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The basicprocessesin the shock initiation of inhcmogeneous
explosives are investigated theoretically using the mciiel of a cylinder
of nitromethane containingeithera cylindricalor a biconical void, or
a sphere or cylinder of aluminum. The interactionof a shockwith
thesedensitydiscontinuities,the resultingformationof a hot spt,
and the buildupto propagatingdetonationare computedusingtwo-
dimensionalnumericalhydrodynamicsof the FCC type. For the aluminum
densitydiscontinuities,the calculationsexhibitfailureor propagation
of detonationfromthe hot spotin approximatelythe samemanneras does
the one-dimensionalhydrodynamichot spotmodel.

The interactionof a shockwith cornersof aluminumand Plexiglas
in nitromethaneis discussed.

Radiographsof a shockinteractingwith a spherical‘tnibblein
waterare comparedwith theoreticalcalculationsand confirmthe
validityof the computations.

AC!KNC%4LEZEMENI!

The authorgratefhdll.yacknowledgesthe assistanceand contri-
butions of F. H. Harlow,Jr. of T-3, and of D. Venable,T. J. B@, Jr.,
J. R. Ruhe,W. C. Davis,J. R. Travis,B. G. Craig,W. Fickett,W. Gage,
and L. C. Snithof the GMX Divisionof the Los AlamosScientific
Laboratory.

-3-





CONTENTS

I.

II.

III.

Iv.

v.

VI.

VII.

Abstract

Acknowledgment

Introduction

CylindricalVoids in Nitrcmethane

CoticalVoids in Nitromethane

AluminumSpheresin Nitromethane

AluminumCylindersin Nitromethane

Cornersof Aluminumand Plexiglasin Nitromethane

Conclusions

Page

3

3

9

H

33

63

APPENDICES

AppendixA - The Hydrodynamicand ReactionEquationsfor an
Explosiveand One NonreactiveComponent 102

AppendixB - Equationof Statefor an Explosiveand One
NonreactiveCanponent 104

AppendixC - BubbleClosure-- A comparisonof E@erhent
and Calculations 110

APpendtiD - The One-DimensionalApproachto Heterogeneous
ShockInitiation 128

LiteratureCited

-5-

127



Figure 1 -

Figure 2 -

Figure 3 -

Figure 4-

Figure 5 -

~gure 6 -

Figure 7 -

Figure 8 -

Figure 9 -

Figure10 -

l!?@urell-

Figure12-

15gure13 -

Figure14 -

IR@ure15 -

xgure 16 -

FIGURES

A CrossSectionof a Cylinder
Containinga CylindricalVoid

of Nitrcmethane
Centeredon the Axis

The Fomation of a Hot Spotfroma 0.032-cm-Radius.
0.032-cm-IUghCylindrical void

.

The Formationof a Hot Spotand ResultingPropagating
Detonationfroma 0.032-cm-Radius,0.032–cm-High
CylindricalVoid

A CrossSectionof a Cylinderof Nitromethane
Containinga BiconicalVoid Centeredon the Axis

The Formationof a Hot Spotfran a 0.03-cm-Radius,
0.03-cm-Half’-HeightBiconicalVoid

The Formationof a Hot spotfroma o.0225-cw
Radius,0.03-cm-Half-HeightBiconicalVoid

The Formationof a Hot Spotand Resulting
PropagatingDetonationfroma 0.03-cm-Radius,
0.03-cm-Half-HeightBiconicalVoid

A 0.02’j-cm-Radius Sphere of Aluminum in
Nitromethanewith No Reaction

Aluminum SphereShape

A 0.02~-cm-RadiusSphereof Aluminumin Nitromethane
with ChemicalReactionFermitted

A 0.032-by O.032-cmCylinderof Aluminum
in Nitromethanewith No Reaction

AluminumCylinder*ape

A 0.032-by 0.032-cmCylinderof Aluminumin
Nitromethanewith ChemicalReactionl%rmitted

A 0.002-by O.002-cmCylinderof Aluminumin
Nitromethane

A Cornerof Aluminumin l’?itromethane

A Cornerof Plexiglasin Nitromethane

Page

13

14

26

35

36

48

56

65

69

70

76

81

82

86

92

96

-6-



FIGURES- Continued

m.gure17 - FhermexRadiographsof Closureof a Spherical
Bubblein Water

IH.gure 18 - CalculatedClosureof a Spherical Void in
Water

Figure19 - 9404 ETugoniotswith VariousAmountsof Reaction

Figure20 - InitialDecompositionof 9404 as a Functionof
Pressure

Figure21 - DistanceversusPressurefor 9404

Figure22 - F?ressureBuildupProfilefor 944)4

Figure 23 - DecmrpositionBuildupProfilefor 9404

Figure24 - ShockVelocityBuildupProfilefor 9404

TABLES

TableI - Equationof State~ameters

I%ge

IL5

123,

123

124

125

126

105

“7-





I. INTRODUCTION

The mechanismof shockinitiationof detonationof inhomogeneous

explosiveshas been consideredboth experhnentallyand theoreticallyby

numerousinvestigators.Initiationof inhomogeneouse~losives is a

resultof shockinteractionswith the inhomogeneitie~whichproduces

numerouslocalhot spotsin the bulk of the shockedexplosive. The local

hot spotsdecomposeand resultin nonpropagatingexplosionswhich

strengthenthe shocksufficientlythatwhen it interactswith otherinhomo-

geneitiesthe hot spotsare hotterand more of the e~losive is decomposed.

The shockwave growsstrongerand stronger, releasingmore and more energy,

untilit becomesstrongenoughto prduce temperaturesat which all.the

explosivereacts,and detonationbegins. An experimentaldescriptionof

thisprocessis presentedin AppendixD. This initiationprocessis too

complicatedto describewith existingnumericalcomputingtechnique~and

as describedin AppendtiD it can not evenbe empiricallyreproduced

with a one-dbnensionalmodel if one uses realisticratesof homogeneous

decompositionof the ~losive.

