from the CREST model. The EOS constants for the Persgeactor, and
unreacted PBX9501 target at TMD, were as given in TablesritiBa respectively.
The non-reactive EOS for the porous explosive was evaldaiadthe EOS at solid
density using the Snowplough model.

The Rankine-Hugoniot solution to this impact problem isvghan Figure 3.18.
In this case, where the Perspex projectile impacts on pd?BX9501 explosive, the
solution is given by the intersection of the Hugoniot curmeRBX9501 at a density
of 1.825 g/cm, and the Perspex Hugoniot through the impact velocity{D931
cmius). The calculated pressure-distance and particle vgldstance profiles at
t=2.0us and t=4.0s from impact are shown in Figures 3.24 and 3.25 respectively
Comparing the calculated profiles with the Rankine-Hugbsaution, it is seen
that the calculated values across the interface are in mgmaewith the Hugoniot
solution. However, with the introduction of porosity intoet explosive, small nu-
merical oscillations in the pressure and particle velopityfiles are now observed
behind the propagating shock wave in the initially poroysiesive.

The corresponding calculated internal energy profilesuitiinothe problem at
the same times from impact are shown in Figure 3.26, wheleamternal energy
profiles through the explosive region only are shown in FegRi27. When the ex-
plosive was assumed to be at TMD, the calculated internabgnaway from the
immediate vicinity of the impact interface, gave a flat-tegprofile behind the
shock front. With the porous explosive, the calculatedrimdeenergy oscillates
about the correct value throughout that part of the expéogiat has been traversed
by the shock giving a ‘sawtooth’-like profile. Again, as witte impact calculation
where the explosive was at its TMD, the calculated internargies immediately
adjacent the impact surface in both the Perspex impactouarehcted PBX9501
explosive target are over-predicted. However, with theoohiiction of porosity, the
magnitude by which the internal energies are over-predibtes been reduced in
comparison to the calculation where the explosive was diWb. As the function
of entropy and temperature calculated in the non-reackpisive are both related
to the solid phase internal energy, then the observed ‘sdalwtbke behaviour be-
hind the shock front in the explosive is repeated in the dated profiles of these
guantities, see Figures 3.28 and 3.29 respectively.

The ‘sawtooth’-like behaviour seen in the computed inteenargy, function of
entropy, and temperature profiles in the explosive regiarearly an undesirable
feature, particularly when using a reaction rate model ddpet on the function of
solid phase entropy in a mesh. These oscillations couldrigeeto numerical in-
stabilities when considering CREST calculations with ggeelease. Interestingly,
the numerical oscillations in the calculated entropy pesfipersist throughout that
part of the explosive that has been traversed by the shodeah the oscillations
in the pressure profiles appear to be damped out at someahdiehind the shock
wave propagating through the explosive.

The observed numerical oscillations in the computed pofitethe explosive
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region are as a result of the assumptions made in the Snogiplmadel, in par-
ticular that the sound speed is zero while the material igsipporous state. This
assumption affects the calculation of artificial viscositye form of artificial vis-
cosity, g, used in hydrocodes to represent a shock disaotytis generally defined
as a combination of linear and quadratic viscositeeg.(monotonic q),

d = Cipc|Au] +Cop (Au)? (3.38)

wherep is density, c is sound speefly is the velocity jump across a mesh, &gd
andCy are constants. For a shock wave propagating into a porowsialatsing the
Snowplough model, the artificial viscosity is defined by athg quadratic viscosity
term during compaction. The linear viscosity term is onlyfa@ro once the poros-
ity has been removed. From past experience of modelling sodid materials, use
of only a quadratic viscosity term results in numerical batons behind the shock
front. The purpose of the linear term is to damp out thesesiratge oscillations. It
is also noted that, (i) at the point at which the initially pos material compresses
up to its solid density there is a discontinuity in g, and {fii¢ change in internal
energy during compaction is given by dE= -q dV (since P=0)eselq is given by
the quadratic viscosity term only.

By the particular method that the hydrocode uses to evathatsound speed,
examination of the squares of the sound speéddalculated from the non-reacted
EOS for the explosive material in its porous state has showt) ait low porosi-
ties (~few %), a realistic sound speed is returned. At higher ptessi & is
non-physically negative, a state that cannot be toleratedhydrocode. Thus, for
only slightly porous explosive materials, the calculatedrsl speed from the non-
reactive explosive’s EOS could be used in the calculatioimefartificial viscosity
while the material is in its porous state. In PBX9501 explesit a density of 1.825
glcn? (~2% porosity), the unreacted EOS returns realistic values¥evhile the
material is being compressed to solid density. Thus, thevSlomgh model was
modified by removing the assumption that the sound speedosizging the com-
paction process, and using the sound speed as evaluatethiamn-reactive EOS.

The inertimpact calculation with porous PBX9501 was repeasing the mod-
ified Snowplough model, and the computed pressure, pawustéeity, function of
entropy, and temperature profiles are shown in Figures 3.3, 3.32, and 3.33
respectively. These figures show that using a realisticégspeed in the calcula-
tion of artificial viscosity while the explosive materialiisits porous state, all but
removes the numerical oscillations and ‘sawtooth’-likéd&our previously seen
when assuming that the sound speed was zero. However, théed@&howplough
model is not suitable for highly porous explosiveeg. Non-ldeal explosives, since
the & values evaluted from the non-reactive EOS will be non-ptalli negative.
In this case, a I porosity model [67] will be required. The main difference be
tween a Pa porosity model and the Snowplough model is that@iodel provides
a realistic description of the compaction process at loessttevels which is absent
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from the Snowplough model, see Figure 3.23. Thus, it alldvescialculation of a
realistic pressure and sound speed while the material mglmeimpressed up to its
solid density, and hence use of axRorosity model, in place of the Snowplough
model, should help improve the modelling of shocks in porexglosives using
CREST.

3.6.4 Mesh Sensitivity

In developing reactive burn models, fine zoning is usualyneed in hydrocode
calculations to ensure adequate phenomenon resolutiomitfal study of the sen-
sitivity of CREST calculations, with energy release, to mdensity has been per-
formed by modelling one-dimensional gas-gun experimentshe conventional,
HMX-based high explosive EDC37 [37]. By fitting to embeddextjle veloc-
ity gauge data from these experiments, a CREST model for EB82Blosive was
developed [61], and the model parameters are given in TaBle Bhe PERUSE
hydrocode [88] was used to perform the mesh sensitivityysivttere the mesh res-
olutions used ranged from 5-100 zones/mm. For each cailen)a monotonically
limited artificial viscosity was used to represent the pggiang shock discontinu-
ity [91]. Since the porosity of EDC37 is smah-0.2%), for the purposes of this
study it has been treated as a fully dense material. In aalithe effect of the
over-prediction in the function of entropy, due to the ‘wWadlating’ effect, has been
shown to be very small in EDC37 explosive [111].

As an example of results obtained from the mesh sensitititgys Figure 3.34
shows the calculated particle velocity histories at a nurobdifferent gauge loca-
tions for EDC37 Shot 1159. For ease of illustration, only tbgults at the 2.9mm,
4.9mm, and 8.0mm gauge locations are shown which correspmrghly to the
early, middle, and late stages respectively of the growttettmnation process. In
the calculations reaction is allowed to proceed as the fomcif entropy rises with
the arriving shockj.e. there is reaction through the shock front. The computed
CREST results show that mesh resolution has a significaettesh the calculated
particle velocity histories. There is increased reactibtha 2.9mm and 4.9mm
gauge locations with decreasing mesh density, which inresults in earlier shock
time of arrival at the gauge locations since the shock waaecglerating faster.
Correspondingly, there is a shortening of the computeddistance and run-time
to detonation with decreasing mesh density. Overall, thelteindicate that a mesh
density of 50 zones/mm is required to obtain mesh convergmdts.

The CREST mesh sensitivity results are to be compared wétbdiresponding
calculations of EDC37 Shot 1159 using a pressure-depemeactive burn model.
The pressure-based Lee-Tarver model [49] is the most widedg reactive burn
model for hydrocode simulations of shock initiation in lretgeneous explosives,
and has been implemented in the PERUSE hydrocode (see Cl2pté Lee-
Tarver model for EDC37 explosive was previously developgtiMinter et al. [63]
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by attempting to fit to a number of the EDC37 sustained sisleck gas-gun ex-
periments as given in Table 3.1. The Lee-Tarver parameteSDC37 explosive
are reproduced in Table 3.5.

The calculated patrticle velocity profiles for EDC37 Shot2452.9mm, 4.9mm,
and 8.0mm gauge locations using the Lee-Tarver model amgrshoFigure 3.35.
As with the CREST simulations, reaction was allowed to pedcthrough the ar-
riving shock front in each computational mesh. Using the-Tae/er model, there
is only minimal effect on the calculated results with desieg mesh resolution
over the range of mesh densities used. It is only at the cstarssolution tested (5
zones/mm) that the resolution used starts to have someeabte effect on the cal-
culated patrticle velocity histories. The trend is to sliglatelay the growth of reac-
tion with increasing mesh size, rather than to increaseabasrved with CREST.
Using Lee-Tarver, there are only small differences in the-distances and run-
times to detonation over the range of mesh densities usee.L&b-Tarver calcu-
lated results show that mesh convergence occurs at a mesityd#10 zones/mm.
Thus, it would appear that an entropy-dependent modelregaifiner mesh than a
pressure-dependent model in order to achieve mesh covergelts.

The CREST mesh sensitivity study was repeated using twmalige approaches,
termed ‘g-switching’, for turning on the reaction in a congaional mesh, namely
(i) reaction turned on when the derivative of artificial sy, q, with respect to
time is less than zero%g < 0), which occurs approximately half way through the
rise time of the arriving shock front, and (ii) the reactioasssuppressed until the ar-
tificial viscosity dropped below a specified threshadd 10~° Mb), such that there
is no reaction throughout the rise time of the shock fronte Tbhmputed results
for EDC37 Shot 1159 using ‘g-switching’ method (i) for theset of reaction in
a mesh are shown in Figure 3.36. The calculated profiles ayesimilar to those
in Figure 3.34, showing only a small improvement in mesh eog@nce properties
compared to the results where reaction was allowed to pdateeugh the arriving
shock wave.

The calculated results for EDC37 Shot 1159 using ‘g-switghimethod (ii)
above for the onset of reaction in a computational cell amvshin Figure 3.37.
Delaying the onset of reaction to start at approximatelyttipeof the rise time of
the arriving shock front, has improved the mesh convergenhere is now only a
small effect on the calculated particle velocity results] aence run-distances and
run-times to detonation, with decreasing mesh resoluti@r the range of mesh
densities used. It is only the 5 zones/mm results at latestiimat show any signif-
icant differences. Results are mesh converged at 10 zonmegining comparable
mesh convergence properties to the pressure-based Les-Taondel. Comparing
the CREST results in Figure 3.37 with the Lee-Tarver regalfSigure 3.35, and
ignoring the differences in the shape of the calculatedlpfthere is a remarkable
similarity, in terms of the mesh size effect, between the $ets of calculations.

Comparing all three approaches in CREST for turning reacatio in a cell,
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Table 3.5: Lee-Tarver parameters for EDC37 [63] and PBXJ3Q02]

| Parametef EDC37 | PBX9502 | Units |
Po 1.842 1.911 glen?
P0s 1.842 1.911 glen?
Reaction products equation of state
A 8.524 5.31396 Mb
B 0.1802 0.027039 Mb
G 38x10°° 4.6x10°6
X Py 4.60 4.1
X P 1.30 1.1
Cy, 1.0x107° 1.0x10™° | Mb/K
Q 0.102 0.069 Mb
Unreacted equation of state
Ry 69.69 70.75 Mb
R> -1.727 -0.0023005 | Mb
Rs 2.148789x 107° | 2.20x 107°
Rs 7.80 8.617
Rs 3.90 -2.1306
Cv. 2.505% 107° 2.487x 107°
To 298.0 297.827 K
Reaction rate parameters
| 3.0x 101 15x10° pst
b 0.667 0.667
a 0.0 0.237
X 20.0 7.0
Gy 90.0 0.8 MbYus?t
c 0.667 0.667
d 0.333 0.111
y 2.0 1.0
Gy 200.0 3500.0 Mb~Zust
e 0.333 0.333
g 1.0 1.0
z 2.0 3.7
Aigmax 0.3 0.3
AG1max 0.5 0.5
AG2max 0.0 0.0
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the same results are essentially obtained at the highest deesities (100 and 50
zones/mm) irrespective of where the reaction is turned aespect of the arriv-
ing shock front. However, at coarser resolutions signitigadifferent results are
obtained between the different approaches. Least vamiatithe calculated results
with mesh size is observed where reaction is suppressedgihoat the arriving
shock front. It is not clear why one particular method foratean commencement
in a computational cell should be preferred over any otheéhefapproaches tried
here. However, to implement the ‘g-switching’ methods désd above required
additional modifications to be made to the hydrocode, andééme more natural
approach is to allow reaction to proceed through the agigimock wave. The mesh
sensitivity study on the HMX-based explosive EDC37 has shihat using this ap-
proach the entropy-dependent CREST model requires a fingn (8@ zones/mm)
than the pressure-based Lee-Tarver model (10 zones/mmghieve mesh con-
verged results.

More recently, a CREST model for the TATB-based insenshigh explosive
PBX9502 has been developed [62]. Four one-dimensionajlesshock, gas-gun
experiments and the one-dimensional Pop-Plot were useet¢éondine the param-
eters in the CREST reaction rate model for PBX9502. The sisgbck gas-gun
experiments that the model has been calibrated to are susadam Table 3.6. Itis
well known that insensitive high explosives have much lorgaction zones than
conventional high explosives; typical reaction zone wsddleduced from detona-
tion experiments are (0.1 mm for HMX-based explosives, and (i)L.0 mm for
TATB-based explosives. Since the standard rule of thumbas~+10 meshes are
needed to resolve the reaction zone in an explosive, thensits/e high explosives
should be less demanding on mesh resolution than convahtiaggh explosives.

Table 3.6: Summary of single-shock PBX9502 gas-gun exp@rim

Shot No. | Density | Impact Vel. | Impactor | Input Pressurg Run Distance
(g/cn?) (mmjus) Material (kbars) (mm)
2S-70 1.889 2.349 Kel-F 106.5 11.82
25-69 1.889 2.493 Kel-F 116.2 9.17
25-86 1.888 2.766 Kel-F 135.5 6.01
25-85 1.886 3.118 Kel-F 162.2 3.68

To examine the mesh resolution requirements for an inseas$itgh explosive,
the mesh sensitivity study performed on EDC37 has been tegpe&an PBX9502.
Hydrocode calculations of gas-gun Shot 2S-69 have beeiredarut on PERUSE
at resolutions of 5, 10, 20, 50, and 100 zones/mm to examem#dsh convergence
properties of the CREST model for PBX9502 explosive. The SREodel param-
eters for PBX9502 are given in Table 3.2. In the calculatithresKel-F impactor
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was modelled using a Cubic Gruneisen EOS [98] of the form,
posCo? & [1+ (1-2) -5 €]

2 3
[1_(51_1)5—52%—33 (Ei—l)z]

5+ (Fo+AE) posE ,& > 0(3.39)

P = pos(Co?E+T0E) ,& < 0(3.40)
where,
t=P 1 (3.41)
Pos

is the compression, and the shock velocliti)¢particle velocity Up) relationship
is non-linear,

2

Us = CG+s1Up+s (ﬁ) Up+s3 (ﬁ) Up (3.42)
Us Us

The EOS parameters for Kel-F are from Steinberg [98] and &engn Table 3.3.

Particle velocity histories were obtained from the caltatss at the following La-

grangian positions in the explosive material; 0.00, 3.06344.96, 5.74, 6.54, 7.34,

8.12,8.92,9.70, 10.50, 11.00, 12.00, and 13.00mm.

Figure 3.38 shows the calculated particle velocity redialitsShot 2S-69 over
the range of mesh densities used, where reaction was alltmecehceed through
the arriving shock front in each computational mesh. Ag@minease of illustration,
only a handful of gauge locations are plotted, namely th&mrh, 7.34mm, and
11.0mm gauge positions, which correspond roughly to thly,eaiddle, and late
stages respectively of the growth to detonation process PBX9502, moving to
coarser zoning increases the numerical oscillations orcéll®ilated particle ve-
locity histories. The shock time of arrival, and the timingdanagnitude of peak
particle velocity, is relatively well matched down te10 zones/mm, and there is
very little difference in the computed run-distances andtimes to detonation. At
5 zones/mm meshing, significant oscillations appear on dhepated particle ve-
locity histories, and there is increased reaction at théridr8 gauge position which
results in earlier shock time of arrival at the 11.0mm gawgation. As a result, the
computed run-distance to detonation is slightly shortanttihose computed at the
other mesh resolutions used here. Over the range of meshiedensed, the calcu-
lated CREST results show that there is less sensitivity tshnseze with PBX9502
compared to EDC37. Mesh converged results are obtained ash density of 20
zones/mm for PBX9502, whereas a mesh density of 50 zonesgmeaquired to
obtain mesh converged results on EDC37 explosive.

The CREST mesh sensitivity results on PBX9502 explosiveslimen com-
pared with the corresponding calculated results using tesspre-dependent Lee-
Tarver model. By fitting to experimental Pop-Plot data [Z/l.ee-Tarver model for
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PBX9502 has been developed [112], and the model parameters@oduced in
Table 3.5. The calculated particle velocity profiles at the84m, 7.34mm, and
11.0mm gauge positions for Shot 2S-69 using the Lee-Tanatemare shown
in Figure 3.39, where reaction was allowed to proceed thrdahg arriving shock
front. Over the range of mesh densities used, it is obsehadthere is very little
or no difference between the computed profiles. Itis onlyesimdensities less that
5 zones/mm that significant differences are observed in dhgpated particle ve-
locity histories, and hence the calculated results arearged at a mesh density of
5 zones/mm. Thus, for a different explosive, it is again olee that the entropy-
dependent CREST model requires a finer mesh than the predepeadent Lee-
Tarver model to obtain mesh converged results. Again, sterdi with CREST,
calculations using the Lee-Tarver model are less demaradimgesh resolution for
PBX9502 in comparison to EDC37. This is due to the longertreazones in
insensitive high explosives.

To complete the CREST mesh sensitivity study on PBX9502aesxyé, calcu-
lations using the two ‘g-switching’ approaches for turnimg reaction in a com-
putational mesh, as described previously, were also rugur&i3.40 shows the
calculated particle velocity histories at the 4.18mm, m84 and 11.0mm gauge
locations for Shot 2S-69 using ‘g-switching’ method (i) tbe onset of reaction in
a mesh. Again, as with the EDC37 results, the calculatediestare very similar
to those where reaction was allowed to proceed through thvray shock front, see
Figure 3.38, thus showing little improvement in the meshveogence properties of
the model. The calculated results for PBX9502 Shot 2S-6Agusj-switching’
method (ii) are shown in Figure 3.41. It is observed thatscgant with results on
EDC37 explosive, mesh convergence is improved by delayiagbmmencement
of reaction in a mesh until after the shock has formed.

To independently address the issue of mesh convergenagarsantropy-based
reaction rate model, Fluid Gravity, as part of an externaltiazt, were asked to
perform calculations using their two-dimensional Euletigdrocode EDEN [113].
Calculations on EDC37 explosive over a range of mesh dessitvhere different
EOS’s and a different form of the entropy-dependent reactibe were used, gave
very similar results to those obtained with CREST for EDCBHferefore, it can be
concluded that the form of the reaction rate and/or the EQ&Esl in CREST are not
the cause of the mesh convergence problems. It is not yetstodd why CREST
requires a finer mesh than a pressure-dependent model &vachesh converged
results, and further work is therefore required to undestae mesh convergence
properties of entropy-based models.

To overcome the more restrictive mesh size requirements @httopy-dependent
model, CREST has been implemented into the two-dimensibul@rian adaptive
mesh refinement (AMR) hydrocode SHAMROCK with an appropri@finement
criteria defined for the model. This will enable large, twimdnsional shock initia-
tion problems of interest to be simulated at the size of meghired by CREST to
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obtain mesh converged results.

3.6.5 Discussion

The modelling of simple impact problems involving expl@syis important for
two reasons. Firstly, many safety problems of interest lirev@ituations of im-
pact initiation of high explosives and, secondly, the mbglof explosive gas-gun
experiments is usually required to calibrate the reactaia parameters in a reac-
tive burn model. The modelling of a simple, hypotheticalke@imensional impact
problem, where a Perspex projectile impacts a stationaertfi explosive target,
has been performed to highlight two areas of concern rglatnthe hydrocode
implementation and use of the CREST reactive burn model.

The first area of concern relates to the over-calculatiopetsic internal en-
ergy in both the impactor and, more importantly, the une@eixplosive target in
the immediate vicinity of the impact interface. This occursspective of whether
or not the material to be impacted is porous. To be able to hbdessential exper-
imental phenomena in shock initiation of heterogeneous sxiplosives, CREST
employs a reaction rate that is a function of the currentogytiof the unreacted
explosive in a mesh. Since the function of entropy calcdlatethe non-reactive
explosive is related to the specific internal energy, thefeSR will over-predict
the rate of energy release in the explosive in the vicinitthefimpact surface. This
could potentially have serious repercussions on the rabieahodelling, and could
lead to incorrect conclusions being made about the irdtiedind reaction behaviour
in impact initiated explosives. The error in internal eryeag the interface in mod-
elling impact problems is caused by excessive shock heatinghock formation.
This has been termed ‘wall-heating’, and is an inherent lpralfor artificial vis-
cosity based hydrocodes to which there is no known solusiitihough a number of
methods have been suggested to minimise the effect of tHeheating’ problem.

The effect of the error in the function of entropy at an impatérface was ex-
amined in energy release calculations of EDC37 gas-gurriexeets [111]. To pre-
vent an over-prediction in reaction rate occuring, theagtrfunction in the ‘wall-
heated’ zones was scaled locally to remove the ‘wall-hgaéfiect. By comparing
CREST energy release calculations, both with and withotrbpy scaling factors,
it was shown that the over-prediction in the entropy functb the impact surface
made little difference to the calculated particle veloditgtories. The conclusion
from this study was that the ‘wall-heating’ effect is not plematic in modelling
EDC37 explosive, and thus allows CREST to be used to modelimensional
geometries without the need to use complicated methodstewsndime and apply
appropriate entropy correction factors. However, this matybe the case for other
explosives of interest, and will need to be investigatedyetime a CREST model
for a new or different explosive is developed. Thereforegwoid having to do this,
proposed suitable methods to minimise the effect of the sdagding ‘wall-heating’
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problem will in future be tried out in relation to CREST.

The second area of concern is the modelling of shocks in gommaterials in
conjunction with the Snowplough porosity model. The amdlen of the Snow-
plough model in CREST to accurately determine the Hugorfiahoeacted porous
explosive produces undesirable numerical oscillatiotisarcalculated profiles from
the simple impact problem, in particular the calculatedcfion of entropy of the
solid phase explosive. Since this is the variable upon wthehCREST reaction
rate model is dependent, then this could give rise to numleinstabilities in en-
ergy release calculations. The source of these unwantdthtieos has been traced
to the calculation of artificial viscosity in the porous nrékto represent the shock
discontinuity. In the Snowplough model, the velocity of sdus zero while the
material is in its porous state, and hence the artificialoggy is defined by only a
guadratic viscosity term during the compaction procese liftear viscosity term,
whose purpose is to damp out post-shock oscillations, ig nah-zero once the
porosity has been removed.

The modelling of shocks in porous materials in conjunctiathwthe Snow-
plough model can be improved by removing the assumptiortiiestound speed is
zero while the material is being compressed to solid densityas been shown that
if a real sound speed is calculated from the unreacted EOI® ti@d material is in
its porous state, and this is then used in the calculatiomeodittificial viscosity, then
the undesirable numerical oscillations are very signitigareduced. However, this
is only applicable to low porosity materials since, for Highorous materials, the
values of the square of the sound speed calculated from tleacted EOS will be
non-physically negative, a state that cannot be toleratedhydrocode. To over-
come these problems, use of axRype porosity model in place of the Snowplough
model is being considered for CREST. TheBorosity model aims to provide a
realistic description of the compaction process at lowsstievels, and enables a
realistic sound speed to be calculated while the materiailsg compressed up to
solid density. Therefore, use of acPmodel should help improve the modelling of
shocks in porous materials with CREST.

In energy release calculations using the CREST reactive tmardel, a further
area of concern relates to the sensitivity of the model tdrseg®. This has been ex-
amined by modelling one-dimensional gas-gun experimanta/o different explo-
sives, namely the conventional HMX-based explosive EDG@Bid, the insensitive
TATB-based explosive PBX9502. Where reaction is allowegrtzeed through the
arriving shock front, a mesh density of 50 zones/mm is reguior EDC37 to ob-
tain mesh converged results of the shock to detonationiti@msvhereas PBX9502
requires a mesh density of 20 zones/mm. The coarser mesina@dpy PBX9502
for mesh convergence is a reflection of the longer reactioe od insensitive high
explosives like PBX9502 compared to near ideal explosikesEDC37. Using
the above approach for reaction commencement in a compuightiell, compari-
son of the mesh convergence properties of the CREST modkprassure-based
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Lee-Tarver model, has shown that the entropy-dependenSTRE0del requires a
finer mesh than the pressure-dependent Lee-Tarver modatiamaenesh converged
results; 50 zones/mm (CREST) vs 10 zones/mm (Lee-TarveltBC37, and 20
zones/mm (CREST) vs 5 zones/mm (Lee-Tarver) for PBX9502.

