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ABSTRACT

We must improve our abiity to model the response of energetic materials to thermal stimnli and the preccsses
involved in the energetic response. Traditionally, the analyses of energetic mmaials have involved coupled thermal
Uanspodchemical reaclion codes. This provides only a reasonable estimate of the time and location of ensuing
rapid reaction. To predict the violence of the rewxion, the mechanical motion must be included in the wide range
of besdmm~titi tieti~ti ~e~Ddhm &nmtiti@~hetid
associated with heating eaergetic materials in weapons. We have merged the rheunal tmnapon models from
TOPAZ3D and the thermal chemistry models &veloped in Chemical TOPAZ into AU33D. We have &veloped
and use an implicit time step option to eftlciently and accmatdy compute the hours that the energetic marerial can
taketoreacL Sincx30ntiesc longer timescalesmaterMs can be expected to have signifbnt motion, it is even
more impmtant to provide high-order advection for all components, including the chemical spcies. We will show
an example cook-off problem to illustrate these capabilities.

INTRODUCTION

h~wx~dtieti ~w~witiaw~ sys~itkn~m~tiewq
response to a variety of cxmditions. The response associated with shock initiation has been remonably well modeled
with explicit hydrodynamics codes. One particular area which has not been well characterized is the response of
energetic mataiak to an unusual thermal environmen~ such as a fm.

In a ~ic.d fn scenario, the heat from the fm is transported by radiation and convection to the exterior of the
explosive device. From there, it is conducted through the outex case to the explosive itaeif. Heat is then conducted
into the explosive which begins the process of theunal decomposition. This deamposition gradwdly danges the
matmial properdes of the explosive. These changes range from changes in heat capacities and thermal -
conductivities, to changes m shear strengthand bulk m- to phase changes. The change from a solid to a gas
induces mass motion m the explosive cxmfinement, Based on the strength of that conhemcq the decomposition
can be eitherslow, lading lo a benign overall system response, or very fas~ leading to a camtrophic event

Approvedfor publicrelea% diatibution is uniiited.
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The characteristics of the thermrd hazard environnxmt and tie type of modeling required are Sig311fiGindy
different ffom those of shock initiation and prop~ation. Fmt of ~ tie tie scales associated with the response
range from minutes to days instead of micro- to miilisexxmds. Seum~ the mechanism of energy mmsfer is by
thermal transfer instead of Shock propagation. Third tie tige in ~mposition k diitly a function of the
texnpexatureand must be modeled as such, instid of modeling it m eitier afa”t-accotnpli or as a pressure driven
reaction. Fourth, the process can be accomps.nti by relatively S1OWmotion so that the energetic material and its
containment are subjecz to &formation in the elastic regime for the major portion of the response, instead of very
quickly tmnsitioning to plastic modea. Fifth, because the reacdons occur slowly, the composition of the energetic
material is a mixture of reactanw rntermedia~ and fti producls throughout the dutation of the calculation. Thii
is very different* &tonWon“ modeling where material is either fully unreacted or fully reacted in all but a
smalI region of space and time. llezefom it is more important to model the pmpertiea of the matmial mixture,
because it is no longer the exception but rather the rule.

These characteristics required that we transform ALE3D1 from a 3D ALE hydrou)de into a 3D coupled
thermsllchemicalhnec.hanicd code by adding several new capabilities. These include impiiat thermrd transporL
thermally driven reactions, models for both the thermal and mrx%anical properties of chemical mixtures, second
cxdezspecies advectionj and implicit hydrodynamics

THE ALE3D CODE

THERM AL TRANSPORT

The thermal transport module in ALE3D was &veloped from a version of TOPAZ3D2. ‘l%ethermal transport
equations m

(1)

where Z’isthe temperam t istime, k isthe thermal conductivity, p isthe density, and C, is the heat capacity at
constant volume. ‘lEe thcmnal transport equarions are solved implicitly in time. In a recent addition, the
kqemtum derivatives of the heat capacity and heat generation terms are included in the sohttion, turning the
solution scheme into a qussi-Newton-Raphson method. This was found to be n~ to solve the class of
problems associated with thermal chemistry. Whhout the additional terms to the solution, we found that the
thermal solution would become unstable two-thirds of the way through the problem.

CHEM ISTRY

The chcmicalreactionsmALE3D are base on the scheme which was developed for Chmucal- TOPAZ3.
ALE3D can handle an arbitrary numbs of reactions and an mbitrary number of speck. Each chanical reaction r

is defined by the equatiom

O= ~v,N, (2)
i

wh~ lli k theUXKXXItiOUof the ih S- ~d vir is its stochiometry. The rate of change of a giv~ species iS
given by the formukx

(3)

where k is the reaction ffi which is given by a modified Arheaius form



kr(T,P)= A~l’qr exp
[-’l?”)