In orderto increaseour understandingof the basicprocesses

iwolved in the shockinitiationof inhomogeneousexplosim=swe have

studiedthe formationof hot spotsfrom shocksinteractingwith spherical

cylindrical,or conicalvoidsand with cylinderssmd spheresof aluminum

in the beliefthat theywil.1exhibitthe apprcxdmatefeaturesof real

densitydiscontinuitiesin heterogeneousexplosives.
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It is ass-d that the readeris acquaintedwith the contentsof

the firstvolumedescribingthe initialstudiesof the two-dimensional

hydrodynamichot SpOtl.

In the firstvolum we describedthe resultsof our two-dimmsional

approachto studyingheterogeneousshockinitiationusingthe mcdel of a

shockin a cylinderof nitromethaneinteractingwith a sphericalvoid.

We computedthe interactionof a shockwith the sphericalvoid,the

formationof the hot spot,and buildupto propagatingdetonation. In

thisvolume,we describethe resultsfor a shcckinteractingwith cylin-

dricaland conicalvoids in nitromethane.We also describethe results

for a shockinteractingwith a sphereand with a cylinderof aluminum. The

detailsof how the EIC (Explosive-in-a-Cell)cedehandlestwo components

are describedin

with an ahmrinum

behindthe shock

A~ndices A and B. In the case of a shockinteracting

discontinuityin nitrcmethane,the hot spotis fomwd

frontand is at a lowertemperaturethan the hot spot

formedbya shockinteractingwith a void. The one-dimmsionalh@ro-

-C hot spot model is appropriate,andthe two-ct!mensionalcalculations

showfailureand propagationin approxtitelythe samemanneras does the

23
one-dimensionalhydrodynamichot spotmodel ‘ .

The experimentallyobservedearlyinitiationof nitrom?thanefrcan

the interactionof a shockwith cornersof Plexiglasand aluminumis

also shownto be a resultof the hydrodynamicflow.

-1o-



In AppendixC we describethe recentradiogra@s of bubbleclosure

in water. Comparisonwith EIC calculationsfor this systemyieldsfurther

evidenceof the validityof the computedresults.

II. CYLINDRICALVOIDS IN NITRCMETHANE

The initialand boundzryconditionsof the calculationwere chosen

to matchthe model shownin Figure1. A cylinderof nitromethanecontains

a cylindricalvoid centeredon the axis. The axial symmetqyof the system

allowsa two-dimensionaldescriptionof the processin terns of the usual

axialand rsdialcoordinates.

The resultsof a nonreactiveEIC calculationare presentedin

the fozznof picturesin Figure2 for a O.O&!-cm-radius,().M8-cm-~@

cylinderof nitrmthane containinga 0.032-cm-radius,0.032-cm-high

cylindricalvoid. A pistonis appliedto the bottomof the cylJnder,

shockingthe nitromethaneto 85 kbar and UXM%.

The 85-kbar,1200% shockarrivesat the lowersurfaceof the

void travelingwith a shockvelocityof 0.45 crn/psecand a pxrticle

velocityof Ool~ cm/psec. The free surfacevelocityof the surface

fluidbecomes0.342cm/~secwith a temperatureof 530%S. Sincethe

shockin the nitronethaneis goingfasterthanthe nitro~thanefree

surfacein the void,the surfacefluidat the sideof the cykhxlerstarts

movingtowardthe axiswith a velocityof 0.1 cm/~secas well as tti

the top of the void. This resultsin a jetwith a velocitythat increases

-11-



as the jetapproachesthe top of the void. For a 0.032-cm-radius,0.032-

cm-highvoid the jetvelocityis O.~ cm/@ec upon arrivingat the top

of the void, and for a O.0~-cm-highvoid of the sameradiusthe jet

velocityis 0.52 cm/@ec upon arrivingat the top of the void.

The convergenceand shocksof the systemalso increasethe velocity

of the nitromethanebetweenthe jetand the centerof the void. Nearthe

centerof the void the velocityof the surfacenitromethaneat collapse

is 0.4 cm/wsecfor a 0.032-cm-highvoid and 0.48 cm/~secfor a O.OM-cm-

hi$h void.

For a givenradius,a tallercylindricalvoid givesa hotter

hot spot. For a givenheight,a largerradiuscylindricalvoid producesa

coolerhot spotat the axis,but the sizeof the hot spot is aboutthe

same.

The resultsof a reactiveEIC calculationfor a 0.032-cm-radius,

0.032-cm-highcylindricalvoid are presentedin Figure3. Reaction

occursfirstin the regionbetweenthe jetand the side of the void,

and then in the regionwherethe jet collideswith the upper surface

of the void. The formationof a propagatingdetorxrtionoccursin much

the samemanneras in sphericalvoidsl.
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Figure1. A crosssectionof a cykhder of nitromethanecontaininga
cylindricalvoid centeredon the axis.
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Figure2

THE FORMATIONOF A HOI’Sl?CYlFROMA 0.032-cm-RADIUS,

o.032-cm-IuGHCYLINDRICALVOID

The rightsidesof the followingpicturesshowthe shapes,wave

positions,and fluidelement(~icle) positionsfor a cylinderof

nitromethanecontaininga cylindricalvoid. A pistonis appliedto

the bottomof the cylinde~shockingthe nitromethaneto 85 kbar

and 1200”K. Chemicalreactionis not permitted. The

thosecellswith a temperaturegreaterthan l@l°K is

lefthalf of the picturewith an %“. Isothermplots

positionof

shownon the

are shownfor

the hot spotat 0.22 psec for the lefthalf of the cylinder. The

dashedMne representsthe positionof the interfacebetweenthe top

of the void and the nitramethanethat filledthe void. Thisposition

is alsovisiblein the particlepositionplots sincethe resolutionis

onlyone cellwidth. The void is actuallycompletelyclosedat the

latertimes.
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THE FURMATIONOF A HUT SPUI’AND RESULTINGPROPAGATINGDETONATION

FRCMA O.032-cIn-RADIUS,O.032-cm-IUGHCYLINDRICALVOID

The rightsidesof the followingpicturesshowthe particle

crosssectionof the cylinder. The positionsof thosecellsthat

have completelydecomposed are shown with an “x”.
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III. CONICALVOIDS IN NrI!RmHANE

The initialand boundaryconditionsof the calculationwere

chosento matchthe model shownin Figure4. A cylinderof nitrmethane

containsa bicoticalvoid centeredon the axis. The axialsyxmnetryof

the systemallowsa two-dimensionaldescriptionof the processin terms

of the w al sxialand radialcoordinates.