The mesh convergence of the CREST model is improved whewitgiing’
treatments are applied. In particular, the mesh convesypruperties are greatly
improved in the case where the reaction rate is effectivefigched off until the
shock front has passed. It is not clear why one particulahatefor the start of
reaction in a mesh should be preferred over any of the othénods that have
been tried. Since modifications are required to the hydressa implement the ‘g-
switching’ methods, then the more natural approach is tmaleaction to proceed
through the arriving shock front. In this case, it is not yetlerstood why CREST
requires a finer mesh than a pressure-dependent model ®vashesh converged
results, and the work undertaken by Fluid Gravity indicdtes it is not the form
of the reaction rate equation and/or the EOS’s used in CREB@&refore, further
investigations are required to understand the mesh coeneggissues relating to
an entropy-dependent model. One possible suggestiontitin&REST method
may be more mesh sensitive being an entropy-dependent nhedaluse entropy is
more sensitive to errors in shock heating introduced by ttigcsal viscosity than
a pressure-dependent method. Since artificial viscosignigtegral part of the
CREST model, further investigations could include tryirtges types of artificial
viscosity to see if different forms show more or less sevigjtio mesh size.

The finer meshing required by CREST has led to the implementatf the
model in a two-dimensional Eulerian AMR hydrocode to endhlge problems
of interest to be calculated at appropriate mesh resolsitidhe question of mesh
convergence in two-dimensional calculations also neetis tddressed. The mesh
sensitivity study performed needs to be extended to seenehtite findings in one-
dimensional calculations are also true in two-dimensiea#ulations. In addition,
different meshing may be required to obtain mesh convergsdlts in modelling
different phenomena.g. shock to detonation transition, detonation propagation,
corner turningetc, and this also needs to be examined.

3.7 CREST Applied to Two-Dimensional Experiments

3.7.1 Preamble

To date CREST models for the conventional high explosive BD[B1], and the
insensitive high explosive PBX9502 [62], have been dewsdodhe EDC37 model
[61] was fitted to one-dimensional particle velocity gauggadfrom a number of
sustained, single shock, gas-gun experiments examinmghbck to detonation
transition. The same model was then subsequently shown &bleeto simulate
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one-dimensional double shock and thin pulse shock irotia@xperiments. Un-

like pressure-based models, the double shock data wasittieout recourse to an
additional desensitisation model. Four one-dimensimiagle shock, gas-gun ex-
periments and the one-dimensional Pop-Plot were usedéomigie the parameters
in the CREST model for PBX9502 [62]. The same model was themaible to pre-

dict a number of other sustained single shock, and thin puisation experiments.

In addition, by utilising a porosity-dependent unreact€@fSHin CREST, the model
was also able to predict the effects of porosity on RX-03-AliCh has the same
composition as PBX9502) initiation threshold data. ThUREST is able to accu-
rately reproduce a range of one-dimensional shock irotatiata on both EDC37
and PBX9502.

At the outset of the development of the CREST model, one itapbiobjec-
tive was that CREST should be a comprehensive model, meanatgt should
be capable of modelling all relevent phenomena from simptels initiation to
the propagation of full detonation and its capability td.fdlo examine the wider
applicability of the CREST model, and to test its predictdapability, by which
it is meant can it model experiments outside its fitting reginh needs to be ap-
plied to a representative range of both one-dimensiondlnaore importantly two-
dimensional experimental data. One such situation is venetie model can predict
detonation propagation, which by its very nature is two-hsional, as well as the
one-dimensional build-up or growth to detonation from tiety weak shock in-
puts.

Two-dimensional detonation propagation data on EDC37asiypé is scarce.
However, the detonation propagation behaviour of Los Algnmsensitive high ex-
plosive PBX9502 has been extensively studied [114] [115§]1Therefore, to pro-
vide a more rigorous test of CREST’s predictive capabitig PBX9502 model is
applied, unmodified, to two-dimensional detonation pr@iag experiments. Data
on the diameter effect (detonation velocity as a functiooharge diameter) includ-
ing failure diameter and detonation waveshapes in PBX9B0dsed to see how
well, or otherwise, the PBX9502 CREST model, fitted to onaatisional shock
initiation data, can predict two-dimensional detonatioogagation experiments.

3.7.2 PBX9502 Detonation Experiments

A fundamental detonation performance test is the detomasite stick, a cylin-
der of unconfined explosive in which the detonation velocstymeasured. For
propagation along a cylinder of explosive, the detonati@vevinteracts with the
explosive surface resulting in waves reflected into thetr@azone, which change
the rate of reaction. These effects diffuse inwards aloegéaction zone and the
wave becomes curved. The steady state velocity decreatiesheidiameter of
the cylinder as a result of the wave curvature. When the dianoé the explosive
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reduces below a critical size the detonation wave is unaldeipport itself and ul-
timately fails to propagate. A series of rate sticks fireditieent diameters gives
the so-called diameter effect curve, which plots the detonaelocity as a function
of inverse radius or inverse diameter. The diameter effentecterminates at the
so-called failure diameter, the size below which detomatvdl not steadily propa-
gate. In addition to measuring the detonation velocitydénation waveshape of
the wave emerging from the downstream end of the cylindeatsmbe measured
in rate stick experiments. This collection of data has bdsained on PBX9502
explosive.

The diameter effect in PBX9502 explosive was first examine@ampbell and
Engelke [114]. A later detailed study by Campbell [115] expt the combined
effects of charge size (including failure diameter) andiahitemperature (7%,
24°C, and -58C) on unconfined PBX9502 rate sticks ranging in diameter féam
108mm. The results showed that the diameter effect curvdaainde diameter in
PBX9502 are temperature dependent. In particular, at ldi@yaeters the detona-
tion velocity decreases as the temperature increases; thue¢ffect of temperature
on initial density, whereas as at small diameters the détoneelocity falls in line
with temperature due to a decrease in the reaction rate. t&tniediate charge
sizes, the detonation velocity remains approximately @orisvith change in tem-
perature. Finally, the failure diameter varies inverseighwhe initial temperature
of the explosive charge.

In a more recent study of detonation in PBX9502, Hilal. [116] added a
wavefront measurement to the basic rate stick experimeateghape and detona-
tion velocity data were obtained for charge diameters ranffom 8 to 50mm, and
at the same temperatures as the Campbell experiments ih [Ik6 results were
consistent with Campbell’s findings showing that detomatielocities in PBX9502
vary with temperature. The measured detonation wavestagpeshowed a sensi-
tivity to temperature with, at a given charge size, the lmotte/es being slightly flat-
ter. This was attributed to (due to temperature-sensitinetics) PBX9502 having
thinner reaction zones at elevated temperatures. Congpiéaeravailable PBX9502
rate stick data, Hillket al. [45] noted some variability in the detonation behaviour
of the explosive between the different studies; for example detonation veloci-
ties measured by Hikt al. [116] are~0.5% lower than those of Campbell [115].
This was attributed to the different material lots used, aiibe discussed in more
detail later.

This collection of detonation data on PBX9502, the diameffsct curve, fail-
ure diameter, and detonation waveshapes, contains a sagriikmount of useful
information about the explosive that the CREST model for BB can be tested
against. At the present time the model for PBX9502 has beglealto the ambient
temperature data only. Itis planned to apply the model tal#te at the temperature
extremes in the near future.
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3.7.3 Numerical Simulations

Preamble

The two-dimensional Eulerian hydrocode PETRA, incorgotathe CREST
model, was used to simulate the unconfined PBX9502 rateestiplriments. Here,
only the ambient temperature () experimental results are considered for com-
parison with CREST model calculations. Rate stick calonitetwere carried out at
charge diameters of 6, 7, 7.5, 8, 8.5, 9, 10, 12, 18, and 24nima.béasic calcula-
tional set-up is shown in Figure 3.42, where only half thengetry is modelled due
to the problem being cylindrically symmetric.

The PBX9502 main charge is initiated by a booster charge &fdB1 explo-
sive of the same diameter as the main charge. In generalptstdy had a length-to-
diameter (L/D) ratio of one, whereas the PBX9502 main chhegka L/D ratio of at
least seven. The detonation wave reaches a steady staterafiagating about four
diameters in the cylindrical charge. Programmed burn, e/le&ve propagation is
determined by a Huygens’ construction assuming a const&tondtion velocity,
is used for the booster explosive. This is initiated via al&rdetonation point
on the axis of symmetry, and the expanding detonation ptsdac PBX9501 are
modelled via the JWL form of EOS, and whose parameters aentlikm Dobratz
[117]. The CREST model is used for the PBX9502 main chargerevtiee model
parameters were as given in Table 3.2, and a starting defsity890 g/cni was
used in all calculations.

The hydrocode simulations were carried out at uniform mesblutions of 10
and 20 zones/mm, and a scalar monotonic artificial viscogity used to represent
the propagating shock discontinuity [91]. Lagrangian reanbarticles were used
to record the time of arrival of the shock front at variousiposs. These were
placed along the length of the PBX9502 main charge, on axhslfpdetermine the
velocity of the detonation front, and also across the reaw td the explosive to help
determine the detonation waveshape at the end of the charge.

Failure Diameter

At ambient temperature, the measured failure diameter IK9B2 is ~7.5-
8.0mm [5]. To examine whether CREST can correctly predietféiure diameter
of PBX9502, consider simulations of the 8.5mm diameter a@hé diameter rate
sticks, which are respectively above and below the meadailede diameter. Fig-
ure 3.43 shows the 20 zones/mm simulation of the 8.5mm dexmate stick. The
first plot shows the initial set-up, whereas the remainddgheffigure shows a se-
guence of pressure colour plots at different times from mkgion of the booster.
The first pressure colour plot is at < and subsequent frames are jad fime in-
tervals. The pressure scale runs from 0 to 0.3 Mbars. Theledéd results show
that at a diameter of 8.5mm, the wave propagates as a steamhatien to the end
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of the charge.

The corresponding simulation of the 6.0mm diameter rabtk sti 20 zones/mm
is shown in Figure 3.44. The sequence of pressure colows pietat approximately
0.4ps intervals. In this case the calculation shows detonatdare. A detonation
wave initially propagates in the PBX9502 explosive, butaél times a gradual
fading of the detonation front is observed, with a corresjirog lowering of the
shock velocity, eventually leading to detonation failufEhe function of entropy
is lower at the charge edge than on axis. The increased avevat the wave at
small charge diameters leads to a lowering of the functioerafopy along the
wavefront as the wave propagates down the length of the eh&igce the reaction
rate is dependent on entropy, there is a correspondingaieie the reaction rate
eventually leading to detonation failure at some distarmerdthe rate stick from
the input face of the PBX9502 main charge.

The 6.0mm diameter rate stick simulation is in agreemertt thié observations
of Campbell [115] who states that “charges having diametigghtly less than the
failure diameter exhibit slow fading of detonation”. It wdube interesting to know
in this instance, whether the CREST calculation agreed thigrexperimental dis-
tance to fade. Unfortunately, the distance to fade had nen beported from the
experiment and so this comparison cannot be made. In the TRESulations,
detonation failure occurs in unconfined PBX9502 rate stigkis a charge diameter
less than 7mm, which is withirlmm of experimental observations [115].

Diameter Effect Curve

The variation of detonation velocity with charge size frdme humerical simu-
lations is compared with the ambient temperature expetiahdata in Figure 3.45.
For each calculation the marker particle results are chyefhecked to ensure that
the determination of the detonation velocity is carriedwliére the wave is a steady
detonation wave. The infinite charge diameter points ama fsoe-dimensional hy-
drocode simulations on PERUSE. It is observed from Figutd that CREST gives
a good match to the experimental diameter effect data atl emdlintermediate
charge sizes. However, the model does not represent thawwnpwards feature
of the diameter effect curve at large charge sizes, andghasdiscrepency in our
current modelling capability.

For the majority of heterogeneous solid explosives, thendiar effect curve is
eveywhere concave down [114]. The diameter effect curv@BX9502, like other
explosives, is concave down at small and intermediate elsimgs, but is concave
up at large charge sizes [115]. At the time, the observedro@tlarge charge
diameters was surprising, and the reason for this featuseuwinown. Today, this
is now understood to be a by-product of PBX9502’s reactiamezstructure [45].
PBX9502 is known to have a fast reaction component followed long tail, which
represents a slow, late time, reaction component. At smadligtermediate charge
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sizes, it is known that this slow reaction component hake ldat no effect on the
wave propagation. However, at larger sizes, the shock besdiatter and a greater
fraction of this tail influences the wave propagation givingn extra ‘kick’. It is
this extra ‘kick’ that gives the diameter effect curve itswp at large sizes.

From Figure 3.45, it is seen that the calculated diametecetfurve is every-
where concave down, following the well known trend of othetenogeneous explo-
sives. CREST is unable to match the detonation velocitynpel@harges because
the additional, slow reaction component, of PBX9502’s tieaczone structure is
not currently taken account of in the CREST reaction rateeghdib account for the
upturn at large charge sizes in the diameter effect curvieya(tate time) reaction
component needs to be added to the CREST model for PBX9502dapthis fea-
ture. In addition, it is noted that the calculated diametferce curve extrapolates to
~7.6 mmjs. This is because the JWL reaction products coefficientseatCREST
model for PBX9502, which are taken from [117], have beerbcated to a cylinder
test experiment with a 1-inch charge diameter. The cylinelstrstudies the move-
ment of explosively driven hollow metal cylinders and theadabtained is used
to determine the equation of state of the detonation predudi8]. As seen from
the diameter effect data, the infinite charge, or Chapmagiet (CJ), detonation
velocity is close to~7.8 mm{s, indicating that the standard 1-inch cylinder test is
really too small to determine the JWL coefficients. Thus, W4 coefficients in
the CREST model for PBX9502 need to be re-calibrated forrded CJ state.

Over most of the range of data in Figure 3.45, it is observatlttiere is only a
very small difference in the calculated detonation velesitvith mesh size. How-
ever, close to the failure diameter, mesh size does havendisant effect on the
calculated results; for example, at 10 zones/mm the 7mmeatemmate stick cal-
culation fails, whereas at 20 zones/mm steady detonatiattaged for the same
size of charge. The results indicate that, for modellingodation propagation in
relatively large charges, a coarser mesh is required taroimash converged results
compared to modelling the shock to detonation transiticoweéiser, at or very close
to detonation failure, finer meshing is needed for modelimgll charge sizes. This
finer meshing is required to accurately resolve the interactf the detonation wave
with the explosive surface in small sizes, as this affe@sctirvature of the wave in
the vicinity of the charge surface, which in turn ultimateigtermines whether the
detonation wave will fail to propagate.

Detonation Waveshapes

Detonation waveshapes were extracted from the 10mm and IBameter rate
stick calculations. Following [116], the calculated wavages are given by(r) =
Do At(r), whereDg is the steady detonation velocity on axis, @tds the time delay
as a function of the radius, at each of the Lagrangian marker particle positions
across the end face of the PBX9502 charge relative to thedinaerival on axis.
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The calculated waveshape data is compared with experimdfigure 3.46. Very
good representations of the experimental waveshapes tamedt with CREST,
with the smaller diameter charge giving the better caleddit.

3.7.4 Discussion

A significant amount of detonation data on PBX9502 explosiverms of the
diameter effect (detonation velocity as a function of cleai@meter) including fail-
ure diameter, and detonation waveshapes, has been usedfttheeCREST model
for PBX9502, developed by fitting to one-dimensional shaukidtion data, can
predict two-dimensional detonation propagation expenmitsie This is an exercise
to test the wider applicability of the CREST model, and toreie whether it can
predict experiments outside its fitting regime.

For the ambient temperature detonation data, it has beewnsihat the model
is able to predict the failure diameter of PBX9502 in uncaedinatesticks to within
~1mm of the experimental value, and accurately reproducesmdgon waveshape
data. At intermediate and small charge sizes, the modelgil®s an accurate
representation of the diameter effect curve. However,rdgton velocities at large
charge sizes are not well modelled. Overall, the calcula¢sdlts indicate that
CREST is capable of predicting experiments outside itsfittiegime, however
further work is still required as discussed below.

A discrepency in our current modelling capability is notrigeable to represent
the concave upwards feature of the diameter effect curvargé Icharge sizes. A
slow reaction component, which is known to give the PBX950&e its upturn
at large sizes, needs to be added to the current CREST madEBi¥9502 to
predict this feature. Following experimental observagioany slow or late time
reaction component added to CREST should only be apparentieasing the
detonation velocity for large charge sizes, and should kawg little or no effect
on the detonation velocity at intermediate and small chaiges. It should also
not influence the shock to detonation transition. This nesorgsmprovement to the
CREST reaction rate will be incorporated in due course. thtauh, the coefficients
for the reaction products JWL EOS in the CREST model for PBX9beed to be
re-calibrated to reflect the ‘real’ infinite charge detooatvelocity.

To date the modelling has only considered the ambient tesiyrer PBX9502
detonation data. Since the experimental data shows a dfeat @ue to initial tem-
perature, modelling at the hot and cold extremes using CRE8De addressed
once the problem of correcting the reaction rate model towatcfor the upturn
in the diameter effect curve at large charge sizes has béesdsalo take account
of temprature effects using CREST, the following approadhiitially be tried.
Given the initial temperature, the correct starting caods in terms of the specific
internal energy and specific volume of the explosive can hmilzed from the un-
reacted EOS in the CREST model. Consequently, the nonikreamtplosive will
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have different Hugoniots at the temperature extremes t@mhigient temperature
Hugoniot. Thus, once shocked, the unreacted explosivebeilbn different isen-
tropes through the shock state, and the calculated funofi@mtropy, and hence
reaction rate, will vary with starting temperature. ThUREST has the potential to
take account of the effect of initial temperature on explegierformance.

In Figure 3.45, it is observed that there is some variabititthe diameter ef-
fect data between the different experimental studies cctiedu For example, the
detonation velocities measured by Hili al. [116] are~0.5% lower than those of
Campbell [115]. In the different studies, where duplicdtets have been performed
to test experimental repeatability, the agreement is veogdg Thus, the differences
between the datasets of Hét al. and Campbell are significantly greater than dif-
ferences expected as a result of test repeatability. Theredd differences have
been attributed to the different material lots used in theists [45]. In Campbell’s
experiments [115] ‘recycled’ PBX9502 material was usedalthis mainly made
up of scrap taken from machine cuttings, whereas ‘virginterial containing only
unused explosive was used in Hill's experiments [116]. RExyPBX9502 has a
finer grain structure than virgin material since explosmestals are damaged and/or
broken in the machining process.

Grain or particle size is an important parameter that inftesrexplosive perfor-
mance. It is generally accepted that if you reduce the ghiae lsut maintain the
same density, the detonation velocity will increase. Téisdcause as you decrease
the grain size you introduce more particles to the mixtuiiardoing so increase
the surface area available for decomposition. A decreapariticle size results in
an increase in detonation velocity and an increase in sahsitill et al. [45] con-
cluded that the finer grained PBX9502 in Campbell’s expenitalestudy behaved
more ideally with respect to the propagation of an estabtistetonation. The phys-
ical argument is that ‘hot-spots’ will tend to concentratewend grain boundaries.
This is true for most identified ‘hot-spot’ mechanisms, uttihg jetting and pore
collapse. Reaction must spread from these ignition sites awistance of order
the grain diameter to consume the explosive. Thus, the snib# grains, the faster
this consumption takes place, and hence finer grained rakitemore sensitive.

Since CREST does not explicitly take account of the exposmaterial struc-
ture, it cannot account for differences in detonation behavdue to grain size
effects with one set of parameters. The best that can be ddaag@roduce a model
for PBX9502 explosive that can simulate detonation propagavithin lot varia-
tion, which may be all that is required. To accurately modeéldependent varia-
tions using CREST, different sets of reaction rate pararse@teuld be required for
different grain size distributions.
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3.8 Conclusions

The newly developed entropy-dependent CREST reactivernodel has been
successfully incorporated and validated in a number of dgables. The model
is available for use in the one-dimensional Lagrangian d@HRUSE, the two-
dimensional ALE code CORVUS (Lagrangian mode only), the-tlwraensional
Eulerian code PETRA, and the two-dimensional adaptive mefsiement (AMR)
Eulerian code SHAMROCK. This enables CREST to be used tolatea wide
range of explosive problems of interest. CREST will shobitylinked to the ALE
package in CORVUS to further enhance this capability.

During the hydrocode implementation and use of the CRESTtixeaburn
model, it was found that an entropy-based model suffers fmomamber of com-
putational problems not associated with pressure-depeémdedels. The classical
‘wall-heating’ problem at an impact interface could afféoe selection of param-
eters in CREST’s reaction rate model when fitting to data fexqplosive gas-gun
experiments. This in turn could have possible consequemtdéise modelling of a
range of shock initiation problems, and could lead to inaat@iconclusions being
made about the reactive behaviour of an explosive. Howéwen the explosives
modelled thus far, ‘wall-heating’ has only a minimal effectthe calculated results
from CREST. In future, appropriate methods will be appledy to minimise the
effect of this long standing problem in relation to CREST wliations.

Application of the Snowplough porosity model in CREST toatetine the EOS
of the non-reacted porous explosive produces undesiraiphencal oscillations in
the calculated function of entropy of the solid phase expéghe variable upon
which the CREST reaction rate model is dependent. This couigl rise to nu-
merical instabilities in CREST calculations. To improve timodelling of shocks
in low porosity explosives, the Snowplough model was modibg removing the
assumption that the sound speed is zero during the compaunticess. Although
this modification removes unwanted numerical oscillatiivaom calculations, it is
only applicable to low porosity materials. In future, to irape the modelling of
shocks in porous materials, and to enable explosives withigee Irange of initial
porosities to be modelled using CREST, the Snowplough maitldde replaced by
a P@ porosity model.

A study of the sensitivity of CREST calculations to mesh dagrieas shown that,
where reaction is allowed to proceed through the arrivingcktiront, an entropy-
dependent model requires a finer mesh than a pressure-aggpenddel to obtain
mesh converged results. This led to the implementation dE€Rin an adaptive
mesh refinement (AMR) hydrocode to enable large, two-dinoaas, shock initi-
ation and detonation propagation problems of interest koutsted at appropriate
mesh resolutions. It is not yet understood why CREST requaréner mesh than
a pressure-dependent model to achieve mesh convergetsyesud further work
is required to understand the mesh convergence propefigsamtropy-dependent
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model.

To test the predictive capability of CREST, the model for PBR2 explosive,
developed from fitting one-dimensional data of the shocketmulation transition,
has been applied, without modification, to two-dimensiatetionation propaga-
tion experiments. At ambient temperature, CREST predidddilure diameter of
PBX9502 in unconfined ratesticks to withinlmm of the experimental value, and
accurately reproduces detonation waveshape data. Atiatiate and small charge
sizes, the model gives an accurate representation of theetka effect curve. How-
ever, a slow reaction component needs to be included in tltkehto represent the
upturn in the diameter effect curve for PBX9502 at largesiF¢om the modelling
performed to date, CREST appears capable of predictingriexgets outside its
fitting regime, giving confidence in the ability of the modelktccurately simulate a
wide range of shock initiation and detonation phenomena.

One of the interesting properties about PBX9502 explositieat its detonation
behaviour is a function of grain size (lot variation). If t&&REST model calcula-
tions are within lot variation, then in some sense this igdieal CREST calculation
to within material repeatability. To model grain size effeaccurately, a reactive
burn model that explicitly takes account of the structur¢hef explosive material
will be required. This leads researchers to consider deacatesoscale models of
explosive behaviour.
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Figure 3.1: Typical CREST reaction rates (from a gauge {wrst near the Vistal-
EDC37 interface in a simulation of Shot 1159).
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Figure 3.2: Initial calculational set-up for EDC37 Shot 215
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PERUSE - CREST Model
EDC37 Shot 1159 (50 zones/mm)
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Figure 3.3: Calculated particle velocity profiles from PERfor Shot 1159.
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Figure 3.4: Calculated particle velocity profiles from CORY for Shot 1159.
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PETRA - CREST Model
EDC37 Shot 1159 (50 zones/mm)
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Figure 3.5: Calculated particle velocity profiles from PESf#r Shot 1159.
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Figure 3.6: Calculated particle velocity profiles from SHRERCK for Shot 1159.
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CREST Model
EDC37 Shot 1159 (50 zones/mm)
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Figure 3.7: Comparison of calculated particle velocityfies for Shot 1159.
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Figure 3.8: Comparison of calculated entropy function pesfior Shot 1159.
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SHAMROCK - CREST Model
EDC37 Shot 1159 (3200 x 16, nl=0)
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Figure 3.9: Calculated particle velocity profiles from SHRRCK for Shot 1159;
uniform 0.02mm grid.

SHAMROCK - CREST Model
EDC37 Shot 1159 (1600 x 8, nl=1)
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Figure 3.10: Calculated particle velocity profiles from SMROCK for Shot 1159;
coarse 0.04mm grid and 1 level of mesh refinement.



CHAPTER 3. CREST REACTIVE BURN MODEL 115

SHAMROCK - CREST Model
EDC37 Shot 1159 (800 x 4, nl=2)
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Figure 3.11: Calculated particle velocity profiles from SMROCK for Shot 1159;
coarse 0.08mm grid and 2 levels of mesh refinement.