(4)

The time integrationis solvedimplicitly and a self-correcting Newton-~hson technique is used to solve the
resulting implicit equations.

THERMAL BOUNDARY CONDITIONS

If one is to model actual physical ~ it is important that the numerical boundary conditions do not
interfere with the physical reality of what we are hying to model. One particular example of this is the dcscriphon
of a heater. his typical to model a heatez in a rhcrmal transport as a temperature boundary condition. This works
as long as the temperature of the marmial being heated is less than that of the heater. For explosive systems this
condition is true during the initial heating p- but is patently false from the onset of an exothemnic reaction.

To account for these discqanciea, we have developed two approaches. The first one was to develop a mataial
heat generation option based on a Pmportiomd-Integrai-Derivative @l) thermal controller. The PID controller
option requires the nodal location of an effective thezmoconple. The difference between tie actual temperature at
the thermocouple location and the target tempemture defines an error 8. The rate of energy delivery to the PID
cuntmlled elements ix

E(t) = at)(t) +bd(t)+cjtl(t’)dt’
o

where G b, c are the PID constants. The rate of energy deliveay has both upper and lower limits. Thus, when the
system becomes exotheuni~ the PID heat generation option simply stops adding energy to the heater elements.
Mf-@~h*g_mb~ @~tiadhktim ~~tienm-
uniformity of the tempemture field in real systems. Its one drawback is that it forces the time step into the range
whcze the actual controller is required to operate.

The second technique we developed is a bounded boundary condition. W boundary condition will force the
tempmmmtobe equal tothetarget teqmammonly ifthetarget temperatum isgreaterthanthe cutmnt
-UIRL Thu whm tie SYstemgoes exothermk the boundary condition SiIUplYstnps ~lying.

THERM AL/CHEM[CAL INTERACTION .

Chemicdrewions would not be interesting if there was not some othix change assochd with them. In
AIE3D, theenergyreleasedby the chwnicalreaction is basedon the change of the energy between the reac&mta
andpmdocts. ‘lEis can be signifkantly different from spedying apredefined heat of reaction since the heat
capacities of the two makziak are not required to be identical. Simply pu~ in the absence of thmnal diffusion, the
enqyinazonemnstbe consetved Using a technique developed by Nkhols and Westexberg4, we detmmine the
amount of thermal energy which must be added to the zone to bring the total energy of the zme back to its value at
the beginning of the rime step.

The heatcapacityforthechemicalmixtureis definedas the mass weighted aveaage of the component heat
capacities. For the thermal conductivity, we include two models. l%e fi.m~associated with a aniform mixture, is a
volume weighted avexage of the conductivitiea. The second, associated with a reaction fi-on~is a volume weighted
harmonic averageof thecmduclivitea.Weusethissecondschemetorepresentthe conductivity of a mixed
XnateM which arises through advection.



THERMAIJMECHANICAL INTERACTIONS

ALE3D accomplishes thmnal/mechanical couphng by a sequen~ of ~~ting mechanical and thermal
steps. l%e mechanical steps move the nodes while holding the enrropy, S, constant. The thermal step moves heat
between nodes holding the nodaI locations fixed The mechanid enwgy is modified by the change induced by
thermal transport- Two contributions at-eused to influence the &mge in the temperature used in the thermal
transport formalkm during the mechanical step. The fmt m-b Wlies to the isotropic and elastic
eonrnbutions. For the isotropic contribution, we ask how does the tempemture change as the volume is changed
while we hold the entropy freed. The thermodynamic fivatives which describe that process are:

(6)

where @ the Gruniesen gamma function. The elastic st.resa-stin ~mponent is determined by asking the similar
question: How does the temperature change while we change the material deviatoric strain g holding rhe entropy
freed. The theunodynamic derivatives are

where ~ is the deviatoric stress and p is the shear modulus. These two terms are combkd inro one parameter @
which is passed from the mechanical step to the thermal step

(7)

(8)

The second mwhamam. usedtoinfluenec thetempmmm change is to direaly add energy to the thennai equations.
Thismechdsm is eumently only used for plastic wo& where we assume that all of the plastic work energy is
deposited as thermal enexgy.

The advantages of our # method over the dkecl addition of energy are that it guarantees to always result in a
positive tempamrG and that the data which ia passed from the meehankd step to the thermal step is unit-less,
ti*ytitigti@e~tid@to~ ti~~Ithtieofti~ ~MV~
the effect of matetid motion on the @qEmtum has largely been ignored in couple thadkcham d codes.