The resultsof a nonreactiveEIC calculationme presentedin

the form of picturesin Figure~ for a 0.06k-cm-radiu,s,O.128-cm-high

cylinderof nitromethanecontaininga O.03-cm-radius,O.03-cm-h.aJ.f-

heightbiconicalvoid. Picturesfor a void of the samehalf height

and O.0225-cm radiusare presentedin Figure6.

A pistonis appliedto the bottomof the cylitier, shocking the

nitromethaneto 85 kbar and 12~”K. The 85-kbar,1200”Kshockarrives

at the lowersuz%aceof the void travelingwith a shockvelocityof

0.45 cm/usecend a ~rticle vekcity of O.l~ cm/~sec. The free surface

velocityof the surfacefluidbecomes0.342cm/psecwith a temperature

of 530”K. Sincethe shockin the nitromethaneis goingfasterthanthe

nitromethanefree surfacein the void,the surfacefluidat the sideof

the cone startsconvergingcm the axis as welllas movingt- the top

of the cone. Thisresultsin a jetwith a velocitythat increasesas

the jetapproachesthe top of the cone. For a 0.03-cm-radius,0.03-cm-

half-heightcone,the jetvelocityis 0.54 cm/~secupon arrivingat the

top of the void, and for a 0.022s-cm-radius cone of the same half height,

-33-



the ‘etvelocityis 0.57 cm/usecupon arrivingat the top of the void

(Figue 6). AO.04-cm-radius,0.02-cm-half-heightconehas a jet

velocityof 0.45 cm/Ksecupon closureof the void.

For a givenradius,a tallerconicalvoid givesa hotterhot

spot. For a givenheight,the Mger radiusconicalvoid resultsin

a cooler,but larger,hot spot.

The resultsof a reactiveEIC calculationfor a

0.03-cm-half-hei@rtconicalvoid are sham in lt,~e 7.

regionsto reactare justabovethe equatorof the void

0.03-cm-radius,

The first

at its outer

rim (whichbecamehot framvoid closure)and at the axis (whichbecame

hot from convergence).The formationof a propagatingdetonation

1
occursin much the samemanneras in sphericalvoids .
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Figurek. A crosssectionof a cylinderof nitromethanecontaininga
biconicalvoid centeredon the axis.
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Fiaure 5

THE FORMATIONOF A H(YTSP(YTFRCMA O.03-cxn-MDIUS,

O.03-cxn-HAIF-HEIGHTBICONICALVOID

The fightsidesof the followingpictures

positions,and fluidelement(particle) positions

showthe sha~s, wave

for a cylimlerof

nitromethanecentaininga biconicalvoid. A pistonis appkiedto the

bottomof the cylinder,shockingthe

Chemicalreactionis not permitted.

a temperaturegreater

picturewith an “x”.

0.24 ~sec.

than 14~ % is

Isothermplots

nitromethaneto 85 kbar and 1200°K.

The positionof thosecellswith

shcmmon the lefthalf of the

are shownfor the hot spotat
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O.100psec.
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O.120u sec.
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O.170u sec.
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0.200p sec.
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I
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0.250p sec.

I

.

THE TIME IS 2,30000-001 MICROSECONDS ANO THE CYCLE NUNBER 1S 5.00000+002
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THE FORMATIONOF A HOI’SPCYIF’R@!A O.0225-cm-RADIUS

O.03-cIu-HALF-HEIGHTBICONICALVOID

The rightsidesof the fol.lowingpicturesshowthe

particlepositions. The positionof thosecellswith

a ternpemlnu’egreaterthan l~O°K is shownon the left

half of the pictureswith an “x*’.Chemicalreactionis

not permitted.
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0.005p sec.

THE TIME 1.3 5.00000-003 Ml CROSECONOS ANO THE CYCLE NUM8ER 1s i .00000+ 001
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0.170p sec.
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0.200p sec.
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Q.4!Ez7

THE FCIRMATIONOF A HOI’SPOT AND RESULTING PROPAGATING

DETONATION FIKM A 0.03-cm-RADIUS, 0.03-cm-HALF-HEIGHT

BICONICAL VOID

The right

particle cross

of those cells

sides of the follkwing pictures show the

section of the cylinder. The ~sitions

that have completely decomposed are

shuwn with an “x”. Chemical reaction is permitted.

.-

-56-



O.zoop sec.

WE TIME 1S 2.~OUUO-OUl MICROSCCONOSANO lIK CYCLE NUMBER IS 4. UOOOO.0U2
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0.240p sec.