SHAMROCK - CREST Model
EDC37 Shot 1159 (400 x 2, nl=3)
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Figure 3.12: Calculated particle velocity profiles from SMROCK for Shot 1159;
coarse 0.16mm grid and 3 levels of mesh refinement.
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SHAMROCK - CREST Model
EDC37 Shot 1159
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Figure 3.13: Calculated particle velocity profiles from SMROCK for Shot 1159;
comparison of runs with different levels of mesh refinement.
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Figure 3.15: Initial geometry for simple impact problem.
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Figure 3.16: Pressure profiles for simple impact problem.
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PERUSE Hydrocode (CREST Model)
PBX9501 at TMD
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Figure 3.17: Particle velocity profiles for simple impaabplem.
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Figure 3.18: Pressure-patrticle velocity Hugoniot soltidsimple impact problem.
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PERUSE Hydrocode (CREST Model)
PBX9501 at TMD
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Figure 3.19: Internal energy profiles for simple impact pean
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Figure 3.20: Internal energy profiles in solid PBX9501 fangle impact problem.
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Figure 3.21: Entropy function profiles in solid PBX9501 fonple impact problem.
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Figure 3.22: Temperature profiles in solid PBX9501 for senpipact problem.
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Figure 3.23: Schematic of porous Hugoniots in pressureispa/olume (P-V)
space.
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PERUSE Hydrocode (CREST Model)
PBX9501 at 1.825 g/cm”®
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Figure 3.24: Pressure profiles for simple impact problem.
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Figure 3.25: Particle velocity profiles for simple impacbplem.
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PERUSE Hydrocode (CREST Model)

PBX9501 at 1.825 g/cm®
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Figure 3.26: Internal energy profiles for simple impact peahn
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Figure 3.27: Internal energy profiles in porous PBX9501 forme impact prob-
lem.
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PERUSE Hydrocode (CREST Model)
PBX9501 at 1.825 g/cm®
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Figure 3.28: Entropy function profiles in porous PBX9501dwnple impact prob-
lem.
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Figure 3.29: Temperature profiles in porous PBX9501 for &&mppact problem.
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PERUSE Hydrocode (CREST Model)
PBX9501 at 1.825 g/cm”®

0-04 ||||I||||I||||I||||I||||I||||I||||
: ----------- t=2.0ps :
L —  t=40ps i
0.03 -
= L i
=3 L ]
€ 0.02 -
(2]
2 i l
<]
£ i 1
0.01 _
T P T R I A I P
0.00
15 2 25 3 35 4 45 5

Distance (cm)

Figure 3.30: Pressure profiles for simple impact problennfusound speed as
calculated from EOS whevh >V > V).
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Figure 3.31: Patrticle velocity profiles for simple impaabplem (using sound speed
as calculated from EOS whé&fg >V > V).
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PERUSE Hydrocode (CREST Model)

PBX9501 at 1.825 g/cm’
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Figure 3.32: Entropy function profiles in porous PBX9501donple impact prob-
lem (using sound speed as calculated from EOS wWigenV > V).
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Figure 3.33: Temperature profiles in porous PBX9501 for snmppact problem
(using sound speed as calculated from EOS whenV > Vps).
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PERUSE - CREST Model
EDC37 Shot 1159
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Figure 3.34: Calculated CREST profiles at 2.9, 4.9, and 8.@ranyges for Shot
1159 (reaction through the arriving shock front).
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Figure 3.35: Calculated Lee-Tarver profiles at 2.9, 4.9,&0dhm gauges for Shot
1159 (reaction through the arriving shock front).
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PERUSE - CREST Model
EDC37 Shot 1159
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Figure 3.36: Calculated CREST profiles at 2.9, 4.9, and 8.@anyges for Shot
1159 using ‘g-switching’ method (i).
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Figure 3.37: Calculated CREST profiles at 2.9, 4.9, and 8.Qraayes for Shot
1159 using ‘g-switching’ method (ii).
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PERUSE - CREST Model
PBX-9502 Shot 2S-69
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Calculated CREST profiles at 4.18, 7.34, andnt gauges for Shot

2S-69 (reaction through the arriving shock front).

Figure 3.39:
Shot 2S-69.
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Calculated Lee-Tarver profiles at 4.18, 7.84, HL.Omm gauges for
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PERUSE - CREST Model
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Figure 3.40: Calculated CREST profiles at 4.18, 7.34, andmh gauges for Shot

2S-69 using ‘g-switching’ method (i).
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Figure 3.41: Calculated CREST profiles at 4.18, 7.34, andmh gauges for Shot

2S-69 using ‘g-switching’ method (ii).
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Lagrangian marker particles

Figure 3.42: Basic set-up for PBX9502 ratestick calcutagio
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Figure 3.43: Simulation of the PBX9502 8.5mm diameter tatks
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Figure 3.44: Simulation of the PBX9502 6.0mm diameter tatks



CHAPTER 3. CREST REACTIVE BURN MODEL

mm/us)

~

Detonation velocity

PBX9502 - CREST Model
D vs 1/d at Ambient Temperature

7-8 B 1T 17T I T TT I T 1T I T TT I T 1T I T TT I T 1T I T TT |
L Experiment (Campbell and Engelke) _|
- A Experiment (Campbell) -
A Experiment (Hill et al.) N
7.7 — < 10 zones/mm 7
i A O 20 zones/mm i
Z A i
7.6% —
L & g 4
- o i
75— A & —
- Ao ]
- A A D .
7.4 A © ]
L O ]
73 i 1111 I | - I 111 I | - I 111 I | - I 111 I | -l ]
(0] 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Inverse charge diameter (1/mm)

133

Figure 3.45: Detonation velocity as a function of chargerditer for PBX9502.

PBX9502 - CREST Model
Fits to Wavefront Data

11— ------ Calculation

0.2

—— Experiment
18mm diameter

10mm diameter

1 /

o

Figure 3.46:

=
(@]

r (mm)

Calculated fits to PBX9502 wavefront data.



Chapter 4

Application of a Least Squares
Approach for Determining Run
Distances to Detonation Based on the
LANL Methodology for Fitting

Shock Trajectory Data

4.1 Introduction

Important measurements in explosive shock initiation heertin-distance and
run-time to detonation. When shocked, an explosive doesnstantly attain full
detonation. Instead, the shock wave usually travels sonte finstance into the
explosive charge before detonation is achieved. This mddrtherun-distance
and is defined as the distance from the input boundary to thiéiqguoat which the
shock wave transitions to a detonation wave. Tinetimeis defined as the time
between shock input and the time at which the run-distanmsaished.

Information on the shock initiation of EDC37 explosive hasantly been pro-
vided by gas-gun experiments fired at Los Alamos Nationalokatory (LANL)
[38]. In the LANL experiments, two different types of gauggckage were fielded
to provide data on the shock response of the explosive; fiicg@avelocity gauges to
give information on the build-up of reaction behind the dhiwont at different loca-
tions within the explosive sample, usually before detamaticcurs, and (ii) a shock
tracker gauge to measure the distance-time t) trajectory of the shock front as
it propagates through the explosive. The experimentabiistance and run-time to
detonation are determined from the analysis of the shockeradata.

An example of the data obtained from the shock tracker gange gas-gun
experiment is shown in Figure 4.1. This shows the shock &nadkta for EDC37

134



CHAPTER 4. DETERMINING RUN DISTANCES TO DETONATION 135

gas-gun Shot 1159 in which a single sustained shocks kbars is input into
the explosive sample. It is observed that the shock velaedseases very slowly
to begin with as shown by the straight line slope through tts¢ fiandful of data
points. Thereafter, the reaction starts to build-up beltiredshock front, the wave
starts to accelerate, and the shock velocity increasesseG@full detonation, as
indicated by the straight line through the last dozen or da gaints, the shock
velocity increases rapidly and the turn over to detonatiocucs. The wave then
travels at a constant speed corresponding to the detonegioaity.

From a plot such as this there are a number of ways to detethreman-distance
and run-time to detonation. One can pick out the point by legking to see where
the wave is a detonation front travelling at constant véjodihe problem with this
approach is that the transition to detonation is not veryiatomaking it difficult
to determine accurately where the onset of detonation eccAlternatively, the
run-distance to detonation can be deduced from the intitoseaf the lines giving
the initial shock velocity (initial slope) and the detomativelocity (final slope) as
shown in Figure 4.1. However, this method has also been fooited unreliable
[119].

A more accurate method for deducing the run-distances amdimes to det-
onation from shock trajectory data has been devised by Ldithyat LANL [11].
His approach is to choose a differential equation which rogntine shock front be-
haviour in the(x—t) plane, and which also behaves appropriately in every other
plane which can be reached by integration or differentmatidill found that a dif-
ferential equation in the shock velocity-shock acceleraplane, when integrated,
could produce excellent fits to experimental shock trajgctiata. From such fits
the run-distances and run-times to detonation can be getyteetermined.

Here, a fast and efficient solution method is developed aptieapto the LANL
approach for determining run-distances and run-timestimndtion from explosive
shock initiation experiments. The method chosen, sugdéstéambourn [120], is
non-linear least squares fitting with constraints. To tast\lidate the constrained
least squares solution method, it has been applied to thek ghexcker data from
EDC37 gas-gun experiments involving sustained singlelshguuts, and the de-
rived run-distances and run-times to detonation compai#dtive corresponding
values quoted by LANL.

Shock trajectories, together with in-material particldoegy gauge records
from explosive gas-gun experiments, comprise the primafgyrination available
for appraising reaction rate models in the shock to detonatgime. Any reac-
tive burn model incorporated into a hydrocode should, at/érg least, be able to
reproduce (i) the experimental particle velocity gaugeadniss, and (ii) the exper-
imentally derived Pop-Plot (run-distances and run-tinteddtonation plotted as a
function of the input pressure) [31].

The newly developed CREST reaction rate model [61] is ablepooduce the
particle velocity gauge records from EDC37 gas-gun expamisiwhich show the
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reaction build-up in shocked EDC37 explosive before ddtonas attained. Since
the LANL methodology for analysing shock trajectories carapplied equally well
to calculated as well as experimental data, the method ka®akn applied to shock
arrival data from hydrocode calculations of the EDC37 gas-gxperiments using
CREST, to see how well, or otherwise, the CREST model for ED&®losive fits
the experimental Pop-Plot.

The LANL methodology for fitting(x —t) shock initiation data is described in
Section 4.2. A number of solution methods to the LANL applofac determining
run-distances and run-times to detonation from analysishotk trajectory data,
including the constrained least squares method, are descim Section 4.3. In
order to apply the constrained least squares method to stapektory data, a series
of FORTRAN routines have been written, and the overall progrs described in
Section 4.4. Section 4.5 then details the application otHosen method to EDC37
experimental shock tracker data from gas-gun shots tonestalidate the method.
In Section 4.6 the method is then applied to shock time ofalrdata from CREST
calculations of the EDC37 gas-gun experiments to see holy avebtherwise, the
CREST model for EDC37 fits shock time of arrival data and thp Ptot. The
conclusions are given in Section 4.7.

4.2 The LANL Method of Analysing Shock Trajecto-
ries

Post-shot analysis of explosive gas-gun experiments firedldL involves de-
termination of the run-distance and run-time to detonatiom the shock tracker
data, assuming that detonation has been attained withitinigeframe of the ex-
periment. The quoted run-distances and run-times are lysigtermined using a
method derived by Larry Hill [11]. Hill found that a differéal equation in the
shock velocity-shock acceleratior-{'X) plane gave a good representation of the
shock front trajectory from explosive gas gun experimem¢slving a run to deto-
nation. The form of the differential equation suggested bii$]

_ (5 ¥ (3-0)"" (Dg; - X) (4.1)
~ (2x—C) (D¢j —0.9%) '
wherea controls the acceleration of the wavegcontrols where turnover to deto-
nation occursC is the intercept of the explosive’s unreacted Hugoniot enghock
velocity-particle velocity s — Up) plane,Dcj is the Chapman-Jouguet detonation
velocity, and the dots indicate differentiation with resp® time. An example of
the form of this function is shown in Figure 4.2. The diffetiahequation (4.1) can-
not be solved analytically and numerical integration teghes must be used to find
X(t) with the boundary conditions, (¥(t = 0) = Us, and (ii) x(t = 0) = Xo, where
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Us is the initial shock velocity in the explosive, amglis the intial position (nomi-
nally 0.0).Us can either be estimated (from fitting to the first few shockkea data
points) or calculated from the unreacted Hugoniot if thikriewn.

The Hill function (4.1) is essentially a method for determgnthe run-distance,
Xrun, Which is defined as the depth at which the shock velocityertéinget explosive
reaches 99% of the detonation velodilyj, whereDcj is usually obtained from the
fit to the last few data points of the measurad-() trajectory. The run-time to
detonation{yyn, is defined as the time between impact and the time at which the
run-distance to detonation is attained. The run-distargg, and run-time tyyn,
to detonation are evaluated from the following integralthwtine given integration
limits,

0.99D¢;
X .
Xrun = / 5 dx (4.2)
Us
0.99D;
1 ..
trun - / )—( dX (43)
Us

There are essentially five free parameters in the methdg) C, D¢j, andUs. In
their analyses, LANL assume tialandDc; are fixed, and initially used “machine”
fits in which theMathematica software package was used to vary the parameters
a, b, andUs over a limited range in an attempt to find the best fit according
least squares criterion. Rather than rely on a commerdialaee package, a series
of FORTRAN programs are written to solve the Hill differeaitequation (4.1) to
determine run-distances and run-times to detonation.

4.3 Solution Methods to the LANL Approach for De-
termining Run-Distances to Detonation

4.3.1 Search Method

To solve the Hill differential equation (4.1) to determinmrdistances and run-
times to detonation from shock trajectory data, an initison method involved
searching on a 2D grid to find the best solution. In this apgmpauitable fixed
values forC, D¢j, andUs are chosen, and the parametarandb are varied in an
attempt to find the best fit to the shock trajectory data. A 2@xixaf (a,b) values
is created which is then used to solve equation (4.1) to m®dumatrix of(x —t)
fits. Further refined 2D matrices (4, b) values centred on a number of the best fits
from the initial grid are then searched until a ‘best’ besisfiound.

Although this solution method produces acceptable fits¢altta, there are two
main problems with this approach. Firstly, the solutionmoetis numerically very
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inefficient; for example, a calculation using a 100 x 50 grid @ b) values takes
approximately 20 minutes to run on a SUN workstation. Selyotitk initial shock
velocity in the explosivelJs, is assumed fixed, thus there is no flexibility in the
solution method to adjust this value within experimentaientainty to improve the
calculated fit to the data. Therefore, it was felt that an wrpd and more compu-
tationally efficient solution method for determining ruistdnces to detonation was
required.

4.3.2 Standard Least Squares Method

Suppose we have a setroflata pointgx;, ti®*Ph) from a given experiment where,
in this case,n is the number of recorded measurements from the shock tracke
gauge. Suppose given starting valueg af,Us) we have a set of calculated
data points(>q,tif“). Assuming that this calculated fit can be improved upon, then
the values ofa, b,Us) need to be adjusted to give the bestifé, to vary(a,b,Us)
to minimise the sum of squareS,, of the deviations of the measured valug&P,
from the calculated valueg/™,

Sl:_i <tiexpt_tifit>2 (4.4)

The minimum is found by partially differentiating with respect taa, b, andUs,
and setting the partial derivatives to zero. As the fittingction,t; 7, is non-linear,
the equations found by setting the partial derivative§oto zero are non-linear
equations, and hence an iterative method is required te sobm. An alternative is
to linearise the function being fitted in the neighbourhobdame initial values of
(a,b,Us) and to use least squares to find correctigha Ab,AUs). To do this, the
gradients of each ™ with respect tqa, b,Us) are found, and theq is expanded
by Taylor’s series to first order to give,

ot fit ot fit ot fit
i =t A L_Ab+ ——AU 4.5
R e T (43)
For least squares purposes, the sum to minimise is,
> (17 1)°
S =Y G-t (4.6)
2
and substituting fot;* gives,
n ot fit ot fit ot fit 2
= (4P 2 Aa— = Ab— AU 4.7
S i;(. - T na- B an- 0 au, @7

The sensitivities (partial derivatives) in (4.7) can bereated, by a finite differ-
ence approximation, from calculations with slightly diffet (a, b,Us) values, thus
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it is necessary to perform 4 separate calculations (origing one each for each of
the above sensitivities) before the method can be appliggaitially differentiat-
ing $* with respect tqAa, Ab, AUs) and setting the resulting derivatives to zero, a
system of 3 linear equations is obtained,

asl* n . at.fit at.fit at.fit at.fit

= 25 (P4t 2 Aa———Ab— T AUs ) —=— =0
oha i;<' T e T ap 0 aus 0 Toa
681* B n expt s fit atifit atifit atifit atifit B
b~ 22, <t' B PR e Vi) B e
asl* B n expt s fit atifit atifit atifit atifit B
aU; ~ 22 (t' B R M Vi) I TR

The above equations can be subsequently re-arranged aredl $ot Aa, Ab,
andAUs. In the general case it is necessary to start again with tivevakies of
ti*, re-evaluate the derivatives, and solve again(fta, Ab,AUs). The process is
repeated untiba, Ab, andAUs are simultaneously smaller than prescribed values so
that a minimum inS;* has been reachei several iterations may be required and
this will depend to some extent on how close the initial val(geb,Us) are to the
minimum.

4.3.3 Constrained Least Squares Method

The problem with the standard least squares method abokiatithiere are no
limits on the magnitude of the changes to the parametels, Us). In practice, it
is desirable to be able to restrict the size of the paramétngesAa, Ab, AUs) in
case, (i) there are any rapid changes of gradient, or (iijplrameters are known to
lie within experimental uncertainities.

The method of least squares with constraints gets over thiffsaulties by
adding extra terms to the sum to be minimised,

. (Da 2 Ab) 2 AU 2 n £, EXPL_ . * 2
w=(@) +(@) (@) () e

wheref3 is a limit on acceptable deviations of the experimental {sofrom the
best fit. The final term of equation (4.8) is the standard (We&d) least squares
expression for minimising the sum of the residual squarée first three terms of
(4.8) are the extra terms, where the different constrainsi», andas are applied
to produce respective acceptable variation8anAb, andAUs separately. In order
to minimiseS*, the values of\a, Ab, andAUs are such that,

0" 0" 0"

oha _ 9Ab  9AUs 0 (4.9)
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After differentiating and rearranging the resulting equiag, this leads to a system
of 3 linear equations to be solved tha, Ab, andAUs, namely,

{f};@ﬁt) ]A 3 (5 (2)
3 () (3 v § om iy 2
3.(5) (5 oo |5 5 (%) ]
B (50 () e ey
3,05) (56| [3. (%) ()

atlfIt _ . expt 4 fit atifit
[ 2+Z<aus AUS_;(“ 1 )aus

Each of the sensitivities (partial derivatives) in the adeguations can be estimated
from two calculations with slightly different values far b, andUs respectively.

The above system of 3 linear equations can be simplified tonalsj single
matrix equation to be solved by normal matrix inversion teghes. The matrix
eqguation is written as,

Ab

Aa+

Ab

(A+HTH)Ap=HT (1P ™) (4.10)
where,
tlexpt
expt e : . : :

t = , is vector of experimental times (dimensions (n x 1))
tnéxpt
tlfit
tfit tzfit

= . is the vector of fitted times (dimensions (n x 1))

tnfit
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Aa

Ap =| Ab is vector of unknown changes (dimensions (3 x 1))
AUs

- atlfit atlfit atlfit -
oa ob 0Us

atzfit atzfit atzfit
aa ab aUS . - . - - . -
H = is matrix of partial derivatives (dimensions (n x 3))

- atlflt atzflt atnflt =
oa da oa
fit fit fit . . . .
HT = | M2 &l ... dat is transposed matrix of derivatives (3 x n)
atlflt atzfit ot fit
— GUS aUs aUS =
[32
az 0
2 . . . . .
A=|0 aB_22 0 diagonal matrix of constraints (dimensions (3 x 3))
o B
('132

On solving the system of equations fp, the new estimates of the parameters are,

a™® = %44 Aa (4.11)
b"*¥ = b+ Ab (4.12)
UMW = UL+ AU (4.13)

and the least squares process is then repeated (startmtherihew estimates) until
the changesia, Ab, AUg) are simultaneously smaller than prescribed convergence
limits (€1, €2, €3) such that an acceptable fit is obtained. In other words sitil-
taneously required thdia < €1, Ab < €5, andAUs < €3, so that a minimum irf%*

has been reached.
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4.4 Fortran Programs for Application of the Constrained
Least Squares Method to Shock Trajectory Data

4.4.1 Preamble

The use of the constrained least squares method for cataylain-distances
and run-times to detonation based on the Hill method fonfitshock trajectory
data has been written into a series of Fortran routines. Vaeath program can be
applied to either experimental or calculated shock timerava data. A flowchart
of the program is provided at Appendix A which illustrates #tey steps involved.
Standard symbols have been used in the flow diagram to repy@secessing (rect-
angle), input-output (parallelogram), if-then branchfd@mond)etc

The least squares program uses the Fortran intrinsic ppoeed ATMUL to
perform the matrix multiplications, and the resulting gystof linear equations
is solved via a direct matrix factorisation method usingtirees kindly supplied
by Richard Smedley-Stevenson [121]. The program is vergiefft in the use of
computer time, with calculations typically taking seveZ®U seconds to complete.

4.4.2 User Input

The input required by the program is read in from a file caléaddat which is
supplied by the user. There is a slight difference in the iregunput, depending
upon whether the method is being applied to experimentahloutated data, and
this difference is described below. Irrespective of theetygh data that is being
fitted, the user input file must contain, (i) initial values fa, b,Us), (ii) values for
the constraint$p, a1, 02,03), (i) the convergence limitseq, €2, andes), (iv) the
value forC, (v) values for small changes in the parametées ¢b, dUs) so that the

e o fit gy fit at: it , .
sensitivities= -, 55 anda'—US can be calculated, (vi) number of gauge positions,
and (vii) the position and arrival time data for each gaugation. In the method
a value forD¢j, the Chapman-Jouguet detonation velocity, is also reduifeor
experimental data, the user specifies the valuBgfdirectly, but for calculated
data the user inputs the JWL reaction products’ EOS parasitem the reactive
burn model being used, and the program calculatgsrom the supplied constants.

4.4.3 Specification of Constraints

The variability of the parametegs b, andUs from their respective initial starting
values is controlled by their associated constraint,, andas respectively. The
smaller the value of the associatedthe tighter the constraint on that parameter,
and hence the smaller will be the change in the parameteressiti of applying the
least squares method. The shock velodity, should have a small value specified
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for az since this parameter is known to a reasonably high accueagyrom fitting

to the first few experimental shock tracker data points. LAMNually quote the
shock velocity within given limits, and thus the user shathdose the value afs
appropriately to ensure that the valuelfyfstays within experimental uncertainty.
On the other hand relatively larger valuesdaranda, can be input since the values
for aandb are known with less certaintfa controls the goodness of the calculated
fit to the experimental data, and can also be thought of as aureaf uncertainty
in the experimental shock wave arrival times. Additionalhe constraint§, a1,

02, andag can also be thought of as adjustable parameters to give anwegbfit.

In reality, however, it is the ratio 0(% that is important, and the best fit can to some
extent be altered by varying these ratios appropriatelyichl values chosen for
the constraints in the analyses performed weie1.0,0,=1.0,03=0.1, and3=1.0.

4.4.4 Specification of Convergence Limits

Separate convergence liméts €2, andes are supplied for the calculated changes
in the parameterAa, Ab, andAUs respectively. The program stops iterating when
the changes are simultaneously within the specified lingtda < €1, Ab < €5, and
AUs < g3, such that it is deemed that an acceptable fit to the supgiieckgime of
arrival data has been obtained.

The quality of the calculated fit will be dependent on the @vgence limits
specified. In each iteration, the root mean square (RMSY &orahe fit is com-
puted from the residualg;$2@—t; ') and is printed out, wherg?@?@ can be either
experimental or calculated time of arrival data. The RM®mprovides a useful in-
dicator of the goodness of the overall calculated fit at etgfation. If the program
stops as a result of the convergence criteria being mett lsutoted that the calcu-
lated RMS value is still decreasing and has not yet reachéshdvalue, then it is
likely that the calculated fit could be improved by reducihg tonvergence limits
and re-running the program. Typical values chosen for theegence limits in the
analyses performed werg;=0.0001.£2,=0.001, anc3=0.001.

4.4.5 Calculation of Sensitivities

fi . . .
The sen3|t|V|t|e§$'T, A, and 4 at' are estimated numerically by calculating

the times of arrival; f't, with sllghtly different values ofa,b,Us). The simple
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one-sided finite difference approximations given belowused,
at; fit ; fit (a+da,b,Us) — fit (a,b,Uy)

R = (4.14)
oyt ' (a b4 3b,Us) — ;T (a,b,Us)

i - = (4.15)
o™ M (ab,Us+8Us) — " (a,b,Uy) (4.16)
WUs s |

and the sensitivities are re-evaluated during each iteratntil an acceptable solu-
tion is found. At each iteration, 4 separate calculatioredite be performed using
respectively(a,b,Us), (a+da,b,Us), (a,b+ db,Us), and(a, b,Us+ dUs), so that the

above sensitivities can be evaluated. For stability of tle¢hwod, the two different
initial starting points for each of the variables should bettoo far apart, and it is
recommended that users restrict changes % in each variable.