NOTE ON STRESS INTEGRATION

Mostameat hykx@amies codesimphncat the stmssktrain relations by tmcking the stress. The stress is
updated during eaeh step withtheuse of the change in deviatoric strain:

Although this ‘-od has wodted for a variety of shock and other mechanim based ~ it fails when one
must ccmsidexthermal or chanical problems. To see this, consider a small elastic &formatim and let us hold that
&fcnmation while we either change the tempemture or change the material composition thmogh chemical

—...— . .



reactions. During this proces$ one would expect the shear modulus to ctige. According to tie previous formuh
the stress in this system will not change since the material has not been allowed to move. However, in this linear
regime, the stress is proportional to the product of tie shear modulm and strain. Since the shear modulus has
changed, the SWS$should also. In ALE3D, we replace the previous formula by

(lo)

The fmt term can be desczibed as changing the effective stress from the previous state and transform it into an
effective elastic strain. We then add the effeuive elastic strain to the change in strain. Thii new effective strain at
the current time is then transfcnmed into the cument effective stress with&e use of the curnmt shear modulus.

‘l%edifference between thesetwo views maybe
seen in Figure 1. In this sample problem we have a
horizontal bar which is freed on one end and subject
to a constant vertical load on the other. ‘i%einitial
vertical displacement is zexo. After an quiiibration
time, the bar is then heated at a constant rate. The
material model for the bsr is such that as the
temperature is increased the shear and bulk modulus
&op, but there is no thezmai expansion. The
downward trend of the original method arises from
the enhanced bending mode Wowed by the reduction
of the bulk modulus. ‘Ihe large deflection m the new
method *from the reduction of the shear modulus
which is captured in the new method but not the old.
The dispiacezmmta calculated with the new melhod
agteetowithin afewt.emhsofapexcentwithan alytic
folmulas?

MODELING LONG TIME SCALES

The haditiotudmethodtomodelthethamai
response of energetic mate&ls has been to run
tbennaVchtmlkai code% like chemical mPAz. such
dcniations wouidmodeitheprocess untiithe
chemical reaction would go into thamai run-away.
From that point one would transition to some form of
a bum code.

Equilihation Cm&t Heat Rate

Figure 1. Comparisonof old and new stress
integrationmetids as appiki to the prediction of
the verticai dispiacemeat of the end of a horizontal
bar subject to a constant verticalioad and changing

--

ALE3D can mimic this type of coupling by the use of variable mass scaling. The principle of mass scaling is
fhaL ss long as there is no acceiemtion of the ma- one can scale the mass without changing the results of the
calculation. ‘i’%eadiabatic sound sptxxLc, is related to the density through the equation of state

(113P
pc’=-v~ ,

s

(11)

and the Courant conditionfor an explicit time step k

At< Ax/c, (12)



where Axis the smallest dimension in any zone. Traditionally, one dOCSnot ~ problems at the courant time but at
some fractions of i~ like ().5. ‘Ilms, by inmming the density, we ~~e tie -ds@ and increase the
allowable time step size.

The form of variable mass scaling that we &scri~ here chmgm tie dig fac~ as the calculation
progresses l%e medmd reduces the sealing to keep the mu-ant time comparable to the other time scales in the
problem. The othex time scaies cummtIy used are tie thermal stabfity time, the maximum allowed change in
temperatur~ and the maximum allowed change in the composition.

As mentioned earlier, the variable mass scaling MLque works as long as one can expect that little mass
motion occurs before the eneqytic material reacts rapidly. For many systems this is not the case. For these systems,
we have developed an implicit hydrodynamics method which replaces the standard explicit time integration
scheme.

The implicit hydrodynamics mtxhod solves the mechanics problem quasi-statically in a singie iteration. It is
vflld to use a single implicit iteration as long as them is not a signifkant change m the shape andcompression of
the mataial in a single step. This places a constraint on the size of the time step. The change m the location of the
nodes over a time step is dependent on both the forces and their tiative at the beginning of the time step. These
values create a linear set of equations whkh must be solved We can mlve these with either a direct or iterative
matrix solver routine.

JMPLICIT-EXPL ICIT INTERACTION.

hl order to model the wi& range of rime scab involved with cook-off probb it is necesary to invoke
implicit time step ixmtml for the slow processes and then transition to an explicit time step treatment for the fast
time step.