“,
.,zt

,Xkxx
,. **,Xx

.AAAAA XXX
Xaxxxxx xxx

,% XX XX XX XXX x
ZXxxxxl. x.x xxx
Xxxxxxx?. xxxx
r.xxxxxx.xx xxx
\.xxxxxxxx xxx

Xxxxxxxxxx xxx
Xxxxxxxxx xxx x
kxxxxxxxxxaxx
Xxxxxxxxxx xxx
X?. xxxxxxxx xxx
Xxxxxxxxxx xxx

Xxx xxx
XKXX XXX

Xxxx

WE 11* Is 2.40000-001 MI CROSECCNOS ANO THE CYCLE NuMBER 1S 4.80000*OOZ

-60-



0.250p SW.

x
xxx

.x ,x,
&xx Xxx

>Xxxx xxx,
Xxxxxxx xxx

XXxxxxxxx xxx
Xxxxxxxxx xxx
Xxx?. xxxxx xxx
XKXXXXXXX XXX
XXxxxxxxx xxx

XXxxxxxxxx xxx
Xxxxxxxxxx xxx

Xxxxxxxxx xxx
Xxxxxxxxx xxx x
Xxxx!. xxxx xxx x
Xxxxxxxxxx xxx
X.xxxxxxxx xxx x
XXxxxxxxxx xxx
Xxxxxxxxxx xxx
Xx xxx Xxxx xxx

Xxxx xxx
x Xxxx xxx

Xxx xxx
Xxx xxx

Xx. xxx
xxx

7M~ TIM IS 2.5!) 000-001 MI CROSECCUC$ 4N0 lfK CrCI. E NUM6ER IS 5.90000+002

-61-



0.260JL sec.
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Iv. fumm!mf SPHERESIN NrcRmm

In this section we shall discuss the results we have obtained with

our new two-fluid EIC code for a shock interacting with an alwninum sphere

in nitromethane.

The initial and boundary conditions of the calculation were chosen

to match the model of a cylinder of nitromethane containing a solid

aluminum sphere centered on the axis.

The results of a nonreactive EIC calculation are presented in

the form of pictures in Figure 8 for a 0.064-cm-radius, 0.128-cm-high

cyULnder of nitromethane containing a 0.025.cm-radius sphere of aluminum.

The shape of the aluminmn sphere and the shock front are shown at various

times in Figure 9.

The 85-kbar, 1.200”Kshock arrives at the lower surface of the

aluminum sphere traveling with a shock velocity of 0.45 cm/@ec and a

particle velocity of 0.173.cm/psec. The matching conditions give a

pressure of 170 kbar, a particle velocity of 0.093 cm/~secj a temperature

of 500°K, and a shock velocity of 0.66 cm/~sec in the aluminum. The 170-

kbar nitromethane has a temperature of about 1500%. The double-shocked

nitromethane energy and temperature are less than the energy and temperature

of single-shocked nitromethane at the same pressure.

The shockwave in the aluminum is divergent and faster than the

shockwave in the nitromethane. The wave degrades in the altinum and is

about 80 kbar (shock velocity of 0.56 cm/~sec) upon reaching the upper
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surface of the sphere. The matching conditions give a 20-kbar shock in

the nitromethane above the aluminum sphere. The main shock in the body

of the fluid overtakes the weaker shock transmitted through the sphere.

The actual process is muchmo~ complex with the velocities aml

pressures varying about the values assignedto them in this sitnpldfied

discussion.

The results of a reactive EIC calculation for this system are

shcwn in Figure 10. The formation of the hot spot and resulting

prop~tix detonation is shown. The ringing or layering of the particles

at the bottmn interface occurs after the time during which the region is

an important contributor to the formation of the hot spot.
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Figure 8

A O.025-cm-RADIUS SPHERE OF ALUMUWJM IN NITROMETHANE WITH NO REACTION

The formation of a hot spot from a shock interacting with a

0.CX2~-cm-radiussphere of aluminum in nitromethane. The positions of

those cells with a temperature greater than lkOO?K are shown in the

lef’thalf of

The aluminum

particles.

the picture with an “x”. Chemical reaction is not ~mitted.

particles are printed twice as dark as the nitromethane
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O 0.0925 psec.
I 0,120 pseco
2 0.145 psec.
3 0.170p sec.
4 0.195 /.Lsec.
5 0,210 psec.
6 0.235 psec.
7 0.250 psec,
8 0.270 psec.

I.—__ ____
--3-

Figure 9. Alwnihmn sphere shape. The shape of the almninum sphere is
shmm with solid lines, and that of the shock frent is shown
with dashed lines for various times. Chemical reaction is
not prmitted.
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Figure 10

A O.025-cm-RADIUS SPHERE OF AIUMINUN IN NITROMETHANE WITH CHEMICAL

REACTION PERMITTED

The formation of a hot spot and buildup to propagating detonation

as a result of a shock interacting with a 0.025 cm-radius sphere of

aluninum in titromethane. The positions of those cells that have

completely decomposed are shovn in the left half of the picture with an

l~l! ● The aluminum particles are printed &ice as dark as the nitromethane

particless
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v. AlxJMIm clx13nxRs IN NrrRCMETHANE

In this section we shall discuss the results we have obtained with

the EIC code for a shock interacting with an aluminum cylinder in nitro-

methane.

The initial and boundary conditions of the calculation were chosen

to match the mcdel of a cylinder of nitromethane containing a solid

aluminum cylinder centered on the axis.

Figure 11 shows the formation of a hot spot when a shock interacts

with a 0.032- by 0.032-cm-radius cylinder of aluminum in nitromethane.

The 85-kbar, 1200°K shock arrives at the lower surface of the aluminum

cylinder traveling with a shock velocity of 0.45 cm/~sec and a particle

velocity of 0.171 cm/~sec. The matching conditions give a pressure of

170 kbar, a particle velocity of 0.093 cm/~sec, a temperature of 500”K,

and a shock velocity of 0.66 cm/~sec in the aluminum. The pressure in

the previously shocked nitromethane below the cylinder is, of course,

also 170 kbar, the particle velocity is 0.093 cm/~sec, and the

temperature is about 1500”K. The double-shocked nitromethane energy

and temperature ~ less than the energy and temperature of single-shocked

nitromethane at the same pressure.