4.4.6 General Guidance

In general there is a degree of trial and error to obtainimgpiable fits using the
constrained least squares method. The calculated fitsewilependent on a number
of factors including; (i) how good the data is that you aremibting to fit to, (ii)
starting values chosen for the parameterd,Us), and how close these values are
to a minimum, (iii) values chosen for the constraints andveagence limits, and
(iv) the computed derivatives (sensitivities). In partacuthe solutions obtained
are not unique; for example there can be a rang@dd,Us) values that can give
equally good calculated fits (see Section 4.4 below), andaoh&ion reached will
depend on the chosen initial values farb,Us).

Once a solution is found, the program outputs the adtwalt) data, the cal-
culated fit to the data, the residuald®@—t; ), the Hill fit coefficients 4, b, Us,
C, D¢j), and the computed run-distance and run-time to detonathrhis stage
the user should compare the calculated fit to the actual datakso plot out the
residuals. Ideally, the residuals should be randomly ibisted about zero, and all
lie within acceptable limits. The user then has to use tha&lggment to answer
the following questions; (i) is the fit acceptable?, anddopld the fit be possibly
improved? If the user is not happy with the calculated fit,ithpeit data should be
‘intelligently’ modified and the program re-run with the amaed input.

If an acceptable solution has not been found after a specifietber of itera-
tions then the program currently stops. If this occurs, $er ghould modify either
the initial starting values, the constraints, or the cogeace limits, or a combina-
tion of the above and re-run the program. Alternatively,der could extend the
program to include a different stop condition to termindie iterating proces®.g.
say when the calculated RMS error is less than a specifieé valu
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4.4.7 Description of Fortran Routines

The Fortran routines which apply the constrained leastreguaethod to the
described analysis of shock trajectory data are detaillshvband the listings of the
routines are given on the attached CD-ROM.

¢ Isa.f - Main program. Reads in user input data, performs tagixnmultipli-
cations, and outputs results.

e calcfit.f - Calculates the Hill function fit and computes the rustdnce and
run-time to detonation.

e linsolve.f - Solves a system of linear equations.

e velocities.f - Calculates the detonation velocy,;, from the supplied reac-
tion products JWL EOS.

The above suite of programs have been used in the analysasbeesin Sec-
tions 4.5 and 4.6 below.

4.4.8 Ancillary Programs

There are also a number of ancillary programs that are alsicyplarly useful in
relation to applying the constrained least squares methatidck trajectory data.
The listings of these routines are also on the attached CBERO

arrivaltimes.f

This program calculates arrival times for the shock frorgiaen positions€.g.
gauge locations) from experimental or simulated Lagrangaticle velocity histo-
ries. The program is particularly useful for extractingchwave arrival times from
calculated data since this information is not readily ald# from hydrocode runs.
At each given position, the time of arrival of the propagat#mock wave is taken
to occur when the output first reaches a critical value of trgigle velocity. This
(constant) value is input by the user, and linear interjpahas used to calculate the
correct time of arrival from the supplied, discrete, pagticelocity data. Note that
the critical value input by the user will be dependent on thiésswused; particle ve-
locity in a hydrocode is in cnps, whereas experimental particle velocity data from
LANL is usually in mmjs.

The critical value usually chosen as input to the programai$ the particle
velocity through the initial shock wave entering the exples However, since the
particle velocity in the propagting shock increases witptddanto the explosive,
ideally the critical value should vary with shock strengthhe program will be
modified in future to calculate shock arrival times at givasitions at values of
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particle velocity that depend on the shock strength. Theatimes.f program was
used to extract shock wave arrival times from the CREST ¢aticns described in
Section 4.6.

contour.f

This program can be used to indicate where local minima deewgiven (a, b)
values, assuming a fixed valueld§, and hence determine suitable starting values
for the parameterg, b, Us) in the application of the constrained least squares solu-
tion method to fitting shock trajectory data. The progranmsseatially a version of
the search method (described in Section 4.3.1) to solve ithdifferential equation
(4.1) to determine run-distances and run-times to detonatuitable fixed values
for Us, C, andD¢; are chosen, and the parametgasb) are varied within given
limits in an attempt to find suitable values that produce pitadde fits to shock time
of arrival data by integrating equation (4.1). The RMS efareach calculated fit
is computed from the residuals to give a measure of the gasdofethe fit corre-
sponding to eacla, b) pair.

To visualise the data, an IDL script was written that produaeurface plot of
the inverse of the RMS error over the rangéaf) values used. A maximum in the
inverse of the RMS error gives a mimimum in the calculatediiitexample surface
plot is shown in Figure 4.3 corresponding to fitting the shtekcker data from
EDC37 gas-gun Shot 1159 using a 200 x 200 griteob) values. It is observed that
there is a ‘ridge’ of suitabléa, b) values over the ranges shown that will produce
equally good calculated fits since the RMS errors are verylamrhis plot thus
gives an indication of resonable starting valuegayh) to use that will be close to
a local minimum.

4.5 Application of the Least Squares Method to Ex-
perimental Shock Trajectory Data

To test and validate the application of the constrainedt lsgsares solution
method for determining run-distances and run-times tordgtion, it has been ap-
plied to the shock tracker data obtained from EDC37 suddasimgle shock gas-gun
experiments [38]. These experiments are summarised ire Fabl Out of the total
of 6 single sustained shock experiments fired, the run tondéittn has been de-
duced from 4 of the experimental shots. In one experimert($h20) the shock
tracker gauge failed, while in Shot 1267, run to detonaticcuoced beyond the end
of the gauge package. Note that the run-distances to dedargiven in Table 4.1
are those quoted by LANL.

Using the constrained least squares solution method, fbalated fits to the
experimental shock tracker data from Shots 1160, 1122, k91277 are shown
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Table 4.1: Summary of EDC37 Sustained Single Shock Gas Gpariiwents.

Shot No. | Impact Vel. Impactor Input Pressurg Run Distance
(mmius) Material (GPa) Xrun (MM)
1267 0.487 Z-cut sapphire| 2.76+ 1.5 >16.0
1160 0.608 Vistal 3.52+ 1.6 14.4
1122 0.682 Vistal 3.95+ 1.7 12.3
1120 0.809 Vistal 491+ 1.9 No data
1159 0.918 Vistal 592+ 2.1 7.0
1277 1.403 Z-cut sapphire] 10.8+ 3.0 2.8

respectively in Figures 4.4-4.7. Shown on each of theses idothe experimental
shock tracker data, the best fit to this data by integrating)(4@nd the residuals
(P —t; Tt) multiplied by 10. It is observed that some of the calculdieiare
better than others. For example, a very good fit has beennglotdo the shock
tracker data from Shot 1159 (Figure 4.6), where the majofithe residuals for the
fit are typically within4+0.005ps, and all are withint0.01us. However, a poorer
fit is obtained to the early gauge elements from Shot 1122i(Eig.5) where the
residuals for the fit are typically0.05us. It is seen that there is a noticeable ‘kink’
in the data for Shot 1122 for the early gauge elements, itidgahat either the
tracker data is questionable or the wave is not accelerasngmoothly as would
be expected. This illustrates clearly the point that thaioleid calculated fits will
only be as good as the data that is being fitted! The valuesassegbut to the least
squares method are given in Table 4.2, where subscript Gatedi initial values.

Table 4.2: Input Values to Constrained Least Squares Rrogra

Shot No.

Parameter] 1120 | 1122 | 11590 | 1160 | 1267 | 1277
ao 0.05 0.05 0.05 0.05 0.05 0.10
bo 2.50 2.50 2.50 1.50 2.00 2.00
Ug 4.00 3.84 4.19 3.75 3.56 5.00
Aa -0.01 -0.01 -0.01 -0.01 -0.01 -0.01
Ab -0.10 -0.10 -0.10 -0.10 -0.10 -0.10
AUg -0.10 -0.10 -0.10 -0.10 -0.10 -0.10
B 1.0 1.0 1.0 1.0 1.00 1.00
(of} 1.0 1.0 1.0 1.0 1.0 1.0
o> 1.0 1.0 1.0 1.0 1.0 1.0
o3 1.0 1.0 1.0 0.5 0.1 0.5
€1 2.0x10% | 2.0x10 3| 1.0x10% ] 1.0x10°% | 1.0x10° | 5.0x10°*
& 2.0x10°% | 2.0x10 3| 1.0x103%| 1.0x10 3% | 1.5x103 | 1.0x10°3
€3 1.0x10°% | 1.0x10°| 1.0x10°% | 1.0x10° | 1.0x10°3 | 1.0x10°3

The values for the parameters in the Hill function (4.1) thae the fits shown
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in Figures 4.4-4.7 are given in Table 4.3, whérés from the measured EDC37
Hugoniot [11], and the values quoted fog; are obtained from the fits to the last few
data points of the respective measufed-t) trajectories. Values dbj consistent
with published data [122] are obtained for Shots 1159, 1466,1277. The value
of D¢j quoted for Shot 1122 is lower than would be expected indigathat either
the wave has not reached a steady detonation or again thahdlo& tracker data
for this experiment is questionable. The remaining valeggiired as input to the
method are given in Table 4.2.

Table 4.3: Hill Function Parameters Fitted to EDC37 Sho&jéatory Data.

Shot No. a b Us C D¢;j

(mmiss) | (mmius) | (Mmius)
1160 0.055222| 2.534801| 3.674033| 2.40 8.72
1122 0.050055| 2.644321| 3.692185| 2.40 8.53
1159 0.034845| 2.497354| 4.230644| 2.40 8.76
1277 0.021087| 2.493027| 5.000284| 2.40 8.70

The run-distances and run-times to detonation derived ftwercalculated fits
to the EDC37 experimental shock tracker data are comparidtmose quoted by
LANL in Table 4.4. The point where detonation is attained &finked to be the
point where 99% oD, is reached in the fit. Good agreement is obtained between
the run-distances and run-times to detonation derived ttoemapplication of the
constrained least squares method to the Hill function (4dgl the corresponding
run-distances and run-times given by LANL. It is noted thANL quote an accu-
racy in their fitting process of 0.4 mm in run distance andi®.1n run time. Thus
the majority of values derived from this work are within thexaracies quoted by
LANL. The largest discrepency occurs for Shot 1277 which thasshortest run-
distance. This discrepency is probably due to the fact thdtke the remaining
shots, there are only a handful of gauge points to fit to befteg¢urnover to deto-
nation occurs, thus leading to a larger margin for error éxdalculated run-distance
and run-time.

Table 4.4: Run Distance Analysis of EDC37 Single Shock Gas Bperiments.

LANL Quoted Values This Work
Shot No. || Run Distance| Run Time || Run Distance| Run Time
Xrun (MM) trun (US) Xrun (MM) trun (US)

1160 14.4 3.47 14.4 3.52
1122 12.3 2.95 12.2 2.99
1159 7.0 1.45 7.0 1.46
1277 2.8 0.51 3.2 0.56

Note that although run-distances and run-times to detomatiere quoted by
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LANL, the fitting parameters in the Hill function (4.1) weretrsupplied.

4.6 Application of the Least Squares Method to Cal-
culated Shock Trajectory Data

The application of the constrained least squares methottitgfexperimental
shock trajectory data based on the Hill method was sucdgssalidated above,
and can thus be applied with confidence to data from hydrosodalations to
determine run-distances and run-times to detonation fraltutated results. The
entropy-dependent CREST reactive burn model [61] is abtefooduce the parti-
cle velocity gauge records from EDC37 gas-gun experimehtshwshow the reac-
tion build-up in the shocked explosive, usually before datmn is attained. Here,
the constrained least squares method is applied to shgekttyey data from hy-
drocode calculations of the EDC37 gas-gun experimentguSREST, to enable
run-distances and run-times to detonation deduced fromSJRfalculations to be
compared with experiment.

Calculations of the EDC37 gas-gun experiments detailecier4.1 were car-
ried out using PERUSE [88], the one-dimensional Lagrangiadrocode which is
used as a test-bed for reactive burn model development. Aingesf 50 zones/mm
was used in the calculations, a resolution at which the CRE8del for EDC37
is mesh converged. The CREST model parameters for EDC30®xplwere as
given in [61]. Calculated arrival times for the propagatsigpck wave at given po-
sitions in the explosive were deduced from the calculatetig@velocity histories
using thearrivaltimes.f program described in Section 4.4.8, where the criticalezalu
of the particle velocity was taken to be 0.02 ¢/

The Hill function fits to the calculated arrival times for tBBC37 gas-gun shots
are shown in Figures 4.8-4.13, where each plot shows thelestd shock arrival
data, the best fit to this data by numerically integratind X4and the residuals
(t;°° — ;') multiplied by 10. It is observed that a good fit is obtainedcatb6
shots. The majority of the residuals for the fits are witttid01 s, with the largest
discrepency in arrival time being approximately O@3for Shot 1267. The values
used as input to the least squares method are as given in Z&hland the Hill
function (4.1) parameters fitted to the EDC37 calculatectklveave arrival data
are given in Table 4.5. The quoted values @andDj are from the respective
unreacted EOS and reaction products EOS in the EDC37 CRES®€&Imo

The calculated run-distances and run-times to detonatdnckd from the fits
are compared with the experimentally deduced values ineTéll. Run-distance
data is usually presented in the form of a Pop-Plot [31], rchafter one of its orig-
inators, which expresses the relationship between thd stmck pressure and the
run-distance (or run-time) to detonation, usually on l@thamic scales. The calcu-
lated Pop-Plot for EDC37 is compared with experiment in Feg214. In addition
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Table 4.5: Hill Function Parameters Fitted to EDC37 CalmdaShock Arrival
Data.

Shot No. a b Us C D¢;j

(mmiss) | (mmius) | (mmius)
1267 0.705792| 1.737367| 3.491805| 2.779045| 8.811656
1160 0.756806| 1.550453| 3.644656| 2.779045| 8.811656
1122 0.639189| 1.579896| 3.754207| 2.779045| 8.811656
1120 0.101327| 2.366737| 4.016714| 2.779045| 8.811656
1159 0.066028| 2.487148| 4.192159| 2.779045| 8.811656
1277 0.126551| 2.003240| 5.001590| 2.779045| 8.811656

to the gas-gun data, the plot also shows EDC37 run-distaatze abtained from
earlier explosively driven wedge test experiments caroedby Rabie and Harry
[30]. The straight line relationship is the best fit to all tegperimental data. It
is observed in Figure 2.4 that a good fit is obtained to the raxystal Pop-Plot
at high and intermediate input shock pressures, howeve€CREST calculations
start to tail off at the low pressure end with the model givénghorter run-distance
to detonation compared to experiment. This indicates talGREST model for
EDC37 explosive is too reactive at low shock pressuteks$ GPa).

Table 4.6: EDC37 Gas-Gun Run Distance Analysis.

Experiment Calculation
Shot No. || Pressurel Run Distance| Run Time || Pressure| Run Distance| Run Time
(GPa) Xrun (MM) trun (US) (GPa) Xrun (MM) trun (US)
1267 2.76 > 16.0 > 4.00 2.78 16.8 4.29
1160 3.52 14.4 3.52 3.61 14.3 3.42
1122 3.95 12.2 2.99 4.16 12.7 2.94
1120 491 No data No data 5.15 9.4 211
1159 5.92 7.0 1.46 6.06 7.4 1.58
1277 10.8 3.2 0.56 10.8 3.1 0.54

For completeness, the calculated Hill function fits to theezimental and simu-
lated shock time of arrival data for Shots 1160, 1122, 1168,1277 are compared
respectively in Figures 4.15-4.18. For each shot it is skanhthe CREST calcula-
tions give a good match to the experimental shock trajextoiThe acceleration of
the shock wave is well matched to the experimental data beentjority of the run
to detonation, with some differences seen in the late stafjasceleration before
the turnover to detonation occurs.
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4.7 Conclusions

The described constrained least squares method has bdedapshock time
of arrival data from explosive gas-gun experiments to mte\a fast and efficient
solution method for determining run-distances and ruresito detonation using a
technique devised by Larry Hill at LANL for fitting shock tegjtory data. Good
matches to the experimental shock tracker data from sestaingle shock EDC37
gas-gun shots have been obtained, and the derived rumekstand run-times to
detonation are in very close agreement with the correspgngilues quoted by
LANL, thus validating the application of the method.

The method was then subsequently applied to shock time imhhdata from
hydrocode calculations of the EDC37 gas-gun experimenigyube CREST re-
active burn model. Overall, the CREST model for EDC37 expgives good
agreement with the experimental shock trajectory data andlistance to detona-
tion data, however the fit to the EDC37 Pop-Plot starts tordwat low pressures,
indicating that the EDC37 CREST model needs to be improvéadiow pressure
region.
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Figure 4.2: Plot of the acceleration-shock velocity fuoctior EDC37 Shot 1159.
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Figure 4.3: Surface plot for EDC37 Shot 1159.
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Figure 4.12:
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Chapter 5

Explicit ‘Hot-Spot’ Modelling

5.1 Introduction

Shock initiation of heterogeneous solid explosives is agerproblem involv-
ing a number of mechanical, thermal, and chemical proce3$eskey to initiation
in such explosives is the generation of ‘hot-spots’ at malteliscontinuities (crys-
tal/binder boundaries, pores, crystal defesdty which act as concentration points
for energy density and locally trigger the thermal reactiothe explosive [4]. Dur-
ing shock compression, a distribution of ‘hot-spot’ sized temperatures is created
that is dependent on the initial conditions of the explosiueh as initial pore size
distribution, explosive particle size distribution, andder distribution. These *hot-
spots’ can then grow to consume neighbouring explosivegbestor fail to grow
as thermal conduction lowers their temperature beforetimacan be completed.
The initial conditions of the explosive are important sifitcis well known exper-
imentally that the explosive morphology (initial pore siistribution, grain size
distribution, crystal orientatioatc) can affect the explosive response [45] [48].

Continuum-based reactive burn models, such as the prelsasesl Lee-Tarver
model [49] and the entropy-dependent CREST model [61], dcerplicitly take
account of the fundamental processes involved in shodkiiwib of heterogeneous
solid explosives. For example, no attempt is made to modstspot’ formation
in an explosive as a result of shock compression. Insteath, swwdels give a gen-
eralised description of the underlying physical and chaingcocesses involved.
Their reaction rate equations are mathematical expressi@t approximate ‘hot-
spot’ formation and ignition, and subsequent growth of tieadbehaviour, and the
rate constants are empirically fitted to experimental datidhough the CREST
reactive burn model [61] [62] is giving promising resultssimulating a range of
explosive phenomena with a single set of parameters, itablerto account for the
effect of particle or grain size, pore size, and binder diatron on the explosive re-
sponse. These models will only be capable of reproducingffieets of changes in
the initial conditions of the explosive by varying some a tonstants in the model

162
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until an improved fit with experimental data is obtained. $huithout advances in
the modelling, the effects of pore and grain size distrdoutcrystal orientatioetc
on an explosive’s response can only be demonstrated by exrypaftexperiments.
This approach is very costly.

Recent advances in computational capabilities now offeictrance to develop
more sophisticated models of explosive initiation, and tive past decade or so, re-
searchers have begun to consider and develop so-callettpiased or mesoscale
models of explosive behaviour. Such models attempt to takeumt of the mor-
phology of an explosive in terms of the initial particle oagr size, pore size, and
binder distribution, and therefore have the potential twaat for such initial con-
dition differences. However, to develop such a model thatxmaused in hydrocode
calculations to simulate real problems of interest is adargdertaking. The diffi-
culties are obvious; at least two scales of behaviour halse gimulated, (i) micro-
scopic ‘hot-spots’€.g.0.1-10um), and (ii) macroscopic bulk responsed.0.1-10
mm). In addition, detailed knowledge of the material projsrof the constituent
parts is required, the chemistry is far from straightforvaand there are many po-
tential sources of ‘hot-spots’ as discussed by Fetldl. [5].

Physics-based or mesoscale models of explosive shocitiaitithat have been
developed for use in hydrocode calculations essentiallyirfeo two categories;
(i) statistical ‘hot-spot’ models, and (ii) ‘hot-spot’ mel$ based on a particular
mechanisme.g.pore collapse. The former class of model does not explicaygeh
the formation of ‘hot-spots’ in a material, but insteadigék the output from large
scale, direct numerical simulatiorsy.[79] [80] to define the size and distribution
of ‘hot-spots’ as the initial conditions for a hydrocodeatdation. Nicholls's recent
statistical ‘hot-spot’ model [76] is one example of this éypf approach. The aim
is to model the dynamics of a population of ‘hot-spots’ tha able to start the
chemical reaction in the explosive, and so allows for the tlaat ‘hot-spots’ may
be generated as a result of a number of different mechanidowever, very large
multiprocessor computers are required to perform the dimemerical simulations,
and the task of extracting the data required as input to estital ‘hot-spot’ model
is far from straightforward.

The other, and to date, more popular approach to developingsascale reac-
tive burn model is to take one particular mechanism for ‘sjmdt’ formation in a
heterogeneous solid explosive, and use its results to @dtiecform of the initial
stages of the release of energy. However, various ‘hot-apathanisms have been
proposed over the yeagesg.pore collapse, shear banding, friction, and fracture, and
currently there is no universal agreement as to the meainésiisy which energy
localisation occurs as a result of shock compression. lossible that there may
be more than one ‘hot-spot’ mechanism at play, and the darhmachanism may
be dependent on factors such as the type of explosige [flastic bonded vs rub-
berised), manufacturing processd. pressed vs cast), and type and magnitude of
the shock loading.
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Most modelling work carried out recently in this respect baacentrated on
describing ‘hot-spot’ formation due to the collapse of ore the explosive ma-
terial. In heterogeneous solid explosives, pores are lyspasent as part of the
manufacturing process. The explosive crystals or gramsisually small and irreg-
ularly shaped, hence it is difficult to manufacture them teagity near theoretical
maximum density. As a result, all solid explosives have sporesity. Pores are
prime candidates as potential ‘hot-spot’ sites since empeital work has shown
an increase in sensitivity with increasing porosity (desreg densityke.g. [36].
This indicates that more pores leads to more ‘hot-spotsl hemce a more sensitive
material. Other work has also shown that void content, rétien binder or binder
amount, appears to be the dominating factor in shock imtiadf heterogeneous
solid explosives [11].

The heating of the material as a result of pore collapse catubeto several
mechanisms. Mader [7] described a purely hydrodynamic er@sin in which the
upstream surface of a cavity is accelerated by the shoclinigdo the formation
of a jet that impacts the downstream side of the cavity. Heais produced by
compression of the solid phase material as a result of tHerigssure jet impact.
In the work of Bowden and Yoffe [4] the role of adiabatic comgsion of gaseous
pores as a source of ignition was emphasised. @bak [65] described a gas pore
collapse mechanism in which gaseous pores are heated tdemygieratures as a
result of adiabatic compression. Explicit heat transfermfrthe hot gas to a thin
shell of the surrounding explosive then allows the expls$os/be ignitied. Since
solid explosives are able to withstand a certain amountsibdion, and thus have
strength properties, ‘hot-spot’ formation as a result ofepcollapse due to pure
hydrodynamic effects is thought to be unlikely.

Carroll and Holt [8] considered heating due to inviscid stlaflow during pore
collapse. In their analysis pore collapse occurs in thregses; an initial elas-
tic phase, a transitional elastic-plastic phase, and & fulistic phase. Carroll
and Holt noted that the pore volume is essentially unchawigeishg the first two
phases, and hence the analysis could be further simplifiedrimring the initial
elastic, and transitional elastic-plastic phases of poliagse. Later, Butchest al.
[123] incorporated viscous effects into the Carroll andtiabdel. Frey [9] studied
the mechanics of pore collapse in an energetic material. @fraber ‘hot-spot’
mechanisms including hydrodynamic solid phase compresbkidrodynamic gas
phase heating, inviscid plastic work, and viscoplastickwdrwas concluded that
the mechanism of viscoplastic work gave the most importantrioution to the
heating of the materials. Therefore, currently most shodiation models based
on pore collapse use the viscoplastic heating mechanismnedorithe the creation
and subsequent ignition of ‘hot-spots’.

Khasainowet al. [72] were the first to build a viscoplastic pore collapse mode
and apply it to ‘hot-spot’ formation resulting from shoclopagation in heteroge-
neous solid explosives. As per the pore collapse model abbCand Holt [8], it
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was assumed the pore volume remained unchanged until thedpipess exceeded
the plastic yield strength of the material. The ‘hot-spotsidel described by Bel-
maset al. [64], is similar to that of Khasainov, and both models in@éube effects

of thermal conduction on the ‘hot-spot’ temperatures. Tiseoplastic models of
Kanget al. [124], Bonnett and Butler [125], and Massatial. [73] are more com-

plex than the other viscoplastic pore collapse models sarfad description of the

gas phase, and the interaction between the gaseous anglsadids is included in
their models.

All the viscoplastic ‘hot-spot’ models described above teeCarroll and Holt
hollow sphere model [8], and are built on the assumption ahanmpressible solid
phase at the microscopic scale proposed and justified bylCand Holt. Again,
following the observations of Carroll and Holt [8], these aets also assume that
pore contraction in the inital elastic, and transitionasgic-viscoplastic phases is
negligible, and that porosity changes occur as a resulsobyilastic flow only in the
solid material. The model of Kim [126] is the only one of thiags of model that is
based on elastic-viscoplastic flow during pore collapgeerathan just viscoplastic
flow only.