Rom expesicn~ we know that an impliat timesteptakesabout a hundred times more eumputation time to
deulate than an expliat time step. What we are running a problem which begins with only slow processes, we
use the same time step controls that are m place for the vmiable mass scaled mtiod. The implicit time step adds a
time step eonstmint that no zone may change its strain by more than a usex specified value. We typically use a
value of 0.001. When the time step size ahrirdm to less than ahundredtimea the courant ~ the time integration
method is switched fiorn implicit to expliek Currently, once a calculation has gone expliat it ean not change baclc
into implici~

SPECIES ADVEC1-lorq

Since reactionmm depend on the exaet concentration of tie cmstituent ~ it is impmtant that when
mataial is advected betweezt zone$ the change m the cheanieal eompoaition is aecumrdy rendered The chemieai
advection ia Sqmkpmed on the standard ALE3D Van Lar6 adveetion scheme. F@ the voinme flux= both pure
andmix@are eahdatd for each face between zones which have been allowed to advect. Basai on those fluxes,
all of the intensive and extensive material pmpedea are advected. The next phase calculates the mixed material
propaties. When all of the makxiak have been proeesa~ an aveqge of the mixed mmerial zunes is czdeulared and
ovemvrites the pure zone results. Chemical advcction is then domk The chemical advetxion routines use the volume
flux for just tie chemical matmial. The volume flux ia then used m determine tie volume fraclion flux for each
species using second order up-wind advection. The volume flux and the volume fraedon flux are then combined to
~tievol-flu fm-~~. ~fidmtiv~tiem ~afmde. ~esmoftie
volume fluxes for all of the species ia nomdized to retttm the miginal overaIl volume flux. After the mass fluxes
have been caleulattd the new mass fractions are determined and the ovemll mass advection is cnrrected for (he
species effeets.



MATERIAL MODEL FOR CHEMICAL MIXTURES

Currentfy ALE3D only supportsa Iiited class of mndels for rhemical mixtures. Tbe primary fiiiration ar
tfdi stage is the ability to analytically selve the mixture equations. The medel allows any number of either selid nr
gas species. llre equaden of state for all of tie solid species is an elastic solid with thermal expansion.

(13)

~ _ r14g(y-l)Cv _ M,(~-l)(e-efo)

z v* v*
(14)

lkae tWO.qlStimt sre SOkd forprc.ssum and tS4i@Wm qriiibrirmt holding the totaf energy and VOlmOe
freed. Although complex, the reading arbIc qoarioo is acdublermd has only a single solution which maiotaina
continuity as rJretbezrmd expansion coefticimt g= m m+

We have implmteured a simple strength model fm cfmnicd mixture nrare&L ‘l’be effecdve shear modulus ia
obtained by taking the vohrrrr~weighted average of the moduli of the mnrporreara. The ahrar mndufus is set to rxm
wherr the tetaigaa volrrrne is gmat.a tban4r3%. This mo.smairrtk aimilarte what ia done wirhmodek of samdaud

deacribea the loss of srrucarrrdintegrity when the amount of add drops reo amaff.

SAMPLE PROBLEM: lHE VARIABLE CONFINEMENT COOK-OFF TEST

We wilf ahmv so example co&offprrjbh to illustrate tbcse ca@d3idcs. The Vadabletimt Cec&off
Tert (VC~ is a test which has bear developed by Naval .SmfSCSWS&-C mm ss a cxpltie s-g reaL
The conGgnratioo is shown in Fwum 2. The rest tixtm-c crmaiaraof two steel end-plates and a vmiable tbichrras
sreel tube. fnakle the steel tubs is a Aluminum tube whirh help distribute the &qemtnm unifmrrdy within the
&vies. A cylirrda of energetic mar&d ia placed bemveur two sets of sta9 waahcrr.. ‘l%epmpme nf the washa-a ia
tn place the explnsh’e within tbe uniferm headng region. The washers have a hole in the middIe whk% alae
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Conti ernsnt
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sDscsre

<
Hsrde
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Aluminum
Liner

Figure2. frdtld Cmrdftfonof VariableCortffnesmnt
COekoff

provides seine space fef rharnaf expansien.

Aftcraoird&ihcatnp, tieh~~mtim
heatuptheextdor oftieapmatam@of33

“C/hour. The e-t CCIUrjmX.Sunti tie
confinement bnrara. An =l=im=r~ wrr~= ~
vary the tbickmw nf the exrea-k sleeve until an
explosive mapnae is obtained.

fnboth Oftbecaladaticma dratwewN*w, ti
explosive is mndeled using the meat emrerrt chemical
3-stepartdkpeciea reacdmr model from Tarver eL
aL7 llre fmt two speck are treated as sntids and the
last mm as a dmae rmd light gas mapectively. Afl

SXt6%XS* MS lSdiSdVSiy and convectivdy
Cmrrrectrdm the surmmrdiug ~Imt VW.
The interior srrri%cenf the bolts am mdiativeiy
cmmecssdtotheh~se~ewwtiti
washer is mated as a void mate&I, i.e., a marerid



whnse propertiesme reset to rhti W&&I VSIUC.S at the end of ~ step.