The shockwave in the aluminum is divergent and is about 100 kbar

upon reaching the upper surface of the cylinder. The matching conditions

give 30 kbar in the nitromethane above the cylinder. The main shock

overtakes the initial weaker shock.
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The actual process is much

—.-—-------- -.—-4 —— --1-- . ..L AL- .---1 ----
presmares Varyulg ZLUuubLJle

discussion.

Figure 12 shows the

fronts at various times.

Figure 13 shows the

propagating detonation from

radius cylinder of aluminum

Figure 14 shows the

Vud.ueti

more complex with the velocities and

assigned to them in this simplified

shape of the aluminum cylinder and the shock

formation of a hot spot and buildup to

a shock interactingwith a 0.032- by 0.032-cm-

in nitromethane.

fommtion of a hot spot ad failure to build

up to propagating detonation from a shock interacting with a 0.002- by

0.002-cm-radius cylinder of aluminn in nitromethane. The hot spot

develops in a manner similar to that described previously
2,3

for

one-dtiensionalhot spots.

We did not observe failure of the hot spots formed from the

interaction of a shock with a voidl because the hot spot was formed at

the shock front and at a temperature so high (2,000 to 3,000%) that the

reaction was essentially instantaneous in

interest. b the case of the cy~nder of

formed behind the shock front and is at a

the the and space scale of

aluminum, the hot spot is

sufficiently low temperature

(l,kOO to 1,500”K) that the reaction is not instantaneous in the time

and space scale of interest. The resulting hot spot resembles the

one-dimensionalhydrodynamic hot spot. The hot spot decomposes, sen~u
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a shock wave into the undetonated, previously shocked, eqplosive.

Whether or not it propagates depends upon the initial strength of the

shock wave and how well it is supported from the rear. The actual two-

dtiensional process is much more complex than the one-dimensional

approximateion.
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Figure13.

A 0.032- by 0.032-cm CYLINDER OF ALUMINUM IN NITRCMTHANE WITH NO REACTION

The formation of a hot spot from a shock interactingwith a

O.032-cm-high,O.032-cm-radiuscylinder of aluminum in nitromethane. The

positions of thoee cells with a temperature greater than 1350°K are shown

in the left half of the picture with an ‘k”. Chemical reaction is not

permitted. The aluminum particles are printed twice as dark as the nitro-

methane particles.
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0.075 ~sec.

rtff rlmc 1S 1. SIJWU. U02 MI CROSECO+4CS ANO THC CYCLE NUMdCR 1S 1.511 ULlU+LU12
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O.I 20 p sec.

xx Xxxxxxxxx xxx
Xxxxxxxxxxxx xxx
Xxxxxxxxxxxx xxx

WE riME 1S 1.20000-001 MI CROSECWOS AM) THE CfCI.E NUMBER 1S 2.40000+002
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I 0.110 psec.
2 0,140 psece
3 0,!65 psec.
4 0.180 psec.
5 0.215 psec.

t

___ ----— ---- —---- __ ----- 5

L -— ——— ___

\
-— —__

-4
--- -— —__ 3

---— ____ 2

----—__ --- -1

Figure 12. The shape of the aluminum cylinder is shown with solid
lines, and the shape of the shock front is shown with
dashed lines for various times. Chemical reaction is not
permitted.
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I?igure 13

A 0.032- by o.032-c~ CYIXNDER OF mWNUM IN mow-

WITH CHEMICAL REACTION PHM(TND

The fomation of a hot spot and buildup to propagating

detonation as a result of a shock interactingwith a 0.032–

cm-high, 0.032-cm-radius cylinder of aluminum in nitromethane.

The positions of those cells that have completely decomposed

are shown in the left half of the picture with an “x”. The

aluminum particles are printed twice as dark as the nitro-

rnethaneparticles.
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0.220 psec.
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Ilkure lk

A 0.002- by 0.002-cm CYLINDER OF ALUMINUM IN NITRCMETHANE

The fozzna.tionof a hot spot

to propagating detonation from a

and failure to build up

shock interactingwith a

0.002- by O.002-cm cylinder of aluminum in nitro~thane.

The positions of those cells that have completely decomposed

are shown in the left half

These results do not scale

of the picture with an %“.

with the system described in

Figure 13.

dark as the

The aluminum

nitromethane

particles are printed twice as

particles.
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VI. CORNERS OF ALUMINUM AND PLEXIGLAS IN NITRCMETHME

Travis4 has observed early initiation of nitromethane

sheets, and rods of various plastics and metals. A container

by blocks,

of nitro-

methane was mounted on a booster-attenuator system designed to generate

a shock wave, almost plane over an area 10 cm in diameter, which would

initiate unperturbed nitromethane with an induction time of about 1.5

psec. Blocks, sheets, and cylindrical rods were suspended in the nitro-

methane and the induction times determined. Blocks were mounted tith

the sides perpendicular to and in contact with the surface of the attenuator

plate, thus forming a 90° corner with the plate. Rcilswere mounted with

the axis perpendicular, and sheets with the thinnest side (width) parallel,

to the plate surface, either in contact with the attenuator plate or

raised a few milltieters above it. For purposes of these discussions

the height of the rod and the length and height of the sheets are infinite.