In this chapter, a start is made in the development of a psysased reactive
burn model for hetergeneous solid explosives. The ultimaateis to develop a
‘simple’ model that can be incorporated in a hydrocode, dnad will be able to
predict the effects of changes in particle size, pore sizé,ander distribution on
explosive shock initiation. The first step in this proceswisnodel the initiation
or ignition phase where ‘hot-spots’ are created, and deaositipn starts to occur
in these localised heated regions, as a result of shock assipn of the explo-
sive material. The approach described here takes oneydartroechanism, that of
elastic-viscoplastic pore collapse, as the basis for 4patt' formation.

As part of the approach, direct numerical simulations aréop@ed to support
the development of a simplified model. Direct numerical datians of pore col-
lapse in a heterogeneous solid explosive are very usefufijaaining insight into
what parameters, or combination of parameters are impdrtdhot-spot’ forma-
tion and subsequent ignition, (ii) identifying the importphenomena that need to
be included in any simplified model, and (iii) testing theigas assumptions and
results of a simple ‘hot-spot’ model.

The one-dimensional, multi-material, Lagrangian hydaeBERUSE [88] con-
tains an elastic-viscoplastic constitutive model. Thisstdutive model can be used
to examine plastic deformation around a collapsing pore pssaible ‘hot-spot’
mechanism. This code will be used to perform direct numesicaulations, inves-
tigating phenomena in which the viscous heating effect jieeted to be significant
and a likely source of ignition. The hydrocode calculatioas also be used to test
the assumptions and results of a simplified pore collapsesiriodiescribe explo-
sive ignition that it is intended to incorporate or builddra hydrocode.
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This chapter is essentially split into two parts. The first patails the direct nu-
merical simulation work performed using PERUSE, where-$ymits’ are formed
as a result of elastic-viscoplastic flow in the vicinity of@lapsing pore. Results of
simulations are presented showing how such obvious pHysacameters as poros-
ity and pore size, rise time of the shock, magnitude of thelkslpoessure, double
shock loading, or material parameters can affect ‘hot:dpamnation in a hetero-
geneous solid explosive, and to observe whether the redult® calculations are
consistent with commonly held ideas about shock initiatiod sensitivity of porous
explosives. The second part describes a simple ‘hot-spibitaiion model, based
on elastic-viscoplastic pore collapse, that has been dpgdl The described simple
model contains a number of features found in other visctipld®t-spot’ models
described in the literature, but with one major importaffedence that brings into
guestion the validity of the simplifying assumption thatr@aollapse occurs by
virtue of viscoplastic flow only, which is common to all thesther models. Re-
sults from the simple model are compared with direct nunaégomulations using
PERUSE to examine how well, or otherwise, the simple ‘hat'smodel is per-
forming. Finally, the conclusions are given and future wdidcussed.

5.2 Direct Numerical Simulations of Explosive ‘Hot-
Spot’ Initiation

5.2.1 Preamble

Direct numerical simulations of physical processes thatthought to be of
importance in the formation of ‘hot-spots’ in an explosivatarial (pore collapse,
friction, shearetc) are very useful for gaining insight into whether, and undbat
conditions, proposed ‘hot-spot” mechanisms will be impott Such simulations
require sub-micron sized meshes due to the dimensions bEffats’ created as a
result of shock compression (0.1 -|i0 [4]). Since it is currently impractical to
use such meshing in hydrocode simulations of large scalekshitiation problems
of interest, the results of the direct numerical simuladidn the first instance ex-
amining the formation and subsequent reaction of a singiespot’ in isolation,
can be used to support the development of simpler mesosaalelsof explosive
behaviour.

Baer [79] [80] has performed large scale, direct numericautations of an en-
semble of explosive grains, pores, and binder defining treostale structure of an
explosive, subject to shock wave loading. This type of miaughelps to provide
new insights into the micro-mechanical behaviour of hegjern@ous energetic ma-
terials. In particular, sources of energy localisatiorlieg to the formation of ‘hot-
spots’ can be identified, and the distribution of ‘*hot-spotstained can be used as
input to a statistical ‘hot-spot’ model [76]. However, sugmulations require very
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large amounts of computing power.

A comparatively simpler approach is to take a particulat-$@ot’ mechanism,
and model the details of the chosen mechanism and the sudrgegxplosive re-
sponse. Pore collapse, viscoplastic effects, shear bgnaitiabatic gas compres-
sion, friction, and shock reflections from internal impetfens, are all ‘hot-spot’
mechanisms that have been proposed as energy sources [Bgvetpthe relative
importance of each of these mechanisms is still subjectnsiderable conjecture.
The most popular mechanism for describing ‘hot-spot’ faiorain a heteroge-
neous solid explosive is viscoplastic pore collapse. Thisacause: (i) it is well
known experimentally that variations in porosity can dffis® shock sensitivity of
an explosive [36], and (ii) viscoplastic flow in the solid gleanaterial in the vicin-
ity of a collapsing pore has been shown to be a very efficieatiing mechanism
leading to ‘hot-spot’ ignition [9].

One important question concerns the location of the poras Explosive mate-
rial. The possibilities are: (i) the pores are in the bin@i@rthe pores are within the
explosive crystals, (iii) the pores are adjacent to an esipéocrystal €.9. between
crystal and binder), or (iv) some combination of the abovke Viscoplastic pore
collapse models [72]-[73] assume that pores are locateldeatentre of a spheri-
cal shell of the solid explosive material. This can accoont(ii) and (iii) above,
however these models do not consider the effect that theebimdterial may have
on the explosive response. The elastic-viscoplastic mafd€im [127] is the only
model to consider the effect of binder on the pore collapspaese.

In the direct numerical simulations described in this sagtihe ‘hot-spot’ mech-
anism is shock induced pore collapse. In the first instamtioviing the approach
taken elsewhere [72]-[73], it is assumed that the porescaraéd at the centre of
a spherical shell of the solid material. The one-dimendibagrangian hydrocode
PERUSE [88] is used to perform the simulations. PERUSE aasitan elastic-
viscoplastic constitutive model which is used to examiestt-viscoplastic defor-
mation around a collapsing pore as a ‘hot-spot’ mechanisarioMs phenomena in
which elastic-viscoplastic heating is thought to be sigatifit and a likely source of
ignition are investigated. The results of the simulatiomslater used to test the as-
sumptions, and compare results from a simplified ‘hot-spmttlel that is intended
to be incorporated in a hydrocode.

In order to be able to perform direct numerical simulatiohstoock induced
‘hot-spot’ formation in heterogeneous solid explosivess hecessary to define the
model for the explosive upon which numerical simulationk e carried out, and
then to define the fundamental material properties of théosie. The model of
the explosive, and its associated equation of state (EO&S)raxterial parameters
are described in the following sections.

The usefulness of performing direct numerical simulatienfustrated by show-
ing how the formation of ‘hot-spots’ can be affected by subkious physical pa-
rameters as porosity and pore size, rise time of the shoakjraagnitude of the
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shock pressure, or to material properties such as viscoBitg effect of a double
shock on the pore collapse response has also been invedtigalook at the ef-
fect of preshocking the material before arrival of a secdarmhger shock. Thisis to
examine the phenomenon of ‘shock desensitisation’. Indese of this work, gen-
eral trends rather than quantitative results were of istee:nd to observe whether
the results of the calculations are consistent with comgnbeld ideas about shock
initiation and sensitivity of porous explosives.

5.2.2 Overview of PERUSE

PERUSE is a one-dimensional, Lagrangian, multi-matedrbcode [88]. It
solves a system of partial differential equations deseghime-dependent com-
pressible flow (in Lagrangian form), and includes the modglbf material strength.
Material strength effects are accounted for via a rate-aapet elastic-viscoplastic
constitutive model [128]. The implementation of this sggnmodel in PERUSE
allows calculations of elastic-viscoplastic heating efffein explosive materials to
be studied. Previous hydrocode modelling work has showtrethatic-viscoplastic
work in the vicinity of a collapsing pore is a very efficientdting mechanism lead-
ing to the formation of ‘hot-spots’ in an explosive matefi@8]. Specific to the
hydrocode modelling of ‘*hot-spots’ performed here, theatalties of PERUSE
have subsequently been expanded to include the effectsabtbeduction and an
Arrhenius reaction rate law as described respectively oli@es 5.2.3 and 5.2.4.

In the elastic-viscoplastic strength model, viscositynisaduced via modifica-
tion of the classical Wilkins radial return scheme [129].eTgredicted stress devi-
ators, rather than being retracted directly onto the yialfbse are instead relaxed
towards it, the relaxation rate being governed by the visgparametern. When
the viscosity is zero, the elastic-viscoplastic model oadito the elastic-plastic for-
mulation of Wilkins [129]. In this model, the yield conditiaof Von Mises [130] is
used to describe the elastic limit, and the shear modulak] girength and viscos-
ity are all assumed to be constant. Here, the concept of sityas that of a solid
viscosity which is qualitatively different from the morenidiar concept of viscosity
in a fluid.

The elastic-viscoplastic strength model [128] is basedhanrtetwork shown
in Figure 5.1. This network forms the basis of the PerzynaehfiB81] which is
widely used in other application areas. The response ofldstie and plastic el-
ements are as described by Wilkins [129] for rate-indepehékastic-plastic flow.
The rate sensitivity of response is provided by complicgtite response of the plas-
tic element to include a viscous drag. The viscous elemepiorese assumed is a
generalisation of the standard textbook linear viscoud fluimulated originally by
Newton (1687) and developed into the Navier-Stokes contmtorm by the work
of various authors including Navier and Poisson. For a metailgd description
of the elastic-viscoplastic strength model, and its immatation in PERUSE, the
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reader is referred to [88].

The governing flow equations that are solved in the currersior of PERUSE
are summarised below. This includes extending the capabibf the code to in-
clude the effects of heat conduction and a reaction ratetiequearried out for this
thesis. In the following equations the paramejetefines the geometry of the sys-
tem as: slabg=1), axisymmetric §=2), or sphericald=3). The stress and strain
guantities relating to the elastic, viscous, and plasgéonts of the strength model
are denoted by the superscripty, andp respectively. The superscriyp qualifies
guantities relating to the parallel connection of the visand plastic elements.
Total stress and strain quantities for the overall respofisiee material will carry
no qualifying superscripts.

Conservation of mass :

Dp

Dt = —pO.u (5.1)
Equation of motion :

Du 4,0 (Zg—2y)

e fYs _1)=9 T

Bt r m + (g—-1) or (5.2)

Energy equation :

De o(r9tu) 1pwP 9 oT
- - _ g-17_
Dt (P+Q) om * p Dt * om (K ' or ) (5:3)
Velocity :
Dr
Lagrangian mass coordinate :
dm=pdV =pr9idr (5.5)
Lagrangian derivative :
D o0 0
Total stresses :
5 =P+Q-% (5.7)
2=P+Q-S (5.8)
Velocity strains :
) ou
£ = 3 (5.9)

£y — % (£2= 0 for g=1) (5.10)
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€3 =6 (€3 =0 for g=1 and g=2

Stress Deviators :

Szmwlwg¢§ i=1,2,3

. ou 2Y , \F .
S+° 1_\ﬁ— S=2ue, [SI>4/3Y =123

) .1 .
ei:si—éﬂ.u 1=1,2,3

D.U:él—f—éz—l—é;;

IS] = \/S2+S2 + S5

S5+S$+%=0
\Von Mises Yield Condition:

%+$+%—é%o

Stress/strain response :

S=S%=S" : §=¢£+&P  g=ef+eP  i=123
S'P=8§"+SP : Vp—sv—sp ; Vp—e _ep i=1,23
3 3 3
Zﬁzzg: EP—0 : &P=¢gP
2Y
S—méﬂs%¢j §  i=123
3]

Total plastic work :
DWP  DwWY N DWP

Dt Dt Dt
DWV

Dt

DWP
‘Dt

_ SlV'e\]/-p_i_ SZV'e\Z/p+ ngé\?/)p

=S PelP+ SPeP + SPes’
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(5.11)

(5.12)

(5.13)

(5.14)

(5.15)

(5.16)

(5.17)

(5.18)

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)

(5.24)
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Reaction rate:

% = f(p,PZs, T2 (5.25)
Pressure equation of state:
P=P(p, eA) (5.26)

The above system of equations is solved numerically via tethad of finite
differences using an explicit two-step (predictor-cotoecscheme that is second-
order accurate in time and space. The numerical solutioarsehwas previously
described in detail in [88], and the difference equation®igi The scheme was
vaildated against a number of well established test proklemd further details of
the validation procedure can be found in [88]. The numescélition of the new
features, heat conduction and a reaction rate law, recadthged to PERUSE are
described respectively in Sections 5.2.3 and 5.2.4 below.

5.2.3 Heat Conduction

Heat conduction effects are deemed to be very importantankshnitiation of
heterogeneous solid explosives, particularly in relateotihe dynamic formation of
‘hot-spots’. Passage of a shock wave of sufficient strengjtiead to the creation
of ‘hot-spots’ in the explosive material. However, depeartdgon factors such as
shock strength and duration, and the size and temperattine 4fot-spots’ created
as a result of the shock compression, the ‘hot-spots’ conddi leefore any reaction
occurs. This could be due to heat loss to the surroundingecanéterial, or as
a result of release waves cooling the ‘hot-spots’. To ineltite effects of heat
conduction in the modelling, the capabilities of the PERUfyHrocode have been
expanded to include heat conduction as described below.

The one-dimensional heat conduction equation that dessctite diffusion of
heat in a medium is written in its most general form as,

AST) 2 (o)

—_— = — 5.27
ot or ( )
wherer is the space coordinatg,is the densityCy is the specific heat at constant
volume,T is the temperature, andis the coefficient of thermal conductivity. Fol-
lowing the notation in [88], rewritting (5.27) in Lagrangidorm in terms of the

specific internal energg, assuming = e/Cy, gives

De 0 oT
= — g-17 "
Dt o (K A ) (5.28)

wheremis the Lagrangian mass coordinate, paramgtsquals 1, 2, or 3 according
to whether the geometry is plane, axisymmetric, or spheraoad C, andk are
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assumed constant. Heat conduction therefore gives anauiterm to the internal
energy equation, see equation (5.3), and in the currenemmgnhtation this is solved
explicitly. Following the notation in [88], the one-dimeaasal heat conduction
equation (5.28) is discretised as follows:

Predictor step
n+3

Addtoe 2,
J+35

1At
2, 7 529
J+35

]

whereAt™ 3 is the timestepMH% is the Lagrangian cell mass, and the heat flux
through a boundary cellis given by,

1 -1
HP =AM [ 12 1 (5.30)

whereA, is the cell face area, and
n_ =(,.n n
<D = (KH%—FK]._%) (5.31)
Corrector step
Add toe' 1,
I+3

My |t

A3 1 1
| j {H”*Z H-MZ] (5.32)
J+3

where the heat flux through a boundary gel$ given by,

n+7_ rH”%
3~ ont3 Tj+% ij%
3 (Fje1—Tj-1)
and
— 1
A = é(Af;“+A';) (5.34)
- 1 n+1 n
vy 1 s ned
K] = 3 (KH% —|—Kj7% (5.36)
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The Aj’s are the cell face areas and are computed as given in [88]. sTdbility
timestep criterion for the explicit solution of the one-@nsional heat conduction
equation given by,

_ 1S
2 K
is taken into account when determining the overall stabiesitep for each compu-
tational cycle.

At (Ar)? (5.37)

5.2.4 Reaction Rate Law

Many reaction rate models have been developed by varioeangsers. These
models usually describe the rate of increase of the reaotdali(ned) mass fraction
A of the explosive material as a function of its thermodynastate, and can be
considered special cases of the general form,

oA

o
wherep, P, Zs, andT are respectively the density, pressure, entropy functad,
temperature of the material. The reaction rate laws in thee Tarver Ignition and
Growth model [52] [53] are examples of such models, and tdepend on pressure
(and density) but not temperature. However, in reality tieacrates are initially
dependent on the temperature attained in the ‘hot-spots’.

One of the simplest and most popular temperature-depensletton rate mod-

els is the first-order Arrhenius rate law [1] which has thegilzangian) form,

f (p7 P7 ZS7T7)\) (538)

DA E*

Dt =(1-AN)ZerT (5.39)
whereA is the mass fraction reacted,is the frequency factoE* is the activation
energy of the materiaR is the universal gas constant, afds the current tem-
perature. The Arrhenius model depends on temperature aslyhe temperature
increases the rate of burning increases. In the numeribahse the mass fraction
reacted), is a cell centred quantity, and the difference equatiomsesponding to
the discretisation of equation (5.39) are;

Predictor step : AT a0 L+ (1—)\” ) Ze b (5.40)
P i+3 itz 2 i+3 '
__E
1 1 L RT 7
Corrector step : AN =N A2 (1-ATT2) Ze 2 (5.41)
112 1132 I+3

whereZ, E*, andR are assumed constant.
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At the present time the reaction rate is decoupled from tlteddynamics. In
other words, for a given temperature, the reaction rate anddrmass fraction re-
acted will be computed, but this then does not feed back hedydrodynamics.
In reality, once the reaction starts this will further raibe temperature of the ex-
plosive material resulting in an increase in the reactidge.rahus, the solution of
the reaction rate equation is currently used to get a minirastimate of the mass
fraction of material that could be ignitied in the *hot-sgot

5.2.5 Explosive Model

A one-dimensional idealised spherical model for the expéois assumed which
consists of an isolated spherical pore at the centre of arisphshell of the solid
material, see Figure 5.2. This model is based on the work ofoCand Holt
[8] who showed that a simple hollow sphere model could dbsctihne dynamic
compaction behaviour of porous materials reasonably Wélé initial pore radius
is ag which is equal to the inner radius of the solid materfigljs the outer radius
of the solid, and®s is the time-dependent pressure applied to the externalidf
the solid. The applied external streBg,represents the effect of a shock wave, and
the resulting pore collapse is assumed to be sphericallyrstnc.

Defining, 0o, the initial distention ratio as,

S total volume of the porous material Vo
0= volume of solid material Vg

(5.42)

then the relationship betweery, and the inner radiugg and the outer radiug of
the solid material, is

b03 <bo) 3 Oo
OQg=—5—— OF |—| = 5.43
0 b03 _ aOS a0 Oo— 1 ( )
and the initial porosity of the explosivey, is defined by,
3
ag oap—1
= | = = 44
@ (bo) - (5.44)

The pore can be treated as a spherical void or can be gas Yeele the pore is
assumed to be gaseous, the gas phase is not modelled éxpilithte calculations.
Instead the gaseous pore is modelled as a boundary contdittbe solid using an
ideal gas equation of state, and pressure and temperatuassarmed to be uniform
through the gas.

The model of the explosive is obviously a strong simplificatof the actual
explosive geometry. In reality, a heterogeneous solidasipé material consists
of a suspension of pores inside the mixture of crystals, driett, where the size
and distribution of pores are not uniform. In addition, ttulapse of the pores
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resulting from the passage of a shock will be non-spheri@aly an isolated pore

is considered here, wheag represents the average pore radius in the explosive, and
the outer radiu®g represents some average measure of the distance between two
pores. Pore-pore interactions are neglected. Although siemplistic, the model
shown in Figure 5.2 does allow the formation of ‘hot-spotsbe described in a
simple and generic fashion without loss of the basic charetics of ‘hot-spots’.

5.2.6 Equation of State and Material Parameters

The well characterised HMX-based explosive PBX9404 wasehas the ma-
terial to be modelled. This is because the initiation betavof PBX9404 is fairly
representative of solid heterogeneous explosives in geraerd the majority of its
material constants and parameters are to be readily fouthe ilteraturee.g.[31].

The solid (unreacted) explosive material was modelledguaisimple polyno-
mial EOS based on the linear shock veloclti)¢particle velocity Up) fit to unre-
acted shock data on PBX9404 [132]. The analytic simple potyial EOS [129]
has the form,

P=Ag+A &+ A 82+ A3 &3+ (Bo+ By &+ B £2) poE (5.45)
P ~ Ao E>0
here ¢=——-1, and A, = 5.46

andAg, A1, A, Ao*, Az, Bp, B1, andBy are constants. Starting from the quoted
Us — Up relationship for PBX9404 [132], reference [133] was usedi¢dve the
constants for the simple polynomial EOS for PBX9404, andélere given in Table
5.1.

Table 5.1: EOS constants for PBX9404.

| Parameter | Value |
Initial Density, po (g/cn?) 1.84
Ao 0.0
Aq 0.11408184
Ao 0.30573933
Ay* -0.30573933
As 0.0
Bo 1.0
B1 1.0
B, 0.0

The assumed default material parameters for PBX9404 aengivTable 5.2,
the majority of which have been taken from the literaturee Vhlues for the yield
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strength,Y, shear modulugy, and specific heaCy, were taken from [52], while
the coefficient of thermal conductivityg, was obtained from [117]. The Arrhenius
constantsZ andE*, for PBX9404 are due to Rogers [134], and the universal gas
constantR, is 8.314%10-° Mbcm®/ K mole.

Table 5.2: Material parameters for PBX9404.

| Material parameter | Value |
Yield strengthyy (Mb) 0.002
Shear modulugy (Mb) 0.0454
Viscosity,n (Mb ps) 0.001
Initial temperature]p (K) 300.0
Specific heatCy (Mb cm®/g/K) 1.512¢<10°°
Thermal conductivityks (Mb cm®/cmius/K) | 4.1667<10~ 14
Frequency factoiZ 1.81x10%7
Activation energyE* (Mb cm®/mole) 2.205
Pressure stresB; (Mb) 0.01
Initial pore radiusag (Um) 10.0
Initial outer radiuspg (um) 46.416
Initial porosity, @ (%) 1.0
Rise time of shockg (us) 0.1

The porosity of PBX9404 pressed to a density of 1.84 g/ntypically of the
order of 1%, and the initial pore radius is assumed to berh0 From (5.44) this
then defines the initial outer radius of the explosive stefi&i416um. The applied
pressure stresg;, is taken to be 10 kbars, which corresponds to a relativekwe
shock, and the rise time of the applied pressure or shotk59.1ps, i.e. there
is a linear correspondence between pressure and timetfesfpus tot = 0.1ps
after which the applied pressure remains constant at 1Gskkae Figure 5.3(a).
The assumed value for the material viscosity is 0.001dpandTy is the initial
(ambient) temperature of the solid explosive.

If the pore is assumed to be gaseous, the gas phase is masighieh ideal gas
EOS of the form,

P=(y-1)pe (5.47)

wherep is the densityg is the specific internal energy, agds a constant. Where
the pore is assumed gaseous in the calculations, the iodgraitions in the gas
were as defined in Table 5.3. The initial density of the gas293< 102 g/cm?
corresponding to the mean density of air at the referencpaesture and pressure
(1 atmosphere), and it is assumed thatl.4. The initial energy in the gas is then
defined by (5.47), and the specfic heat can then be calculatedfie initial energy
and temperature. The coefficient of thermal conductivityamfwas taken from
[135].
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Table 5.3: Initial conditions for gas-filled pore.

| Parameter | Value |
Initial density,pgo (g/cn?®) 1.293x10°3
Initial pressurePyo (Mb) 1.0x10°°
Ratio of specific heatsy, 1.4
Initial temperatureJgo (K) 298.0
Initial energy,eqo (Mb cm®/g) 1.93349%¢10°3
Specific heatCy (Mb cm?/g/K) 6.4882<10°°
Thermal conductivitykg (Mb cm®/cmius/K) | 2.391710 1

The calculations described in the following sections stidad taken as being
representative of the explosive PBX9404, rather than giadéie. In all cases, the
mesh sizes employed in the simulations were chosen so astioeegood resolu-
tion of the physics of the pore collapse during the timescafethe calculations.
Typically 600-2000 mesh cells were employed through thektiess of the solid
material dependent on the rate of pore collapse; the fdstespgeed of collapse, the
finer the meshing required to adequately resolve the phemamnethe vicinity of
the collapsing pore.

5.2.7 ‘Hot-Spot’ Formation Due to Elastic-Viscoplastic Hating

To illustrate the very high effectiveness of the elastigewiplastic mechanism of
heating the solid explosive material which surrounds aapsiing pore, consider a
calculation using the defined model of the explosive, anthtathe EOS constants
and material parameters for PBX9404 as given in Tables H15ahrespectively.
In this example, the pore was assumed to be a void and heatictood was not
modelled. The time evolution of the pore radius is plotteBigure 5.4, and the cor-
responding increase in temperature at the surface of thegpsaotg pore is shown in
Figure 5.5. The calculated radial distribution of temperathrough the thickness
of the solid material at various times during the calculai®shown in Figure 5.6.
Temperature profiles such as these help to show the extené¢ dfidt-spot’ region
in the vicinity of the collapsing pore.

It is observed that significant temperature increases écalated in a thin layer
of the solid material surrounding the collapsing pore. Theximum calculated
temperature occurs at the pore surface, with the temperatantonically decreas-
ing away from this surface. The radius of this thin heate@dagr ‘hot-spot’, is
approximately equal to the initial pore radius. Most ‘hpts reaction theories in-
dicate that the size of a ‘hot-spot’ is very nearly the siza phrticle or of a void or
pore before it collapsed. Away from the ‘hot-spot’ regioeriis only a small in-
crease in temperature above ambient. Energy dissipatetodelastic-viscoplastic
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work in the vicinity of the collapsing pore is responsible fioe significant heating
of the solid material leading to the creation of the obseffietispot’.