Temperature Stntin In Unrssated
at runaway the case material

%re 3. ‘rypfad vsrfable msssmatedresultsfor the VCff test. The void region inside the washer hss been
remmvsd tn snbanca visual etTect.Nets that aU of the behavior is occurring simuitaneon.dy. Tbk is an artifact
of the tesbnfqua

VCCYrmnfrSuahtg tbevarisfriemP,ssscahng ~ahOWTI in FWW 3. Note thattbe rmergedcma&risIdoes not
move nntif the system rracbca thexmaimn-awsy. l%ia calcmiatim is similsr m, and an”nnpmmnent nn, the CM
of thamai/rlImniraI modding axka iikc Chrmiraf TOPAZ. Both io this raicuiadm aod in nncouaiog the
~d_X-&notmvemti tietimtip~ hUDtik~pMdby
de&ring thst the nnfy time steps wbid rnatm are the cbcanicafsnd rhmnsf stabiity sod samacy mnstmints.

Unreacted Temperature Strshr in
material at runaway the ease

Figure 4. Typical Impifdffsxpfkftremft.q fortbe VC~ ti Note thet the materfaf intbe taft most ttgure is
moving wtthfn the.devfce ssveraf heum before the vfoieat respo~



problem has been to run the thermaikhernical mde up to the point whine the chemical reaetion takes off, and then
transition to an explicit hydro-code to complete tie caha.dation using some form of burn model. See Chldester e~
al. for an example of dlii rIletlmdology.8 In ALE3D, such a transition is not requir~ as it is already an explicit
hydro-code. Unfortunately, as will be seemshortly, this methodology misses major femures of the physical system.

The second set of VCCI’ results are based on a comtilnti irnptieitlexplicit run. These results are shown in
Figure 4. Note that the explosive ma-is moving within the fi~ roughly eight hours before the violent
reaction starts. The expansion into the void region is a aunbiion of three effects. FnL the explosive is
decomposing and has produced a small amount of gas. Sec.o@ the explosive solid species are theamaily
expanding. llir~ the onset of expansion is held off during the early portion of the experiment beause the material
strength of the solid species holds it back However, as more gas is produce@ the strength drops, letting the
material flow.

An interesting pornt is that the time step for the problem dropped as the explosive finished filling the void
space inside the washer spacers. ‘Thisdecrease in time step was pardally due to the sudden heating of the explosive
gas species by adiabatic compression and also from the implicit time step control. After the explosive has filled the
void region, the time step is able to grow again.

The mass flow within rhe fixture long before the thamal runaway and violent maponse of the explosive is a
result which eotdd not be predicted by the variable mass sealing method we have described. It eertahdy could not
be uncovered by any of the standard techniques that have been used previously. The impiieitkxplicit ealenlation
prediets the temperature at which the VCCT reaeted to within experimental error, and qualitatively reproduces rhe
mechanical response seen. We eurredy do not have models which will predict the extent of metal fracture or
pressure of HE products that would be needed to more quantitatively compare our results to experiment.

CONCLUSIONS

In thispaper we have shown the variety of featnres added to ALE3D to calculate the mspome of an enexgetic
~mti@s_. We bvetitiowtia*ti mtidfm~ “ “ gthestless statefailsfm
problemswhichincludethezmairesponse.The# medmdforcouplingbetweenthemechanicalandthermalstepsis
m importantnewmethodforcoupledthenmd/meckmid finiteelementanalysis.

In mder to model this respmse, we have chosen the routeof eontpletely coupling all of the various effects
together. Although this may seem com@at@ usually most fundamental effects are relatively simple and do not
require speeial consideration. It is only when multiple efkcts are ouurring simultaneously that their effects
combine to pmduee interesting results. Our route CQUtmststo other appmaehes .whieh use a mite of ales to
examine the behavior m MTemtt regimes. Such a methodology is appm@ue when the majcx responses are well
separated in both time and effeet. The VCCX’example shown here is not well sqaratd as the early motion moves
explosive mated away from the heaters into a mom beaign region.

The new features added to AM3D rdso sIIow us to model several new classes of probleaw The implicit hydro
technique together with the thermal transport capabiity allow us to eonsidex the class of problems associated with
manufacturing (e.g. forging, casting, extruding)9. The time scale for these problems and the thexmal effects can
modify the residual stress m the materisl. For these sys~ the residual stress can induce uadesii bowing and
changes in shape.
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