For identical initial shockwaves, the relative effectiveness of

an inclusion in decreasing the induction time is as follows: The greater

the mismatch, the shorter the induction time; the thicker the sheet

perpendicular to and either in contact with or above the plate surface,

the shorter the induction time, but a maximum thickness exists above

which the induction time is not further reduced. A minimum thickness

exists below whichthe induction is not detectably changed by the presence

of the discontinuity even though the surface area of the sheet remains

essentially constant. This suggests that Helmholtz and Taylor instabilities

are not important sources of extra heating. For a copper or aluminum
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rod mounted above and perpendicular to the plate surface, the critical

radius is greater than 0.005 cm, but less than 0.04 cm. Such observations

are in good agreement with the computed results described in the previous

section.

above the

a corner.

describe

corners,

The induction time is shorter when

attenuator surface than when it is

a rod or sheet is raised

in contact vith it, forming

While the EIC calculations are not sufficiently detailed to

the formation Of the low-temperaturehot spots formed frcm

they do showus that the shock moves faster in the Plexiglas

or aluminum than in the nitromethane so that multiple shocking of the

nitramethane occurs and heats the nitromethane near the corner some

additional 5O-1OO”K. For exsmple, as a 96-kbar shock emerges from the

bottom of a nitromethane-filled Plexiglas bax, the nitroraethanenext to

the wall of the box is first shocked to 50 kbar by a I&terally moving

shock which originates at the wall.,and then by an 85-kbar s’hock

transmitted directly through the bottcm of the box. The temperature of

the double-shocked fluid exceeds the temperature of the single-shocked

fluid by some 100”C. Such multiple shocking of the nitromethane heats

it sufficiently to produce initiation in the time observed experimentally.

Figure 15 shows the computed results for an aluminum corner in

nitromethane, and Figure 16 shows the results for a Plexiglas corner in

nitromethane.
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Figure 15

A CORNER OF ALUMINUM IN NITROMEl!HANE

The aluminum particles are printed twice as dark as

the nitromethane particles. The horizontal sxis is 0.032-cm

long, the vertical axis is 0.064-cxnhigh. The aluminum is

shocked to 165.9 kbar and a particle velocity of 0.0906

cm/psec. The nitromethane matched pressure is 85 kbar.
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().025 Asec..

THE TIME 1s 2.50000-002 lilcRoaKoNos ANO THE CYCLE NUIIBCR 10 1.0000OOOOt
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0.055 psec

THE 11* 18 s .50000-00s HICROSECOUO*ANO llt2 CrCLC NUMBER X8 2.20000+002
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0.080 psec..

THE TIME 1S #.00000.00z )I1cm~EcoNQs A@ 114E C7CLZ, NUMBFR 1S S.2DOOO+O02
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Figure 16

A CORNER OF PLEXIGLAS IN NTI’ROMEI’HANE

The Plexiglas particles are printed twice as dark as

the nitromethane pxrticles. The horizontal axis is 0.032-cm

long, the vertical axis is 0.064-cm high, and the geometry

is plane. The nitromethane has an applied piston pressure

of 85.8 kbar and a particle velocity of 0.171 cm/psec.
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0.0625 p sec.

fn~rLNE 1S O. MOOO-OOZ MI CIEOSECCUKW AW lNE CVCLE NUNllCtl 18 2.50000+002

-97-



0.090 psec.
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0.125 psec.

TI+C IIMC 1S 1 .?5(!00-001 MI CROSECCWCS ANE! 114F CYCLE NUM8ER IS S.00000+002
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VII . CONCLUSIONS

Two-dimensional numerical hydrodynamic calculations of the EIC

type with realistic equations of state can be used to conrputethe inter-

action of a shock with a void, the formation of a hot spot, and buildup

to propagating detonation. Failure can not be expected from the divergent

nature of the flow since the reaction is essentially instantaneous in the

time and space scale of interest and, therefore, with an appropriate

time scale, all quantities are functions of radius/hot-spot radius.

Experimental evidence suggests that failure occurs primarily from the

side rarefactions cooling the explosive inside the reaction zone.

The interaction of a shock with an aluminum sphere and cylinder

has been computed. The computations describe the interaction of a shock

with the aluminum discontinuity, the formation of a hot spot, and buildup

to propagating detonation. In this case, the hot spot is formed behind

the shock front and is at a lower temperature than the hot spot formed

by a shock interactingwith a void. The one-dtiensionalhydrodynamic

hot spot model is appropriate and the two-dtiensional calculations show

failure and propagation in approximately the same manner as the one-

dtiensional hydrodynamic hot spot model.

We conclude that the formation of hot spots from shocks interacting

with density discontinuities is well described by two-dimensional reactive

hydrodynamics with

resulting hot spot

mechanism does not

realistic equations of state. The failure of the

maybe treated in those cases where the failure

reqpire a detailed reaction zone.
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We have increased our understanding of the basic processes

involved in the shock initiation of inhomogeneous explosives by studying

theoretically the formation of hot spots from shocks interacting with

single density discontinuities. The problem of failure of propagating

detonation from side rarefacti.onscooling the explosive inside the reaction

zone has not been theoretically described and is probably the next problem

that must be solved before further progress is made in understanding the

basic processes involved in the shock initiation of inhomogeneous

explosives. This suggests that studies of the time-dependent reaction

zone and of the phenomenon of failure diameter of explosives may yield

further insight into the problems of shock initiation of explosives.
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Appndti A

THE HYDRODYNAMIC AND llEMTION EQUATIONS FOR AN EXPLOSIVE

AND ONE NONREACT~ CCMPONENT

The EIC equations described by Maderl are used to solve the fluid

Jdynamics. The procedure is an adaption of the PIC method of Harl . A

ce~ my contain, for exsmple, undecomposed explosive} deto~tion Products

the explosive, and the nonreactive component. It is necessaryto Wve

two mass fractions to describe the composition present in any cell -- the

mass fraction (W) of the decomposed explosive relative to the total EEWS

of reactive component and the nass fraction (X) of the nonreactive

component relative to the total mass of the cell.

When a particle moves froman old cell to a new cell, the “U”

of

flag of the particle mass is tested to determine if it

a nonreactive particle. If a particle goes from cell

and cell masses have been adjusted, then for:

A. a nonreactive particle

‘:+1(+ -m)‘m .

is a reactive or
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B. a reactive particle

\
.NEW

~J
i+l

.W
~J
i

J.