With heat conduction modelled, heat will be transferredrfribie ‘hot-spot’ re-
gion to cooler portions of the solid material. In additidrthie pore is gaseous then,
at the same time, heat will be transferred from the gas touhresnding solid ma-
terial as it has been shown that significantly higher tentpeza are calculated in
the gas phase than in the solid phase [88]. A calculation wa®mned to illus-
trate the effect of including heat conduction in the modeljiwhere the pore was
assumed to be gas-filled with initial conditions as given abl€ 5.3. The solid
phase was modelled as described previously using the ECsSacie and material
parameters as given in Tables 5.1 and 5.2 respectively. dimpuated results are
presented in terms of the radial distribution of tempematnithe solid shell at vari-
ous times during the calculation, see Figure 5.7. At atmesplpressure and with
heat conduction modelled, it has been observed that thenglassiparticular case
has an insignificant effect on the calculated temperaturdba solid (due to the
amount of energy in the gas being very small) in comparisdhdgituation where
the pore was treated as a void. Thus, the effect of includeaj bonduction in this
calculation can be seen by comparison with the results iarEi§.6. It is seen that
heat conduction has a significant effect on the calculateghéeatures, where the
re-distribution of heat in the solid phase through heatdi@mnto the cooler portions
of the material results in a lower temperature ‘hot-spot’.

Passage of a shock wave of sufficient strength will lead tactbation of ‘hot-
spots’ in the explosive material. However, dependent upotofs such as the shock
strength and the size and temperature of the ‘*hot-spotatedeby the shock com-
pression, the ‘hot-spots’ could die out due to loss of heahfthese localised high
temperature regions to their cooler surroundings befonéiamn occurs. This il-
lustrates that heat conduction is an important phenomenaoutelling ‘hot-spot’
initiation.

5.2.8 Material Viscosity

Most of the material parameters for a given explosive arallystairly well
known or can be found relatively easib.g.shear modulus and yield strength. One
of the biggest uncertainties is in the material viscosity, Data on the material
viscosity of solid explosives is not readily available ie fiterature, and it can only
be estimated indirectly, for example, by calibration toexmental shock initiation
data. In the elastic-viscoplastic strength modek currently assumed constant.

To examine the sensitivity of computations to the value ehder the viscosity,
calculations were run for different valuesmin the range 1.810° to 5.0x10 3
Mb ps. In the calculations, the pore was assumed to be a void,heneffects of
heat conduction were not modelled. Apart from the changéenvalue ofn, the
EOS constants and material parameters were as given insfadland 5.2. Figures
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5.8 and 5.9 respectively show the effect on the calculatee @alius, and the pore
surface temperature, to changes in the value of the viscosis the maximum
temperature occurs at the pore surface, it is of interesbltow the temperature
here. It is seen that the value of material viscosity has mifssggnt effect on the
pore collapse response and the associated calculatedregnmes adjacent to the
pore surface. With increasing viscosity, the calculatedperatures at the pore
surface increase, but the rate of pore collapse decreasasevdr, at the higher
values off] a point appears to be reached where increasing the visasty not
result in any further significant increase in temperatuog nerely delays the time
to reach that temperature through a slower pore wall velocit

These results show that careful consideration needs tovea ¢ the choice
of appropriate values for viscosity for any given heteragrrs solid explosive. In
the constitutive modely) is assumed to be constant, and a value of 0.001us1b
has been used in the remainder of this work. However, fustitek is needed to
ascertain what values of are appropriate, and to investigate whether, and to what
extent, viscosity varies with pressure, temperature, &naths

5.2.9 Porosity and Initial Pore Size

The initial porosity of the explosive material is defined lguation (5.44), and
there are two different ways of changing the initial porpsitthin the context of our
model: (i) keep the inner radius of the shell fixed, and chahgeuter radius, and
(ii) keep the outer radius of the shell fixed, and change therimadius. Changing
the shell inner radius changes the initial pore size.

To examine the sensitivity of ‘hot-spot’ formation in thepéosive to changes in
porosity, hydrocode calculations were run at three diffemeitial porosities: 1%,
2%, and 5%. Both methods of changing the initial porosityatined above, were
examined. Keeping the initial inner radius fixedagt= 10um, the initial outer radii,
bo, corresponding to 1%, 2%, and 5% porosity are respectivel2um, 36.84um,
and 27.14um. Similarly, keeping the initial outer radius fixed®t= 46.42um, the
initial pore sizesag, corresponding to porosities of 1%, 2%, and 5% arqui0)
12.5um, and 17.2um respectively. The EOS constants for the solid explosivewe
as given in Table 5.1 and, apart from the changes to thelimtar and outer radii,
the remaining explosive parameters were as given in TaBlel® the calculations,
the pore was assumed to be a void, and initially the effeckeat conduction were
not modelled.

The computed results corresponding to the changes inlipgrasity, where the
initial inner radius is fixed and the initial outer radius @&ted to change the initial
porosity, are shown in Figure 5.10. These plots show the éwodution of the pore
radius, the temperature at the surface of the collapsing, ord the mass fraction
reacted of explosive material as a percentage of the totasmiais seen that the
initial porosity has a significant effect on the pore collepssponse. Increasing the
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overall porosity results in an increase in velocity of theepwall, a higher pore
surface temperature and hence a higher temperature ‘btt-apd a faster reaction
rate. Thus, the calculations show an increase in sengitfithe explosive with
increasing porosity, which is well established experirabptsee for example [136].
The results also indicate that only a small fraction of théemal would be ignited
or burned in the ‘hot-spots’. This ties in with experimerggidence indicating that
the amount of explosive contributing to the ignition pracessrelated to the material
porosity.

Using the alternative approach to changing the initial pilydoy changing the
initial inner radius, hence pore size, and keeping theahduter radius fixed, no
significant differences in the calculated results were plesecompared with those
in Figure 5.10. In other words, at a constant porosity antiauit heat conduction
modelled, the same results are obtained irrespective ahitia pore size. How-
ever, it is generally understood that pore size is an impogaysical parameter
affecting shock initiation and sensitivity of heterogengolid explosives. When
heat conduction is included in the modelling, the initiatggize, assuming con-
stant porosity, does have a significant effect on the condprdsults. This is il-
lustrated by looking at the case of 5% initial porosity. Tlenputed results with
heat conduction modelled and assuming 5% porosity are slhowigures 5.11-
5.13. Figure 5.11 shows the time evolution of the pore sertamperature and
mass fraction reacted, where the results without heat atimiumodelled are also
shown for comparison, while Figures 5.12 and 5.13 show ttekdistribution of
temperature through the solid explosive for initial porsesiof 1(um and 17.2m
respectively.

With heat conduction modelled, it is now observed that, aistant porosity,
the pore surface temperature is lower in the case of the emialtial pore size,
and hence a lower temperature ‘hot-spot’ is formed. In easle cthe radius of the
heated layer, or ‘hot-spot’, is approximately equal to thiéal pore radius. Large
initial pores thus lead to large ‘hot-spots’, and small gdoesmall ‘hot-spots’. Heat
conducts faster out of the smaller ‘hot-spot’ as a resultheflarger temperature
gradient through the heated layer in comparison to the bitygé-spot’. As small
‘hot-spots’ cool more rapidly, it will therefore take highpressures and higher
‘hot-spot’ temperatures to get a material with small sizeckp to ignite before the
‘hot-spots’ cool. The above results are consistent witreexpental observations of
ignition thresholds being correlated with the size and teragure of the ‘hot-spots’
created by shock passage [137].

5.2.10 Rise Time of the Shock

Calculations have been performed to examine the effecteofiie time of the
shock on the pore collapse response. Three different neestior the shock were
used in the calculations, namely fi)}= 0.1us, (ii) T = 0.5us, and (iii) T = 1.0ps,
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after which the applied pressurg,, remained constant at 10 kbars. In each case,
there was a linear relationship between pressure and timetbg duration of the
rise time. In the calculations the pore was treated as a ¥pdrt from the change

in the rise time, the EOS constants and material parametetbd solid explosive
were as given in Tables 5.1 and 5.2 respectively.

Initially calculations were run without heat conductionadedtied, and the com-
puted results are shown in Figure 5.14. As expected, theimseof the shock has
a significant effect on the pore response. The pore surfacpdeature decreases
for increasing rise time of the shock, and hence lower teatpes ‘hot-spots’ are
obtained. The reduction in the ‘hot-spot’ temperaturestdubke longer rise time of
the shock therefore leads to slower reaction rates, anceHess material reacted.
It is noted that the final (stopping) radius is the same in eattulation. This is as
expected following the approach of Carroll and Holt [8], wéhe final radius of
the pore using their simple hollow sphere model is a funatibtine yield strength,
initial density and porosity, and final pressure.

The hydrocode calculations were then repeated but withdwatuction intro-
duced into the modelling. Figure 5.15 shows the comparigaralculated results
with and without taking account of heat transfer. Heat catida clearly has a
significant effect on the computed results, resulting inducgion in the pore sur-
face temperature and thus giving lower temperature ‘*hotsspLooking ahead to
the development of a simple ‘hot-spot’ initiation model forplementation in a
hydrocode to enable realistic shock initation problemseaorodelled, it is worth
noting that the above results show that the physics of the wdl be very depen-
dent on the capture (rise time) of the shock. Thus, a veryrateshock capturing
method will be needed in the hydrocode in conjunction with $kmple pore col-
lapse model. To capture the shock accurately, this may nedqoé model to be
incorporated in an adaptive mesh refinement hydrocode sUSHAMROCK [87].

5.2.11 Magnitude of the Pressure

To study how the magnitude of the pressure loading can dffeqtore collapse
response, calculations were run at three different shoegspires, namely, (Bs =
10 kbars, (ii)Ps = 15 kbars, and (iiiPs = 20 kbars. In each case the rise time of the
shock was 0.}us and, thereafter, the pressure remained constant at tberipex
value. In the calculations the pore was assumed to be a vpiartArom the change
in the magnitude of the pressure, the EOS constants andiaig@rameters for the
solid material were as given in Tables 5.1 and 5.2 respdgtitdeat conduction
effects were not modelled.

The computed results corresponding to the different predeadings are shown
in Figure 5.16, which shows the time evolution of the poreusdpore surface
temperature, and mass fraction of explosive reacted. Asa&g, the pore wall
collapses faster with increased pressure loading, raguiti higher pore surface
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temperatures and hence higher temperature ‘hot-spotd’femter reaction rates.
The observed small scale oscillations seen in Figure 54 @ae to the propagation
of the elastic wave in the solid explosive, where the perfaaboillation corresponds
to the transit time of this wave as it travels backwards amdidods through the

thickness of the solid material. At higher pressures, agsyitne pore is a void,

the pore may fully implode. This will not occur if the pore iasgous. The energy
of the gas phase may become significant at higher pressuactbgeat transfer from

the gas to the solid may be important.

5.2.12 Double Shock Loading (Preshocking)

The effects of multiple shocks on the pore collapse respandsubsequent for-
mation of ‘hot-spots’ can be easily examined via direct nuocaé simulations. Of
interest is the phenomenon of ‘shock desensitisationgudised in previous chap-
ters, where a weak first shock renders an explosive lesstisens a following
stronger shock. The pore response to a double shock proassselen studied,
where the double shock loading consisted of a precursor veav@reshock, oP;
= 10 kbars followed a given time later by a main shoclPpf 20 kbars. Both the
precursor and main shocks had a rise tima ef0.1 us. The input shock profile
is shown in Figure 5.3(b). Two calculations were performsuhg the given shock
magnitudes but varying the time deldybetween the first and second shocks with,
(i) 6=0.5ps, and (ii)d = 1.0ps. In the calculations the pore was assumed to be a
void, and the EOS constants and material parameters foptigensaterial were as
givenin Tables 5.1 and 5.2 respectively. Heat conductifactsf were not modelled.

The calculated double shock results showing the time eleolwf the pore ra-
dius, the temperature at the pore surface, and the massfragacted are shown in
Figure 5.17, where the corresponding single shock resrdtalao shown for com-
parison. Itis seen that the temperature at the pore surieecdauble shock process
up to pressuré; is less than in a single shock at the pressure of the secomn#t sho
alone. Thus, preshocking the explosive material resultidanver temperature ‘hot-
spot’ in comparison to the single shock response. These\@igms are explained
as follows. The pore starts to contract as a result of the cesspn due to the first
shock. When the second shock is input into the material, tmesity of the ex-
plosive and pore size are both less than they were initiAllseduction in porosity
makes the material less sensitive, as shown previouslyatiddes.2.9, resulting in
a lower temperature ‘hot-spot’. Assuming a temperatugeddent reaction rate,
then the reaction rate is slower behind a shock propagatiryugh preshocked
explosive, in comparison to the same shock propagatingitiir@ristine material,
giving less material reacted in the ‘*hot-spot’.

The results obtained are qualitatively consistent witheoletions on the so-
called desensitisation effeetg.[38]. In addition, the calculated ‘hot-spot’ temper-
atures are also dependent on the time delay between thegoeand main shocks;
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the longer the time delay, the lower the ‘hot-spot’ temp@eabbtained. The longer
the time separation between the first and second shocks,dtesthe porosity and
the size of the pore are reduced before the second shocls ¢éinéematerial. This

further reduces the sensitivity of the material, resultimg further reduction in

the ‘hot-spot’ temperature. This indicates a time-depahdt-spot’ deactivation

process which is consistent with the theory of Campbell aadi$ [51].

5.2.13 Discussion

The mechanism by which spherical pores collapse to formspots’ in an ex-
plosive material as a result of elastic-viscoplastic flows baen examined using
the one-dimensional Lagrangian hydrocode PERUSE. Oyéhnalresults obtained
from the direct numerical simulations are consistent wibseyvations, and com-
monly held ideas, regarding the initiation and sensitiafyheterogeneous solid
explosives subjected to weak shock waves. General trenderenresponse and
associated ‘hot-spot’ temperatures have initially beeintefrest rather than quanti-
tative results.

The computed results show that ‘hot-spot’ temperatureease with increasing
porosity. Assuming that initiation is thermal in origin,ett increasing porosity
results in an increase in sensitivity. This correlates wikperimental evidence that
explosive sensitivity is related to porosity. For examplgnificant differences have
been observed in Pop-plot data for a given explosive atréffiieinitial densities
[36]. The data shows that lower density material is more iseagshorter run
distance to detonation for a given input pressure), withitiy@ication that this is
because the material is more porous.

At constant porosity and with heat conduction included ertifodelling, the ini-
tial pore size also has a significant effect on the calculdtetdspot’ temperatures.
It is observed that the formed ‘hot-spots’ as a result of mmiéapse are approxi-
mately equal to the intial pore radius. Smaller ‘hot-spatg more easily cooled by
heat conduction than larger ones as a result of a larger tatope gradient in the
smaller ‘hot-spot’. Therefore, bigger initial pores, whigield larger ‘hot-spots’,
are more efficient at igniting the explosive. Conversleig imore difficult to ignite
an explosive with smaller pores, and higher pressures wikhuired in comparison
to a material containing larger pores. The results are ieeagent with commonly
held ideas regarding the effect of pore size on explosivearese, and shows the
importance of including the effects of heat conduction mmmodelling.

The shock sensitivity of heterogeneous solid explosivesislly discussed in
terms of grain size and/or porosity, rather than pore sizes iB because it is dif-
ficult to obtain data on pore sizes in a heterogeneous sofitbsixe. Thinking in
terms of grain size rather than pore size, assuming constaasity, a larger pore
has a larger volume of solid explosive associated with it gared to a smaller
pore, and hence has a larger grain size. This is a plausigplsment if the pores
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are located between grains, but not if the pores are in thagyrén terms of Pop-

Plot behaviour, the sensitivity of heterogeneous expéssta grain size effects has
shown that, at low shock pressures, fine grain material ssdessitive than coarse
grain material [42] [43]. Thus, the calculations examinthg effect of pore size

on ‘hot-spot’ temperatures appear to be consistent witkettodservations. It is

noted that the sensitivity behaviour for weak shocks is imtiast to the behaviour
at higher pressures, such as at detonation, where fineegraiaterial is more sen-
sitive, as discussed in Chapter 3 and [42]. The hypothesimisthe difference in

behaviour is related to time to ignition for ‘hot-spots’; latv pressures the igni-

tion time is long in comparison to that at high pressures wilieis thought to be

negligible.

In the case of double shocks, the calculated results shawubgecting the ex-
plosive to a weak first shock renders the material less semtitfollowing stronger
shocks. Shocking the material to a given pressure in a twokshimcess generates
a lower temperature ‘hot-spot’ in comparison to where théen was shocked
to the same (final) pressure by a single shock. This followsroonly held ideas
regarding the phenomenon known as ‘shock desensitisd8&}’ the precursor
wave, or preshock, deactivates the ‘*hot-spots’ by reduttirgverall porosity (and
pore size) before the arrival of the second shock. The iealdb indicated that the
‘hot-spot’ deactivation process is time-dependent sihog-Spot’ temperatures are
lowered by increasing the time separation between the twoksh These observa-
tions are consistent with the theory of Campbell and Trad4g.[

To date the modelling work neglects the effect of binder anekplosive re-
sponse. One possibility is that the important pores in arbgémeous solid explo-
sive are located in the binder material rather than nextrtaside, the explosive
crystals. A layer of binder could be included between the@ord the solid explo-
sive to examine pore collapse leading to ‘hot-spot’ formrain this case. This will
require knowledge of the equation of state and materialgntags for the binder as
well as the solid explosive. A further complication is whetlthe binder is pure or
is laden with fine explosive particles [138]. As part of thermfacturing process, it
is generally believed that fine crystallites mix with thednto give what is known
as ‘dirty binder’, and the material behaviour of pure andtaorinated binder may
be different.

In reality, pore collapse in a shock compressed explosilld@inon-spherical.
Two-dimensional direct numerical simulations of a shockevanteracting with a
pore are required to test whether spherical pore collapae/adid approximation.
Additionally, the pores in an explosive may be irreguarhasdd, and the geom-
etry of the ‘hot-spots’ formed as a result of shock compessiould also be an
important factor in determining the explosive responsauslBimulations to exam-
ine the geometry of pores on ‘hot-spots’ are also requireh dimensional direct
numerical simulations could also be performed to study ffeeeof a shock wave
interacting with a matrix of pores to examine, for examplaiegpore interactions.
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Since the elastic-viscoplastic constitutive model in PERUSs also available in
the two-dimensional, adaptive mesh refinement, Euleriaindgopde SHAMROCK
[87], then such calculations could be performed.

The development of a simplified ‘*hot-spot’ initiation modesed on elastic-
viscoplastic pore collapse is described in the next seclitwe results of the direct
numerical simulations will be used as a reference to testahdity of the various
assumptions in a simplified ‘hot-spot’ model, and to check the simple model
can reproduce to a reasonable degree of accuracy the résulithe PERUSE
calculations.

5.3 Simple ‘Hot-Spot’ Initiation Model

5.3.1 Introduction

The mesh sizes used in the direct numerical simulations afspot’ initia-
tion described above, are way beyond current computingiress for these to be
utilised in macroscopic hydrocode modelling of shock atitn problems of inter-
est. The only way forward, therefore, is to develop a simgadifhot-spot’ initiation
model which can be coupled to a hydrocode, and which shoulbkegive com-
parable resultse(g. pore radius, temperature, and mass fraction reacted) s&tho
obtained from the direct numerical simulations. Any suchdeicshould explic-
itly describe the important physical, thermal, and cheinicacesses involved in
explosive shock initiatione.g. dynamics of pore collapse, heat conduction, ‘hot-
spot’ decompositiortc but still be simple enough to use in a hydrocode without
unacceptably increasing the computation time.

The direct numerical simulation work showed that ‘*hot-spot heterogeneous
solid explosives can be created by local elastic-visctiglagains in the vicinity of
a collapsing spherical pore due to the passage of relativedyk shocks. The result-
ing increases in temperature would lead to ignition (th& stiechemical decompo-
sition) in the explosive. Based on mechanical deformatpim(arily viscoplastic
flow) around collapsing pores, a number of models to deschibespot’ forma-
tion and subsequent ignition in heterogeneous solid ex@ssave been developed
[72]-[73] and [126]. Since the description of the ‘*hot-spitould be simple, these
models utilise the Carroll and Holt [8] hollow sphere modaeid all assume spheri-
cal symmetry of the pore collapse process. In addition, thdets are built on the
assumption of an incompressible solid phase, proposediatitigd by Carroll and
Holt, which leads to a great simplification of the theordt@aalysis, and makes
the development of a simple ‘hot-spot’ model tractableldvaihg the approach of
Carroll and Holt [8], these models assume that mechanidalaation of the solid
material occurs as a result of viscoplastic flow only in thenity of the collapsing
pore. Only the model of Kim [126] is based on elastic-visesgkt flow.
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The model developed and described here is also based on theotvGarroll
and Holt [8] and Butcheet al. [123]. It therefore contains a number features found
in other micro-mechanical ‘hot-spot’ models describedhia literature [72]-[126],
and which have had some success in describing the respopseocafs explosives
to a range of different shock loadings. However, there isroagr difference. In
the viscoplastic ‘hot-spot’ models developed elsewhe®-[73], heating of the
solid phase material occurs as a result of viscoplastic floly m the vicinity of a
collapsing pore. This assumption is consistent with thepladions of Carroll and
Holt [8] who showed that volume changes in the first two phadgsore collapse
(initial elastic and transitional elastic-viscoplastare negligible. This implicitly
assumes that the whole of the spherical shell of solid natkés yielded, and is
undergoing viscoplastic flow. For solid explosives sulgddb weak shocks it will
be shown that this is an invalid assumption.

In the following sections, the construction of a simple,lipneary, ‘hot-spot’
initiation model based on elastic-viscoplastic pore qkais described. Firstly, a
description of the geometrical configuration used in develgp the mathematical
model is presented, and the assumptions made to simplitptiakel are given. The
general form of the partial differential equations for élasiscoplastic pore col-
lapse are then introduced, and the interface, boundarynérad conditions needed
to solve the system of equations are given. To make an efficienerical solution
of the governing equations possible, they are integratgtd a set of ordinary dif-
ferential equations to describe the pore response. By gymg the modelling in
this way, the aim is to eventually incorporate the simpld-$pot’ initiation model
into a hydrodynamics code without unacceptably increagiegamount of compu-
tation.

The initial model described below provides the framework fiother model
enhancements to be made, and which are planned. For examtie,preliminary
model described below, the effects of heat conduction arereg. However, this is
an important physical process in the formation and igniabiinot-spots’, and will
therefore be included as the model is developed furthey eltiphasised that the aim
of the simple ‘hot-spot’ model is to describe the ignitioraph in explosive shock
initiation, i.e. formation of ‘hot-spots’ resulting from shock compressiand the
subsequent decomposition of the explosive in these |l@thheated regions. The
model, as it currently stands, is not intended to describesttbsequent growth of
reaction behaviour from the ‘hot-spots’ as the rest of the@sive is consumed.

5.3.2 Physical Model and Assumptions

Consistent with PERUSE hydrocode calculations, and fatigvprevious ‘hot-
spot’ modelling work [72]-[126], the explosive is represathby the one-dimensional
hollow sphere pore collapse model described by Carroll altB] for compaction
of inert porous materials, see Figure 5.2. This consistaada@ated spherical pore
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surrounded by a spherical shell of the solid explosive ndteil his single pore
model is used to represent the average response of a mueh sargple of the ex-
plosive containing multiple, randomly distributed por&kerefore, the initial inner
radius,ap, of the sphere represents the average pore radius in thes@xg@kam-
ple, and its initial outer (external) radius, is chosen such that the initial porosity
and the measured overall porosity of the porous materiad@uel. It is noted that
this explosive model does not take account of the binder agg-pore interactions
which may both be important.

In conjunction with the physical model of the explosive dethabove, the fol-
lowing assumptions are made in developing a simple ‘hot*gpiiation model;

1. Pore collapse and flow of the solid material is treated a&sddmensional,
spherically symmetric. This is valid when the time requifeda shock wave
to transit the pore is small compared to the collapse time [9]

2. The solid explosive material is assumed incompressildiag its radial mo-
tion, after passage of the shock wave.

3. The solid explosive is an isotropic elastic-viscoplastiaterial, where the
yield strength), and the material viscosity, are constant.

4. The pore is a void,e. contains no gas.

The formulation of a preliminary ‘hot-spot’ initiation met based on the ex-
plosive model and the assumptions detailed above, is nogvitled.