S(X:+l)(MLP’)●#
i-a

NCNENCLATURE

i cell indices in R direction

3 cell indices in Z direction

Ill particle mass

M cell.nmss

,x mass fraction of nonreactive component

w mass fraction of reactive component that is undecomposed



Appendti B

EQUATION OF STATE FOR AN EXPLOSIVE AND

ONE NONREACTIVE COMPONENT

The H(X’4equation of state was used for a cell containing a single

component or any mixture of condensed explosive and detonation products,

and is described in references 12 2$ and 3. Temperature and pressure

equilibrium was assumed for any mixture of detonation products snd

condensed explosive in a cell.

When there are two components present in a cel~ separated by a

boundary and not homogeneously ndxed, it is reasonable to assume pressure

equilibrium, but the temperatures may be quite different. For these

systems we assumed that the difference between the total Hugoniot energy

and the total cell energy was distributed between the components according

to the ratio of the total Hugoniot energies of the components.

If the cell contained all three components, the ecjyationof

state was computed assuming temperature and pressure egyilibrium for the

detonation products and condensed explosive, and pressure equilibria

with the nonreactive component.

The detonation product equation of state prameters used for

nitromethane are described in reference 1. The condensed equation of

state parameters used for the nitrometh=e$ al~n~~ plexig~s> ~d

water.are presented in Table I.
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TABLE I - EQUATION OF STATE PARAMETERS

Nitromethane

c + 1.647 - 001

s + 1.637 +Ooo

F~ + 5.41170789261 + 000

G~ -2.72959322666 +Ooo

H~ -3 .21$Wn3188 + 000

Is -3 ●90757MW8 + m

J’
s

+ 2.390281843.33 + 000

Ys + 6.805 - 001

Cv + 4.14 - 001

a +3.0 - 004

V. + 8.86524823 - 001

Plexiglas

c + 2.43 - 001

s + 1.5785 +Ooo

Fs + 5.29380243506 - 001

G~ -4.24950371368 + 000

Hs - 1.55055576332 + 001

Is -3.08638075572 + 001

3s - 1.46708193739 + 001

Y~ + 2.157 +Ooo

Cv + 3.5 - 001

a + 1.0 - 004

V. + 8.47457627000 - 001

-1o5-

Aluminum

+ 5.35 - 001

+ 1.35 + 000

+ 7.96115866874 + 001

- 3.17533561633 + 002

-4.38525371533 -1-002

-2.64248248960 + 002

-5=79734965732 + 001

+ 1.7 + 000

+ 2.2 - 001

+ 2.4 - 005

+ 3.59066427289 - 001

Water

+ 2.264 - 001

+ 1.325 +Ooo

+ 5.6993609370 +Ooo

- 2.66572128557 - 001

- 1.53713920377 + 000

- 7.58607109147 -tOoo

- 2.78464374578 + 000

+ 1.65 +Ooo

+ 1.0 + 000

+ 6.0 - 005

+ 100 -1-000



EQUATION OF STATE FOR TWO COMPONENTS IN A CELL SEP~TED BY A BOUNDARY

Knowing I, V, and X, calculate P, ‘1?,and ‘1?

(a)

(b)

(c)

(d)

(e)

(f)

v

P

T

= x(+) + (1 - x) (i’?

=PLPB

AH = X(I) -1-(1 - x) (I)

()x(+)
#=(#) +(l-IH)~

()

(l-x) (#)
IB = (+) + (1 - IH)

5

&I%’?++=&l?-#)+P;
#H

With relationships (a) and (f) we can iterate for tier? asa

function of the known parameters I, V, and X.
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EQUATION OF Sl?ATEFOR THREE COMPONENTS

Knowing I, V, X, and W, calculate P, T(1), and T(3)

(a) P = P(l) s p(2) s p(3)

(b) T(l) = T(2)

(d) v = X(V(3))+ (1 - ~)(v(-)

(e) 1(1*) = W(I(l)) + (1 - W)(I(2))

(f) #*) =W(lp) + (1 - W)(If))

(d ~ = x($)) +-(1 - X)(I#+Q))

()(x)($+
(h) 1(3) = (43)) + (I - ~) ~

(i) 1(1-) = (I&@) + (I - ~)

()

(1-X)($-))

5

(j) 1(1%) =W(I(l)) + (1 - W)(I(2))

From equations (c) and (d) one obtains

(k) V = X(V(3)) + (1 - X)[W(V(l)) + (1 - W)(V(2))] .

From reference 1

~~ [1(3) - ~3~(1) P(3) = $) + 7(3)
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and frcm eqyations (a) and (h) one obtains

Y(3)
(d fl=P=P:)+w

From reference 1

(1-J# (X)(43))%

(n) p(2) s P(2)
‘* [

1(2)
- 1(2)

i i 1
and from equations (1), (h), and (i) one obtains

9

[

J3)P (3) JUP(l*

‘2=P= 1- % + * + +-+ (Lw)pf)pv(a)
Y

[

J3) w w

1

-1

*
-I-(l-w)V(2)9 .

-p+yl

Frcm reference 1

*(1)
= ,y

(+) - 1#))(23,890)
+

%

and from equations (b), (1), and (n) one obtains

[

(2)
‘H

- T~)
+ %!)V(l) - ‘f2)@v(2)

‘3
.p=

2389o

1
V?
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Taking

F =
‘1- f3=0

G= f2-f=0
3

one may solve for V (1) and v(’) -by

equations were first derived by W.

the Newton-Raphson

Gage.

method. These

A

B

H

I

P

T

v

w

7

x

1

2

3

i

P

IJCMENCIATURE

indices for ccxnponentA, the nonreactive component

indices for component B, either condensed ~losive or detonation
products

Hugoniot

internal energy

pressure

temperature

volume

mass fraction of condensed explosive

mass fraction of component A

indices for the reactive condensed component

indices for detonation products

indices for the nonreactive condensed ccmponent

isentrope (detonationproduct)
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Appendix C

BUBELE CLOSURE -- A COMPARISON OF EXPERIMENT AND CALCULATIONS

D. Venable6 has taken “Phermex’7radiographsof the interaction of

a shock in water with a spherical bubble of air so that we might obtain

a check on how well we cmnpute the closure of a bubble using the two-

dimensional hydrodynamic code,EIC. The experimental arrangement was a

b-inch-squarebox of water containing a 1.2-inch-diameterbubble of air

lightly confi= d by thin glass. The shock was generated with 8 inches

of Composition B and ran through 0.25-inch Plexiglas before it reached the

water. The shock in the water had a shock velocity of 0.529 cm/~sec

and a pressure of 1.21kbar. The radiographs lxikenat times of about one-

half and three-fourths closure of the bubble are shown in Figure 17.

The results of an EIC calculation for a 1.2-inch-diameter spherical void

in a k-inch-radius cylinder of water being shocked to 121 kbar are shown

in Figure 18 for the same times as the experimental radio~phs in

IYgure 17. The fluid flow is well described by the calculations.
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Figure 17

PHERMEX RADIOGRAPHS OF CLOSURE OF A SPHERICAL BUBBLE IN WATER

The first picture shows the shock wave curvature in a

t-inch-square box of water without a bubble being shocked by

8 inches of Composition B. The second picture shuws the

bubble about half closed and corresponds to the first

calculated picture in Figure 18. The third picture shows

the bubble about three-fourth closed and corresponds to

second picture in Figure 18. The outline of the bubble

been sketched on the radiographs since the reproduction

the

has

is poor.
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Figure I-8

CALCULATED CLOSURE OF A SPHERICAL VOID IN WATER

The pictures show the particle positions for

an EIC calculation of a 1.2–inch-diameter spherical

void in a l-inch-diameter cylinder of water being

shocked to 121 kbar.
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IME IIME iS 1. OZOOOWJOI Ml CdOSECC410S AW WE CICI.E NUMBEII 1.$ S.40000+002
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WE rIME 1s 1.17000+001 MI CdOSECCUDS AW 114E CKL~ NUM8Ed IS S.90000+OOi?
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Append5x D

THE ONE-DIMENSIONALAPPROACH TO HE!TER03ENEOUSSHOCK INITIATION

The problem of empirically reproducing, in one-dimensionalhydro-

dynamic problems, the gross features of the shock initiation of hetero-

geneous explosives has been extensively studied. The results are never

satisfactory.

decomposition

initiation of

For example, many of the mcdels result in complete

of all the explosive behind the shock front long before

propagating detonation occurs.

Our “empiricalheterogeneous shock initiation burn”

Qescribed in reference 8burns too much of the explosiv~

pressures are too low during the buildup to propagating

where the details of the pressure buildup to detonation

as in certain unpublished ~rtietis by Gittings on the

technique

and the

detonation.

are important--

contribution of

shocked, but not detonating, 9404 to the velocity of metal plates--the

empirical technique is useless.

We shall present a detailed interpretation of the experimental data

and show that a

This conclusion

one-dimensional treatment

is hardly surprising.

of the problem is inadequate.

To assist us in interpreting the experimental data, a code was

written to cmrpute the reactive Hugoniots of an qplosive using t~ HOM

12,3,8
mixture equation of state ‘ . For 940&we used the u.ureacted

eqution of state, Us = 0.2@3 + 1.883 Up, given by Ramsa#j and the

-sL8-



completely reacted EKW equation of state given in reference 10.

The computed Hugoniots for 9404 are given in Figure 19 where W is

the mass fraction of the undeccxnposedexplosive.

One may use these reactive Hugoniots to estimate the amount of

reaction one may be obtaining for an ~rimentally measured Hugoniot

point by determining on which of the reactive Hugoniots the point lies.

Two experimentally measured Hugoniots of partially reacting 9404

are available. The Ramsay Hugoniotg may be described by Us = 2.46 + 2.53 U
P’

and the GittingsHugoniotllmay be described by Us . 2.715 + 2.576 u .
P

Using these experimental Hugoniots, one obtains the estimates of initial

decomposition of 9404 as a function of shock pressure sham in Figure 20.

The experimental data of distance of run to propagating detonation

for any initial shock pressure shown in Figure 21 may now be used to

obtain the amount of reaction for any distance of run.

It seems reasonable to assume that the explosive will pass through

the ssme P,W,X state points at the shock front regardless of the initial

conditions. If this is true, we can describe the complete path of build-

up to detonation. For 9404, the path of buildup to propagating detonation

is shown in

description

Figures 22, 23, and 24. mis iS

of the process. The qualitative

are probably realistic; however, one can not

our “experimental”

features of this description

expect it to be quantitative

because of the assumptions that were necessary.

We made various attempts to reprciiucethe observed phenomena by
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incorporating this description of the process in a

hydrodynamic mcdel.

First, we programmed the degree of reaction to

one-dimensional

the shock pressure as shown

undecomposed explosive with

of 60 kbar and 8$ reaction.

problem.

in Figure 20. Initially

a ~–kbar shock, we

This is the steady

be a function

driving the

obtained a steady

state solution of

of

wave

the

We programmed the degree of reaction to be a function of the distance

the shock has run as shown in Figure 23. We obtained “numerically stable”,

weak-detonation solutions until more than 5@ of the ecgplosivewas decom-

pose~and then finallya C-J detonation developed with

reaction. The buildup pressures were much lower than

values.

larger smounts of

the experimmtal

To obtain a behavior close to the observed one it was necessary to

program the degree of reaction, not as a homogeneous rate, but as celd.s

of no reaction or total reaction occurring near the shock front and with

the average amount of reaction per unit distance of run givenby Figure 23.

This is a very crude technique for introducing the two-dimensional nature

of the decomposition of the explosive.

We conclude that for reasonable degrees of decomposition of a

heterogeneous explosive during buildup to detonation, a

mcdel does not

One apparently

satisfactorily reproduce the experimental

needs at least a two-dimensional reaction

one-d-nsional

observations.

center model.
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