5.3.3 Governing Partial Differential Equations

Application of the laws of conservation of mass, momentumd, @nergy, to the
hollow sphere configuration shown in Figure 5.2, and undersumptions given
above, yields a system of coupled partial differential ¢igms (PDE’s) which,
along with the appropriate initial and boundary conditiatescribes the behaviour
of the porous material under shock loading. For one-dinoeradj spherically sym-
metric flow of an incompressible material, the form of the gqming equations can
thus be written as (compare with Section 5.2.2);

Conservation of mass :

Ou=0 (5.48)

Equation of motion :
Du 0% n 2
PBt = "ar 7
Energy equation :

DT DWP

pCVﬁ =~ Dt (5.50)

(So—3) (5.49)
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Velocity :
Dr
Lagrangian derivative :
D o0 0
ﬁ = a + Ua (5.52)
Total stresses :
2 =P-5 (5.53)
39=P-S (5.54)
Viscoplastic dissipation,
DWP u? |ul
—=12n( = 2Y [ — 5.55
o —n (i) -2 (7) 659

The equations defining the velocity strains and stress ttegiare as given in
Section 5.2.2. In order to solve the set of coupled, goverpartial differential
equations that comprise the mathematical model, the appteppoundary and ini-
tial conditions must be specified. The initial conditiohs=(0) are:

u=0 (5.56)
T=To (5.57)
a=a (5.58)
b= by (5.59)

The boundary conditions at the inner pore radius,a,
u=a4a (5.60)

The boundary conditions at the outer pore radius,b,
> =Ps (5.61)

where the functior’s represents the stress-time profile applied to the solid.shel

5.3.4 Model Formulation

Preamble

The governing equations presented above form a general setipled PDE’s
that describe the dynamic and thermodynamic behaviour afllavia sphere sub-
jected to an externally applied stress-time profile. Rathan solving this system
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of PDE's, it is possible to reduce the governing equatiors set of ordinary dif-
ferential equations (ODE’s) in order to make their numérsgdution less compu-
tationally intensive. The transformation of the governgggations from PDE’s to
ODE's is described below, and presented here are the final édrthe equations
(ODE’s) solved in the preliminary ‘hot-spot’ initiation rdel.

Pore Radial Motion

When the time-dependent pressure strBgss applied to the external surface
of the solid shell, see Figure 5.2, this initiates the cartioa of the pore. The
integration of the mass and momentum equations, with thicapipn of the proper
interface and boundary conditions leads to an expressighéaadial acceleration
of the pore surface. The integration of the equation for theservation of mass
(5.48) with the substitution of the radial velocity inteséacondition (5.60) into the
resulting equation, gives an expression for the velocitd fiethe solid shell,

u= ar_f;? (5.62)
which depends only on radial position, and the position agldaity of the pore
interface. By substituting the above expression for véjorito the momentum
equation (5.49), integrating from the inner radius; a, to the outer radiug, = b,
and applying the boundary conditions at these radii, anesgion for the accelera-
tion of the pore interface is found,

—p{aa <1—(p%>+%a[4a<l—(p%> —a(l—cp%‘)]} — P+R—-P (5.63)

where@ is the porosityR, is the viscous (strain-rate dependent) stré§ds the
elastic-plastic (strain dependent) stress, and a dot adbsymbol denotes a deriva-
tive with respect to time. Equation (5.63) is essentially thassic Rayleigh bubble
equation [139] but extended to take account of materiahgtreeffects and finite
porosity on pore radial motion. The viscous and elastistpiastresses, which act
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together to resist the pore collapse, are given by the eapsti

(0 ,  Op=0=01
2. [N
P, — 12a a/ar—4dr , a1>0>dp
°n
12a23/ — dr ., dx>a>1
\ a I
and
( 4U(ap—0)
>a >
3a(a—1) » Go=0 =M
2 2u(0p—0) 2u(0p—Q)
= “Y(l-———+Ini —= >a>
V=3 ( Ya M Y(@-1) o =d=4z
2 a
=YIn| — ar>0>1
3 (a—l) AR

wherern is the material viscosity, is radius,u is the shear moduluy; is the yield
strength, ana is the distention ratio. The distention ratm, and porosityf, are
respectively given by the equations,

bo® _ B
T TR (564
3
(&) _ ap—1 _ _/ad _a-1
@ = <b0) = : Q= (b) = —= (5.65)

where the subscript 0 denotes initial conditions, and tlwatlon of the external
radius,b, is found from the assumption of incompressibility of théiconaterial,
i.e.

b*—a® = by’ —ag’ (5.66)

As aresult of the applied stre$%, the deformation of the sphere occurs in three
distinct phases(i) an initial (elastic) phase where there is no yieldiog > o >
a1), (i) a transitional elastic-viscoplastic phase where part eftiell has yielded
(a1 >a > 0y), and(iii) atotally viscoplastic phase where the whole of the sphlerica
shell has yieldeda, > o > 1). Initial yield (elastic to elastic-viscoplastic) and tbta
yield (elastic-viscoplastic to viscoplastic) occur atteigion ratios

_ 2U0p+Y

DY (5.67)
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and
2100

2u+Y
respectively, and the transitions are smooth as you go froerstate of stress to the
next. As the shear modulys,and the yield strengtly,, are assumed constant, then
the values ofx; anda, are the same for all applied pressure profiles, however, the
transition pressures will be different for different agglipressure profiles.

The equation describing the elastic phase holds within k&tie range of the
material,i.e until the yield limit is reached. If the applied pressurergases beyond
this point, yielding begins at the pore wall and propagate#@ards, and the material
is described by the transitional elastic-viscoplasticsghdn this transitional phase,
the time-dependent interface between elastic and vissopliow, denotedt, is
given by,

0z (5.68)

ao> (0o — @)

ap—1
The equation describing the pore radius in this phase holiilgte elastic-viscoplastic
interface reaches the outer radius of the she# (), corresponding to the entire
spherical shell yielding. Thereafter, the motion is goeerby the equation describ-
ing the fully viscoplastic phase.

Following the observation of Carroll and Holt [8], ‘hot-gpmitiation models
based on viscoplastic pore collapse that have been dewkipewhere [72]-[73]
assume that the pore volume remains essentially unchamgiéthe applied pres-
sure,Ps, exceeds the yield valug where,

P = ngn( a ) (5.70)

B
C=4{/———, WhereB= (5.69)

3 a—-1
In other words, volume changes during the elastic and elagcoplastic phases of
collapse are assumed negligible, and pore collapse ocguwistbe of viscoplastic
flow only in the material. This in turn assumes that, once tieédycondition is
satisfied, the whole of the spherical shell instantaneoyislgs and is flowing vis-
coplastically. However, results of PERUSE calculations@ shown shortly) have
shown that, for weak and moderate shock waves, the wholeed§gherical shell
does not yield but is instead in the transitional elastgzoplastic state. Therefore,
our simple ‘*hot-spot’ initiation model explicitly modeldl @f the three possible
phases of pore collapse.

Temperature Increase Resulting From Pore Collapse

As the pore contracts due to the applied pressure stresseniygerature in-
creases in the solid shell during its radial motion as a teduhechanical deforma-
tion due to the elastic-plastic and viscous stresses geger&or any model to be
useful in a hydrocode to simulate explosive shock initiatibe total averaged burn
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fraction, A, in the hollow sphere needs to be computed. In order to okh&énwe
need to know how the local burn fraction varies through thiel shell as a function
of radius,r, and time,t: A(r,t). The local burn fractions\(r,t), are found from
integrating a reaction rate law which in general is written a

dA

dt
wherep, P, Zs, andT are respectively the density, pressure, function of egtrop
and temperature of the material. In this work, the tempeeatiependent Arrhenius
reaction rate equation [1] is chosen as the reaction rateTaerefore, to compute
the local reaction rate%‘(r,t), in the hollow sphere, the temperature field in the
collapsing shellT (r,t), is required.

In the viscoplastic ‘hot-spot’ models [124]-[73], two défent approaches to cal-
culating the temperature profile through the solid shelehasen adopted. In [124]
an integral transformation method was used to compute teeace temperature.
This simplified the problem by converting the energy equmtido a single inte-
gral differential equation and eliminated the need to stiethermal field in the
entire solid shella < r < b). However, the integral approach requires the assump-
tion of a thermal profile in the solid shell, and both exporerdand polynomial
expressions have been used for this purpose. The appiigaibithis approach was
guestioned by Bonnett [125] and Massenal. [73] who instead opted to solve the
energy equation in its (original) PDE form using finite diface methods. Both
approaches have their advantages and disadvantagedyCleatatter approach is
computationally more expensive than the former.

An alternative approach to those described above for clogl the tempera-
ture field has been adopted here for the simple *hot-spdiatmn model. From
the direct numerical simulations describing ‘hot-spotnfi@tion (see Section 5.2),
it was shown that the size of a ‘hot-spot’ created in the vigiaf a collapsing pore
is approximately equal to the size of the pore before it pskal. Outside this re-
gion there is only a small increase in temperature aboveeamhkand this does not
significantly affect the total averaged reaction rate, agvttl burn fraction, through
the spherical shell. These observations are used to defomaid for the *hot-spot’
(a<r <rps) Which is a fraction of the total domaif@ < r < b) for the solid shell.
The ‘hot-spot’ domain is then defined by a number of discretg(angian) points.

It is convenient to use Lagrangian particles as the solicerratdeforms during

pore collapse, and the spacing of the initial points is ecdiye€hosen to reflect this
motion. The local temperature, reaction rate, and burrtiblacare computed at
each of the Lagrangian positions at each step. Thereforesofmputational effi-

ciency, it is important one should use the least number aftpavhich still gives an

accurate representation of the temperature, reactionanagiburn fraction fields in
the ‘hot-spot’ domain.
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The ODE describing the temperature increase at the Lagranggrticle posi-
tions as a result of the mechanical deformation (viscoukvamd elastic-plastic
work) during pore radial motion is given by,

dT u? |ul
pC\,E =12n (r_Z) +2Y <T) (5.72)

where T is the local temperatureis time,Cy is the specfic heat capacity at con-
stant volumey is the radial (Lagrangian) position, and the velocity figldhe solid
shell, u, is given by equation (5.62). The position and velocity of ffore sur-
face,a anda respectively, are found from integration of equation ($,.&®d the
Lagrangian radial positions in the solid material at eaep are calculated from the
incompressibility assumptiare.

rP-a® = rg—ag® (5.73)

In reality, the increase in temperature due to the mechkahédarmation will be
followed by two other processes in the explosive ‘hot-spdisat conduction and
chemical reaction. Both of these are dependent on, and &athe time, modify
the temperature distribution in the explosive. At the pn¢tiene, the effects of heat
conduction are not included in the preliminary ‘hot-spotadel. However, heat
conduction will be incorporated into the model at a lateredals this phenomena
has been shown to be important in ‘hot-spot’ initiation frdme direct numerical
simulation work (see Section 5.2).

Reaction Rate and Burn Fraction

The reaction rate at the Lagrangian particle positionslsutated according to
the first-order temperature-dependent Arrhenius rate law,
?_ (1-A)ZeRr (5.74)
dt
whereA is the local mass fraction of explosive that has readed,the frequency
factor, E* is the activation energ)R is the universal gas constant, amdis the
local temperature. Equation (5.74) represents the loeaitien rate in the ‘hot-
spot’, giving a maximum at the inner radius where the tentpegas the highest,
a minimum at the extent the ‘hot-spot’ domain, and a monatdecrease between
them. Integration of (5.74) yields the burn fractions at tlagrangian positions,
A(r,t). Since we are interested in the total averaged burn fraétidhe hollow
sphere, the local burn fractions are integrated over thespot’ domain to obtain
this quantity,

hs

A(r,t) 4Tr2dr
M) = g (5.75)
:—)’n(b —a’)
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It is assumed that the reaction rate, and hence burn fradSarero outside the
‘hot-spot’ domain(rps < r < b).

5.3.5 Initial Testing of the Simple ‘Hot-Spot’ Model

The ODE'’s describing the simplified ‘hot-spot’ initiationaakel (5.63), (5.72)
and (5.74) are integrated numerically using a fifth-ordendgfatKutta method with
adaptive stepsize control [140] to obtain respectivelytitme evolution of the pore
radius, local temperatures, and local burn fractions. Nigakintegration of the lo-
cal burn fraction field to obtain the total averaged burntfoacthrough the spherical
shell (5.75), is performed using the classical trapezaidal

Sample results obtained from the described simple ‘hot-#pitiation model
are now presented, and the results are compared with thespomding direct nu-
merical simulations (Section 5.2) to illustrate how welt,atherwise, the simple
‘hot-spot’ model is performing. Consistent with the PERU&Hculations, the ex-
plosive material was taken to be PBX9404 with initial dengib=1.84 g/cc, and
the default material parameters were as given by Table 5.2.

Calculated results from the simple ‘*hot-spot’ model cquaesding to an applied
shock pressure d¥% = 10 kbars, with a rise time af= 0.1ys, are shown in Figures
5.18-5.20. Figure 5.18 shows the time evolution of the padius, temperature
at the surface of the collapsing pore, and the total averagges$ fraction reacted,
where the results from the corresponding PERUSE hydrocaltelation are also
shown for comparison. Figure 5.19 shows the time evolutioihe various inter-
faces for this particular problem, namely the inner shaliua (a), the outer shell
radius (b), and the interface between elastic and viscopléswv (c). The time evo-
lution of ¢ shows that, for this example, the whole of the solid shellsduat yield,
and the collapse is in the transitional elastic-viscopdgshase. The solid shell
yields initially at the pore surface, and as the collaps@msses, the viscoplastic
region spreads further out. The radial distribution of tenagure through the spher-
ical explosive shell as calculated by the simple model isvwshia Figure 5.20, and
the corresponding PERUSE results are shown in Figure 5.21.

Overall, the calculated results from the simple model aresistent with those
from the direct numerical simulation. Good agreement isioletd between the
two modelling approaches in terms of the time evolution efplore radius and the
pore surface temperature. In addition, the calculated ¢eatpre profiles through
the thickness of the solid explosive show good agreementdaset the simple ‘hot-
spot’ model and hydrocode calculations. Consistent wighRERUSE results, the
simple model gives the maximum temperature at the surfatteeafollapsing pore,
with the temperature monotonically decreasing away froemgbre surface, and
the extent, or radius, of the ‘hot-spot’ region agrees veeyl with the hydrocode
simulation. The agreement between the hydrocode and smyadel in terms of the
calculated mass fraction reacted is not as good as thahebtto the pore radius or
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the ‘hot-spot’ temperatures. As the temperature profilesuih the ‘hot-spot’ are
in very good agreement, then this could be due to the simgteium integration
formula (5.75) used in the simple model to integrate thellbaan fraction field to
obtain the total averaged burn fraction through the shefie bf a more accurate
integration technique may therefore be required. Heres d@hserved that only a
small fraction of the total explosive material by mass istigghin the ‘hot-spots’.

One of the key assumptions of the simple ‘hot-spot’ modeh& the shell of
solid explosive collapses incompressibly. The observedlgifferences between
the PERUSE and simple model calculations are due to the gggumof incom-
pressibility of the solid material in the simple ‘hot-spat'odel, as shown below.
The incompressibility assumption gives a small reductiorthie velocity of the
pore wall during collapse in comparison to the hydrocodeuwation, and the fi-
nal (stopping) radius is slightly bigger than that predidby the hydrocode. This
small difference in the velocity of the pore results in alslig lower temperature
at the pore surface from the simple model. As the tempemsiarthe hydrocode
are cell centred quantities then, the pore surface temyperat fact corresponds to
the temperature at the cell centre of the first cell adjacetité pore surface,e.
the temperature half a cell's width away from the actual gundace. The calcu-
lated pore surface temperature from the simple model quoregs to this position
to allow a direct comparison to be made.

In the simple polynomial EOS used in the PERUSE calculattombdel the
repsonse of the solid explosive, the constanis the bulk modulus, K, of the mate-
rial [133]. The bulk modulus is given bi§ = poco?, wherepg is the initial density
andcy is the bulk sound speed. ChangiAg changes the sound speed, which in
turn changes the compressibility of the material; incregsi; implies increasing
the sound speed which makes the material less compredsitdéd, the bulk mod-
ulus, K, is sometimes referred to as incompressibility. @osely, the reciprocal of
K is called the compressibility. Thus, by adjusting the eadfiA; in the polynomial
EOS, the hypothesis that the calculational differenceglaedo the incompressibil-
ity assumption in the simple model can be tested.

In the default PERUSE calculation, the maximum density efuhreacted ex-
plosive is 1.975 g/ci) corresponding to the explosive being compressed BYo
from its starting density of 1.84 g/cn Three further calculations have been per-
formed with different values of the constafst namely 0.2, 0.4, and 1.0. At these
values ofA; in the simple polynomial EOS, the maximum calculated désgsiin
the shell of PBX9404 are 1.928, 1.887, and 1.860 g/cespectively. The time
evolution of the pore radii from the hydrocode calculati@ne shown in Figures
5.22 and Figure 5.23 along with the corresponding simplé-dpot’ model calcu-
lation. It is seen that the PERUSE calculations now apprelaehncompressible
solution of the simple model as the compressibility of theenal is reduced, thus
confirming that the observed differences between the hypdi®and simple ‘hot-
spot’ model calculations is due to the incompressibilitguasption in the simple
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model.

The direct numerical simulations using PERUSE have showt for weak
and moderate shocks, the solid explosive shell does not yigld but is instead
in the transitional elastic-viscoplastic phase of pordagsle. For this reason, all
three phases of collapse (initial elastic, transitionakgt-viscoplastic, and fully
viscoplastic) as described by Carroll and Holt [8] are ixdeld in the simple ‘hot-
spot’ initiation model. Other *hot-spot’ initiation mode]72]-[73] based on Carroll
and Holt’s pore collapse concept [8] assume that, followdagroll and Holt, vol-
ume changes in the first two phases of collapse are negligibke pore collapse
occurs by virtue of viscoplastic flow only whé > R, whereP, is given by equa-
tion (5.70). This assumes that, once the yield limit thrésioexceeded, the whole
of the spherical shell of solid material is instantaneotiskying viscoplastically.

To compare and contrast the different modelling approagh@® collapse as
a result of viscoplastic flow only has been carried out for gphablem described
above where the spherical shell is subjected to a weak sHd®k=al0 kbars which
has a rise time of 0.ls. This required only minor modification of the simple
‘hot-spot’ model. The calculated results assuming elasticoplastic flow and vis-
coplastic flow only are compared in Figure 5.24, where theesponding PERUSE
results are also shown for comparison. For this particulablem, it is observed
that ignoring the initial elastic, and elastic-viscopiagthases of collapse, results
in significant differences in pore response when comparéuketsimple model and
PERUSE results. The viscoplastic ‘hot-spot’ model undedpmts the rate of col-
lapse, and this results in a lower ‘hot-spot’ temperatureisT models based on pore
collapse as a result of viscoplastic flow only are in error igheis shown that the
shell is not fully viscoplastic. Thus, for weak and modesdiecks, the viscoplastic
‘hot-spot’ models [72]-[73] are built on an invalid assurnopt

For the particular problem described above, good agreemasbbtained be-
tween the computed results from the simple ‘*hot-spot’ meahel the correspond-
ing results from the direct numerical simulation. To cheok &pplicability of the
‘hot-spot’ model in other sample problems of interest, &ddal calculations have
been performed using: (i) different initial porosities) ¢lifferent rise times for the
shock wave (ii) different magnitudes for the shock pressamd (ii) a double shock
input. These problems were considered previously for thectinumerical simu-
lation work, and hence the results from the simple model aandmpared to the
corresponding results from the PERUSE simulations to &rdxamine how well
the simple model is performing. Unless stated otherwise nthterial parameters
for the solid shell of PBX9404 were as given by Table 5.2.

The effect of initial porosity on pore response in the simiptg-spot’ model has
been examined. Calculations have been performed at thifeeedi initial porosi-
ties, 1%, 2%, and 5%. In each case the initial pore radius wed it 10um, and
the initial outer radii were 46.4@m, 36.84um, and 27.14m, which respectively
correspond to porosities of 1%, 2%, and 5%. The computedtsdsom the simple
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‘hot-spot’ model are compared with the corresponding tesdubm the PERUSE
hydrocode simulations in Figure 5.25. For the cases studag good agreement
is obtained between the results from the simple model anditbet numerical sim-
ulations on PERUSE. This indicates that the simple ‘hot‘dpitiation model can
account for the trend in porosity effects in heterogeneolid explosives.

The pore response to the rise time of a shock has also beeedstiitie different
rise times for the shock used in the calculations wera=0).1ps, (ii) 1=0.5us, and
(iii) T=1.0ps. In each case the final sustained shock pressur®wa8 kbars, with
a linear relationship between pressure and time over theidarof the rise time of
the shock. Figure 5.26 shows the results comparison bettheesimple ‘hot-spot’
model and PERUSE simulations in terms of the time evolutibthe pore radius
and the temperature at the pore surface. Good agreementised between the
calculated results from the two different modelling apgtees. It is noted that the
physics of the pore is very dependent on the rise time of tbekshSince artificial
viscosity-based hydrocodes typically spread a shock wage~03-4 meshes, then
any hydrocode into which the simple ‘hot-spot’ model is toit@roporated will
require an accurate shock capturing method and/or fine mgshiensure that the
physics of the pore is accurately represented.

To examine the effect of the magnitude of the shock pressupoce response,
calculations were run at two other different shock pressunamely, (i))Ps = 15
kbars, and (ii)Ps = 20 kbars. In each case the rise time of the shock was
0.1 ps. Figure 5.27 shows the comparison of the computed resalts the sim-
ple ‘hot-spot’ model (dashed lines) with the correspondRUSE results (solid
lines) for each of the different shock pressures, wheredhbalts corresponding to
Ps = 10 kbars are also shown. In terms of the pore radial motiois, een that
the comparisons (simple model vs direct numerical simutatat the higher pres-
sures initially follow the same pattern as the comparisd?;at 10 kbars, with the
simple ‘hot-spot’ model predicting a slightly larger posslius than the hydrocode
during the early stages of pore collapse. Subsequentlyevenvdifferences in the
calculational comparisons are seerPat 15 and 20 kbars when compared to the
comparison aPs = 10 kbars, and the final radii at the higher pressures, aslastd
by the simple model, are now slightly smaller, not biggeanttthose predicted by
the PERUSE hydrocode.

For the different input pressures, the calculated poreasarfemperatures and
total averaged mass fractions reacted from the simplespot: model are in rea-
sonable agreement with the corresponding PERUSE resultsvevér, it would
appear that the differences between model and hydrocodksr@screase with in-
creasing pressure. Further investigations are requireshderstand the observed
differences between the results from the simple model arfUEE as shown in
Figure 5.27. Since the velocity of the collapsing pore iases with increasing
shock pressure, itis possible that in the direct numerioalkations even finer zon-
ing is required to fully resolve the motion at higher pressumparticularly in the
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important region in the immediate vicinity of the pore seda

To examine the effect of preshocking an explosive, the respof the hollow
sphere model to a pressure profile consisting of two shocksbkan calculated
using the simple ‘*hot-spot’ model. The double shock loadiogsisted of an initial
shock ofP; = 10 kbars followed a given time later by a second shocRk,of 20
kbars, see Figure 5.3b. Both the precursor and main shocksheal a rise time of
T =0.1ps. Two separate calculations were performed using diftergnes for the
time delay®, between the precursor and main shocks) €)0.5us, and (ii)d = 1.0
ps. Computed results from the simple ‘hot-spot’ model and BPER hydrocode
simulation, corresponding to separate time delayd ©10.5us andd = 1.0s, are
compared in Figures 5.28 and 5.29 respectively, where tiggesshock results are
also shown for comparison.

The calculated double shock results from the simple ‘hot:spodel in terms
of the time evolution of the pore radius, pore surface tempee, and mass frac-
tion reacted, are in good agreement with the results fronditfleet numerical sim-
ulations. These results show that the explosive respondettble shocks can be
accurately modelled with the simple ‘hot-spot’ initiatiorodel, and it thus shows
the potential to be able to account for the phenomenon otlskdesensitisation’ in
heterogeneous solid explosives.

5.3.6 Implementation of the Simple ‘Hot-Spot’ Model in a Hy-
drocode

The described simple ‘hot-spot’ initiation model is cuttgieing incorporated
in a two-dimensional hydrocode, and the details of the irmgletation are sketched
out below. The described elastic-viscoplastic pore cslbapodel is well adapted to
describe the ignition phase of the explosive shock initapitocess, where the ‘hot-
spots’ are created as a result of the shock compressionharsidibsequent reaction
occurs in these localised heated regions. In this ignitioase, as the calculated
results have shown, only a small fraction of the explosivélve ignited or burned
in the ‘hot-spots’. Thus, there still remains the problemmaidelling the subsequent
growth of reaction outwards from the ignited ‘hot-spotstlas rest of the material
is consumed. This subsequent growth of reaction is usuaiiged surface burning
or grain burning.

In order to provide a capability to model the whole reactioocess, the reac-
tion due to surface burning needs to be modelled in addibdhe ignition phase.
At present, changes are made to the implementation of thefaaer model [49],
where the ignition term is replaced by a term deduced fromstimple model of
‘hot-spot’ formation arising from the elastic-viscoplastollapse of a spherical
pore. The two growth terms in the Lee-Tarver reaction rateaggn [53] are re-
tained to represent the surface burning. Thus, the totaticgarate at any time is
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expressed as a sum of two terms, each of which is calculapedegely; the reaction
rate during the ignition phase (as described by the simmgespot’ model), and a
reaction rate for surface burning (due to Lee-Tarver),

dA  dA dA

- _ = - 5.76
dt dtigniton  dt surface burn ( )

where,
dA

asurface burn
whereP is the local pressure, ari@, c, d, y, Gy, e, g, andz are constants.

= G1(1—A)APY + Gy(1—\)®AIP? (5.77)

5.3.7 Discussion

To describe the ignition phase of shock initiation of hegereous solid explo-
sives, a simple ‘hot-spot’ initiation model based on etastscoplastic pore col-
lapse is currently under development. The model currertiyains a number of
components commonly found in other mechanistic ‘hot-spuaitels, particularly
those based on viscoplastic pore collapse. In particllarsimple ‘hot-spot’ model
utilises the Carroll and Holt [8] hollow sphere model, andudt on the assumption
of an an incompressible solid phase during pore collapseveMer, there is one
major important difference between the simple model andratimilar models that
have been developed elsewhere; the assumption that ptapsmbccurs as a result
of viscoplastic flow only is not followed in the simple ‘hopat’ model.

Computed results from the simple ‘hot-spot’ model have beenpared to the
corresponding results from the direct numerical simutetiosing PERUSE to as-
sess how well, or otherwise, the current simple model isgpering, and to test
some of the assumptions in the model. Overall, for the problstudied, the simple
‘hot-spot’ model reproduces very well the results from tivec numerical simu-
lations. This gives confidence in the performance of the hate current stage
of development. It has been shown that the differences leettves results from the
direct numerical simulations and the simple ‘hot-spot’ relcate due to the incom-
pressibility assumption of the solid phase material in ihgote model. Overall, it
appears that this has only a small effect on the calculatadtsssince the change in
density of the solid material as a result of shock compressioelatively small.

Viscoplastic ‘hot-spot’ models that have been developsdwhere follow the
assumption made by Carroll and Holt [8] that of the three pkaxd pore collapse
(initial elastic, transitional elastic-viscoplastic,dafully viscoplastic), the first two
phases can be neglected (due to the volume change in thesespb@ing small
compared to the final phase), and that pore collapse occuarsessilt of viscoplas-
tic flow only in the solid material. This implicity assumesatithe whole of the
spherical shell has yielded, and is undergoing plastic fleav.weak and moderate
shock waves, the direct numerical simulation work has shitvahpore collapse is
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in the transitional elastic-viscoplastic phase, and thele/lof the spherical shell
does not yield. Therefore, in the simple ‘hot-spot’ mod& #ssumption that pore
collapse occurs as a result of viscoplastic flow only is ntio¥eed, and all three
phases of pore collapse are included in the model.

For weak shocks, where the whole of the spherical shell doeyield, the
pore response, assuming viscoplastic flow only in the sdi@sp material, is sig-
nificantly different to that in the transitional elasticsebplastic phase. Where it
is assumed the pore collapse is entirely viscoplastic, thdeiunder-predicts the
rate of pore collapse, which in turn gives significantly loywere surface tempera-
tures. Since the problem is treated as accurately as pessitiie PERUSE simu-
lations, and very good agreement is obtained between th@lesimodel, assuming
elastic-viscoplastic flow, and PERUSE results, it appdabviscoplastic ‘hot-spot’
models are built on a false assumption. Thus, not includnegnitial elastic and
elastic-viscoplastic stages of the pore collapse is a stiming of the class of ‘hot-
spot’ models based on viscoplastic flow only.

Additional investigations are now required to further tdst range of valid-
ity of the simple ‘hot-spot’ model; for example, to highermd#ipd pressures, and
increased range of porosities, particularly low porosi(i€1%). At higher pres-
sures, it is possible that the whole of the spherical sheldgi and the collapse is
fully viscoplastic. Thus, the assumption made in other-$mdt’ models that the
shell collapses as a result of viscoplastic flow only, may &kdvat higher pres-
sures. However, if the shell is fully viscoplastic, thismibt occur instantaneously
throughout the shell once the yield limit is exceeded asrasslin the viscoplastic
models. The viscoplastic region spreads out from the innee purface towards
the outer regions of the shell, and hence there will be a tageblefore the shell
becomes completely viscoplastic. Thus, the models basedooplastic flow will
be in error while this occurs, and this discrepency may beifsognt.

The HMX-based explosive EDC37 has a low initial porosit®.2%, yet its
shock initiation behaviour [38] is similar to that of anothdéMX-based explosive
PBX9501 whose initial porosity is-1.5% [36]. Investigations are required to ex-
amine whether viscous heating effects as a result of polapsa can be significant
and a likely source of ignition in such low porosity explassv A further complicat-
ing factor is that EDC37 has an energetic binder whereas BBKdike most other
heterogeneous solid explosives, does not. Thus, it may ¢esagy to include the
binder material in the calculations to ensure accurate thodef the pore collapse
response.

One interesting aspect of the calculations is that the physi the pore and
associated ‘hot-spot’ temperatures are very dependenteiicapture) rise time
of the shock. Atrtificial viscosity based hydrocodes tydicabread shock waves
over a fixed number of meshes 3 or 4), and thus it takes a finite time for the
arriving shock wave to be formed. When the simple ‘hot-spatdel is considered
for implementation in a hydrocode a very accurate shockucaqg method and/or
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fine meshing will probably be needed in hydrocode calcutatim ensure that the
physics of the pore is accurately modelled. To capture thelshccurately without
placing excessive demand on computational resourceantiysequire the simple
‘hot-spot’ model to be incorporated in an adaptive mesh eefient hydrocode.

As in the direct numerical simulation work, the current siefpot-spot’ model
does not allow for the possibility that the binder materialyrbe an important factor
in the determining the explosive response. If the impontamés are thought to be
located in the binder, and assuming that its mechanicaleptigis are known, a
layer of this material can be included in the modelling betwéhe pore and the
solid explosive to examine ‘hot-spot’ formation in this ea©f particular interest,
by comparison with corresponding results from direct nuoa¢isimulations, will
be the effect of assuming an incompressible binder, andhehéhis will tend to
limit the collapse and make ignition more difficult than a qoessible one.

The next stage is to futher develop the simple ‘hot-spot’ eldalinclude other
important physical and chemical processes of interest.tdimperature rise in the
solid material will be followed by two other processes; heatduction and chemi-
cal reaction. Both of these processes are dependent ontdinel same time, modify
the ‘hot-spot’ temperatures. Thus, the first step in futucgknshall be to include
heat conduction effects in the simple ‘hot-spot’ model, émaouple this to the
mechanics and heating effects of pore collapse.

5.4 Conclusions

Recent advances in computational capabilities now offeictiance to develop
more sophisticated models of explosive shock initiatiop.eRplicitly considering
the fundamental physical and chemical processes invoiwede complex models
that are able to predict the effect of changes in initial pre distribution, explo-
sive particle size distribution, and binder material carbbit. The first stage in
developing such a model is to explicitly account for the fation and ignition of
‘hot-spots’.

Explicit ‘hot-spot’ modelling in one-dimension is a simpiest step towards
addressing the complex behaviour of shock initiation irefegeneous solid explo-
sives. The ‘hot-spot’” mechanism chosen in this work is &lagscoplastic flow
around collapsing pores in an explosive material. The apgras two-fold: (i)
perform direct numerical simulations to study ‘hot-spat'rhation and ignition in
detail, and (ii) develop a simplified ‘hot-spot’ ignition el that can be built into a
hydrocode. The former is used to aid understanding, andstosalpport the devel-
opment of the later.

The one-dimensional, multi-material, Lagrangian hydaee®ERUSE contains
an elastic-viscoplastic constitutive model. This codeldesen used to perform direct
numerical simulations of ‘hot-spot’ initiation, where tf@mation of ‘hot-spots’



CHAPTER 5. EXPLICIT 'HOT-SPOT’ MODELLING 202

occurs as a result of elastic-viscoplastic deformationtdishock induced pore col-
lapse. This is a very efficient heating mechanism, and aylikelrce of ignition in
shock compressed heterogeneous explosives. Overaleshits obtained from the
PERUSE simulations are consistent with observations, anthronly held ideas,
regarding the shock initiation and sensitivity of hetemggus solid explosives sub-
jected to weak shock waves. For example, calculated ‘hot-tgmperatures corre-
late well with porosity and pore size/grain size effects] #tre mechanism by which
pores collapse to form *hot-spots’ as a result of elastszoplastic flow also shows
the potential to describe the phenomenon of shock dessatsitn.

A simple model based on elastic-viscoplastic pore collais is intended for
incorporation in a hydrocode to describe ‘hot-spot’ iita, has been developed
and described. In the simple model, all three phases of ileEpse are included;
initial elastic, transitional elastic-viscoplastic, ahdly viscoplastic. The results
from the direct numerical simulations have been used totiesassumptions and
results of the simple ‘hot-spot’ model. The simple modelesfprming well since
it is able to accurately reproduce the results from the PEHRBigwulations. The
observed differences between the results from the two riodedpproaches are
due to the incompressibility assumption of the solid phasgenal in the simple
‘hot-spot’ model. At the shock pressures studied, the inm@ssibility assumption
has only a small effect on the calculated results.

Viscoplastic ‘hot-spot’ models described in the literatassume that pore col-
lapse occurs as a result of viscoplastic flow only in the setilosive material. For
weak and moderate shock waves, the direct numerical modeliork work has
shown that the collapsing shell is never fully viscoplastied hence these models
are built on an invalid assumption. Where pore collapsetisertransitional elastic-
viscoplastic phase, viscoplastic pore collapse modelsaneor; they under-predict
the rate of pore collapse, and give significantly lower ‘Bpbt’ temperatures.

Shock induced pore collapse is very dependent on the (&pise time of the
shock. Artificial viscosity based hydrocodes typicallyesmt shock waves over a
fixed number of meshes-@ or 4). When the simple ‘hot-spot’ model is considered
for implementation in a hydrocode a very accurate shockucaqg method and/or
fine meshing will be needed in calculations in conjunctiothvtine simple model.
To capture shocks accurately without placing excessiveatienon computational
resources, the simple ‘hot-spot’ model may need to be iraratpd in an adaptive
mesh refinement hydrocode.

The explicit ‘hot-spot’ modelling work needs to be extendednclude the ef-
fects of binder on the explosive response since the impioptanes in an explosive
material may be located in the binder material rather thad t@e or inside, the
explosive crystals. This will require knowledge of the etiura of state and mate-
rial properties for the binder as well as the solid explosAme added complication
is whether the binder is pure or is laden with fine explosivéiglas, termed ‘dirty
binder’, and the pore collapse response may be differentesu#t of these particles
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contaminating the binder material.

In the modelling, pore collapse has been treated as oneadioraal spherically
symmetric, however this may not reflect reality. Two-dinenal direct numerical
simulations of shock induced pore collapse are requiregltiothether the assump-
tion of spherical collapse is a valid approximation. Suchailied studies could
also lead to an improved understanding of the formation abdexjuent ignition of
‘hot-spots’ in a heterogeneous solid explosive.

The next stages of development for the simple ‘hot-spot’ ehade to include
heat conduction effects, and to couple these to the mechanit heating effects
of pore collapse. In addition, reaction schemes for soliplasives need to be
developed. Subsequently coupling these to the elastimpiastic pore collapse
model will then allow a comprehensive study of pore collagsan ignition source.
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Figure 5.1: Network illustrating elastic-viscoplastispense.

Figure 5.2: Hollow sphere configuration used to model expéo$iot-spot’ forma-
tion.
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Pore Radius vs Time
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Figure 5.4: Time evolution of pore radiuag=10 um, @=1%, Ps=0.01 Mb,1=0.1
ps, Y=0.002 Mb,p=0.0454 Mb, and)j=0.001 Mbys.

Temperature at Pore Surface vs Time
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Figure 5.5: Temperature at surface of collapsing pagel0 um, @=1%, Ps=0.01
Mb, 1=0.1ps,Y=0.002 Mb,u=0.0454 Mb, and)=0.001 Mbys.
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Radial Distribution of Temperature
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Figure 5.6: Radial distribution of temperature throughgsbkd explosive (without
heat conduction)ay=10pum, @o=1%,Ps=0.01 Mb,1=0.1ps,Y=0.002 Mb,u=0.0454
Mb, andn=0.001 Mbuys.
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Figure 5.7: Radial distribution of temperature through foéid explosive (heat
conduction modelled).agp=10 pm, @=1%, Ps=0.01 Mb, 1=0.1 ps, Y=0.002 Mb,
p=0.0454 Mb,n=0.001 Mbps, andks=4.1667x1014 Mb cm?/cm/us/K.
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Figure 5.8: Time evolution of pore radius for different vedLof viscosityy). ap=10

M, @=1%, Ps=0.01 Mb,1=0.1ps,Y=0.002 Mb, anqi=0.0454 Mb.
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Figure 5.9: Temperature at the surface of the collapsing fwordifferent values of
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Figure 5.10: Computed results showing the effect of chamgastial porosity, ¢
(without heat conduction modelledpg=10 um, Ps=0.01 Mb,1=0.1 ps, Y=0.002
Mb, p=0.0454 Mb, andhj=0.001 Mbys.
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Figure 5.12: Radial distribution of temperature through tiickness of the explo-
sive. (@ = 5%, ap = 10um, andbg = 27.14um).
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Figure 5.13: Radial distribution of temperature through tihickness of the explo-
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Figure 5.17: Calculated double shock resulég=10 um, @=1%, Y=0.002 Mb,
p=0.0454 Mb, andj=0.001 Mbys.
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Figure 5.19: Comparison of the time evolution of the innalistadius (a), the outer
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Figure 5.22: Comparison of results from simple ‘hot-spotdal and PERUSE
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Figure 5.23: Comparison of the time evolution of the differghell radii (inner
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Figure 5.24: Comparison of results from simple ‘hot-spotidal, modified ‘hot-
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Figure 5.25: Comparison of computed results from simplé-8pot’ model (dashed
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Figure 5.27: Comparison of computed results from simplé-8pot’ model (dashed
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Chapter 6

Conclusions and Future Work

Heterogeneous solid explosives are composed primarilyroixeof explosive
crystals, binder material, and inter and intra-crystalipores, where the pores and
explosive crystals are usually of various sizes. Itis galheaccepted that the shock
initiation of such explosives arises from the creation ofcaled ‘hot-spots’j.e.
small regions of high temperature that are surrounded bigcbalk material. ‘Hot-
spots’ are created as a result of an incident shock waveatteg with material
discontinuities which act as concentration points for tngdied energy and locally
trigger the reaction in the explosive. ‘Hot-spots’ are #iere an essential ingredient
in any theory on shock initiation.

For many years, continuum-based reactive burn models hese bised to cal-
culate the shock initiation behaviour of heterogeneous satplosives. In the
continuum-level models, effects occuring at the scale efghbres and explosive
crystals,e.g.formation and ignition of ‘hot-spots’, are implicitly agegated to cal-
culate the bulk response. The next generation of shockiimti models, so-called
physics-based or mesoscale models, are currently beirgjapmd to exploit ad-
vances in computing power, where the goal is to develop nsdtlat explicitly take
account of the important physical and chemical processasoitcur at the scale
of the individual components in reactive flows. Only through development of
physics-based or mesoscale models will the effects of @singexplosive mor-
phology (pore size distribution, crystal or grain size wisttion, binder material
etc) on explosive response be able to be predicted. Howevdn, wak is still in
its infancy, and there is a long way to go before these typesanfels are routinely
used to calculate explosive shock initiation behaviouthla thesis, the mathemat-
ical and numerical modelling of shock initiation in heteeogous explosives from
the aspect of both continuum and mesoscale modelling hasdoesidered.

The majority of continuum-level reactive burn models cothe used in hy-
drocodes to model shock initiation in heterogeneous sajidosives use pressure-
dependent reaction rates. For evaluation purposes thdgrppressure-dependent,

226
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Lee-Tarver reactive burn model has been implemented andatadl in a one-
dimensional hydrocode. The main deficiency of the Lee-Tamedel, or any
pressure-dependent model, is that there is no mechanisnedcpexplosive be-
haviour under double shock compression. In particulagquree-based models can-
not account for the phenomenon of ‘shock desensitisatvamére a weak precursor
shock renders an explosive less sensitive to followingsfeo shocks. For any re-
action rate based predominately on the local pressurenédsssary to consider an
additional desensitisation model to account for doubleklobservations.

To provide a capability to model the effects of shock desesagion within the
confines of the Lee-Tarver model, a simple but physicalljisga desensitisation
model has been developed. To examine its validity, the mioaielbeen applied to
data, where desensitisation by preshocking has been @oksevith mixed results.
It is concluded that the simple desensitisation model is&ble for modelling dou-
ble shock situations where there is little or no reactiorhmfirst shock. Applying
the model where there is significant reaction in the precwswe has yielded poor
agreement with experimental data. The fact that it is nezgde postulate an addi-
tional desensitisation model to account for double shodenlations demonstrates
that reaction rates do not depend substantially on the fwealsure. It follows that
pressure-dependent models are based on a false premisthadride predictive
capability of such models is low.

CREST is a new continuum reactive burn model that, by utigjsentropy-,
rather than pressure-, dependent reaction rates providesoved predictive ca-
pability to model shock initiation behaviour that, impaortly, removes the need
for an additional desensitisation model for double shoditse CREST model has
been successfully implemented and validated in a one-difoeal, and a number
of two-dimensional hydrocodes so that a wide range of exggsoblems can be
simulated using the model. However, during the hydrocog#eémentation and use
of CREST, it was found that the move to entropy-based reactites introduces a
number of computational problems not associated with pressased models.

The parameters in CREST’s reaction rate model are fitted riaclgavelocity
gauge data from gas-gun experiments. In the modelling dbskge impact prob-
lems such as gas-gun shots, CREST over-predicts the rateefyerelease in an
explosive adjacent the impact surface due to the classiedl-heating’ error. This
could affect the selection of the reaction rate parametetisd model, and has the
potential to lead to inaccuarte conclusions being madetaheueactive behaviour
of an explosive. From the explosives that have so far beesnpeterised for the
model, ‘wall-heating’ has only a very small effect on thectddted results from
CREST. However, this may not be the case for other explosiVggerest, and in
future appropriate methods will be applied in an attempt oimmse the effect of
this long standing problem in relation to CREST simulations

A study of the sensitivity of CREST calculations to mesh dgn®r both a
HMX-based, and a TATB-based explosive, has indicated thah&ropy-dependent
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model requires a finer mesh than a pressure-dependent madieve mesh con-
verged results. An independent study, using a differentopgtdependent reac-
tion rate and different equations of state, came to simitarctusions. To over-

come the more restrictive mesh size requirements of anmnttependent model,
CREST has been implemented into a two-dimensional Eulexiaptive mesh re-
finement hydrocode with an appropriate refinement critegigndd for the model.

This will enable large problems of interest to be calcula¢dhe size of mesh
required by CREST to obtain mesh converged results. Theased mesh require-
ments for entropy-based models are not yet understoodyatief work is required

to understand the mesh convergence properties of entrepgrdient models. The
mesh sensitivity study will also be extended to two-dimenal calculations to ex-
amine whether the findings in one-dimensional calculatemesalso true in two-

dimensions.

In CREST, an explosive’s initial porosity is included as agpaeter in the non-
reactive equation of state using the Snowplough porositgehdpplication of the
Snowplough model, however, produces undesirable nunhersgallations in the
calculated function of entropy of the solid phase expladive variable upon which
the CREST reaction rate model is dependent. This could geeto numerical
instabilities in CREST simulations. To improve the modwailiof shocks in porous
explosives, the Snowplough model was modified by removiegagsumption that
the sound speed is zero while the material is in its poroug.stAlthough this
modification removes unwanted numerical oscillations inagy calculations, it is
only applicable to low porosity explosives, and hence isveig as a short-term fix.
In future, to both improve the modelling of shocks in porowsenials and enable a
larger range of porosities to be modelled with CREST, theaprhaugh model will
be replaced by a B-porosity model.

To examine the predictive capability of CREST, a model feritisensitive high
explosive PBX9502, fitted to one-dimensional data of theckho detonation tran-
sition, has been applied, without modification, to two-dnsienal detonation prop-
agation data. CREST accurately matches detonation wavestaa, predicts the
failure diameter of the explosive to withinlmm of the experimental value, and
over most the range of charge sizes, the diameter effecedaviPBX9502 is well
represented. The only discrepency with the experimentaindéion data is that
CREST fails to predict the upturn in the diameter effect euavlarge charge sizes.
It is recognised that a slow reaction component needs to tedatb the model
to represent this feature. Once this problem has been addhefture work will
examine whether CREST can also predict the effects of testyrer on PBX9502
detonation data.

Overall, the CREST model is giving promising results in nbdg a range of
different initiation and detonation phenomena. CREST appeapable of predict-
ing experiments outside its fitting regime, and this givesficence in the ability
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of the model to accurately simulate a wide range of initiagmd detonation phe-
nomena; not only is CREST a model for the shock to detonatsorsition, it is also
a model for detonation propagation. In future, the model el applied to other
explosive phenomena of interestg. corner turning, detonation extinctiaic, to
examine, (i) the wider applicability of CREST, and (ii) talofor any deficiencies
with the current model. Once the model has been applied taarwange of ex-
plosive phenomena, a clearer picture of the predictive lméipeof the model will
emerge.

A constrained least squares method has been applied to shoelof arrival
data to provide a fast and efficient solution method for dheteing run-distances
and run-times to detonation using a technique devised aflazaos National Lab-
oratory (LANL) for fitting shock trajectory data. The methcah be applied equally
well to experimental and calculated data. Good fits to expenial shock trajectory
data from sustained single shock EDC37 gas-gun experirhamtsbeen obtained,
and the derived run-distances and run-times to detonat®imarery close agree-
ment with corresponding values quoted by LANL, thus valittathe application
of the method.

The least squares method was then applied to calculated sihoe of arrival
data from CREST calculations of EDC37 gas-gun shots. Oyeha calculated
run-distance to detonation data is in good agreement wigeraxent, however,
the fit to the EDC37 Pop-Plot starts to diverge at low pressunglicating that the
EDC37 CREST model needs to be improved in the low pressuierred-uture
work will expand the capabilities of the least squares @ogto output shock ve-
locities at each of the patrticle velocity gauge locationa gas-gun experiment, as
well as giving the run-distances and run-times to detonafidis data, along with
the particle velocities at the shock at each gauge locatiam,be used to give ad-
ditional Hugoniot points. This will increase the amount ohrreactive Hugoniot
data available from which to develop non-reacted equatibstate for explosives.

Continuum-level reactive burn models such as Lee-TarvedrGREST, do not
explicitly account for phenomena occuring at the mesosealethe formation and
ignition of ‘hot-spots’. As a result, such models are unablaccount for the effect
of changes in crystal or grain size, pore size, and bindérillision on the explo-
sive response. To predict the effect of changes in morplyptbg model constants
would have to be re-calibrated to experimental data. As plsiffirst step towards
addressing the complex phenomena occuring at the mespsgpleit modelling
of ‘hot-spot’ initiation in one-dimension has been perfednUsing a simple model
for the explosive that consists of a pore at the centre of arsgdi shell of solid ma-
terial, ‘hot-spots’ are formed as a result of elastic-vdestic flow in the collapsing
solid shell. Direct numerical simulations to study ‘hoBgpnitiation in detail were
initially performed. Following this, a simple ‘hot-spotiitiation model that can be
built into a hydrocode for macroscopic modelling has beearelkbped.

Results from the simple ‘hot-spot’ model compare very wathworresponding
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results from the direct numerical simulations. The obsg#ferences between
the two modelling approaches are due to the incompreggilbadisumption in the
simple model. At the shock pressures studied, the incoraitiéty assumption
has only a small effect on the calculated results. The resldtained from both
approaches are consistent with observations, and comnhefdyideas regarding
the shock initiation and sensitivity of heterogeneousdsekplosives. This gives
confidence in the approach of using an elastic-viscoplastie collapse model to
describe ‘hot-spot’ initiation in heterogeneous solidlesjves.

Whilst developing the simple ‘hot-spot’ initiation modélwas found that vis-
coplastic ‘hot-spot’ models described in the literatueelauilt on an invalid assump-
tion. These models assume that pore collapse occurs adieofesscoplastic flow
only in the solid phase material. The direct numerical miaagork has shown
that, for weak and moderate shock waves, the collapsind sbkll is never fully
viscoplastic. Where pore collapse is in the transitionastt-viscoplastic phase,
viscoplastic pore collapse models under-predict the ripoe collapse, and give
significantly lower ‘hot-spot’ temperatures in comparigorthe simple ‘hot-spot’
initiation model. Thus, in the shock regimes studied, trecaplastic ‘hot-spot’
models are in error.

It is acknowledged that the important pores in a heterogessolid explosive
may be located in the binder material. Thus, in future the efiody work will be
extended to include the binder material. Assuming that theaton of state and
constitutive properties of the binder are known, the effext ‘hot-spot’ initiation
of pure versus ‘dirty’ binders, and inert versus energetndérs, can be studied.
Future work will also examine the validity of the assumptibat pore collapse
is spherically symmetric. To address this issue, two-dsi@ral direct numerical
simulations of shock induced pore collapse are requireds Jtady could also be
extended to examine whether the geometry of the ‘pores’ isnportant factor in
determining the explosive response.

The explicit ‘hot-spot’ modelling work performed in thisdsis provides a good
starting point for further development of the simple *hpts initiation model. In
the short term, improvements will be made to the simple mbglehcluding heat
conduction effects since ‘hot-spot’ temperatures can ladecby heat conduction
to the surrounding bulk material. In addition, reactionesdles for solid explosives
need to be developed and included so that the whole procésstefpot’ formation
and localised heating, through to ‘hot-spot’ ignition canrbodelled. To build a
comprehensive model to describe mesoscale effects, @atimh will be given
longer term to developing a model for the growth of reactisniee explosive burn
spreads out from *hot-spots’ to consume the bulk of the nedter
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Appendix A - Flowchart Showing the Key Steps
In the Least Squares Program
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