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CHARACTERIZATION OF HIGH-EXPLOSIVE INITIATION
.\ND SAFETY AT LOS ALAMOS

John hf. .McAfee

Abstract

The Chapman-Jouger and ZND models of steady detonation have proved most

useful for engineering estimation of the propagation of near-planar. steady

detonation in short-reaction-zone explosives. However. even in well characterized

systems. the purposeful initiation of detonar.ion is not described by these models.

The highly divergent and microscopic nature of point initiation require discerning

txpefiments, modeling, and theoretical analysis.

Recently, safety considerations in complex or damaged systems. possibly

containing long- reaction-zo,le (insensitive ) high explosives, have dominated our

thinking. These situations are rarely planar or steady, the physical state of the

explosive may not be easily characterized. and there is a wide range of potential

stimuli. The high-explosive reaction may range from none. to deflagration, to

partial detonation. or to full detonation. Techniques and data applicable to

estimating the level of response am needed.

The design and prediction of explosive systems have mostly been accomplished using the simple

C-J model. In most cases considerable testing and incremental modification are necessaty to

produce [he desired function for even moderately complex geometries. However, the precise and

reproducible initiation of detonation has relied even more on the empinczd approach.

The build-up to detonation from an initial stimulus is a transient phenomenon (Fig, 1). It involves

an interplay of chemical kinetics. mechanics, hydrodynamics. and material properties.

Historically. the first predictive correlation between stimulus and transition-to-detonation was

discovered by Ramsay and Popolatol. They showed. for a one-dimensional promptly initiating

system. that the logarithm of the shock input pressure was Iinear!y proportioned to the iogarithm of

either the distzn:e- or time-from-impact to full detonation (Fig, 2), These relationships. named

“Pop Plots”. me u function of the dcn:;ity, [cmperature. phase. pitrticle size. particle-size

distribution. imd almost any other physicid vari~ble. The Pop plot is widely used for the estimation

of where tind when a detrmtion will occur. given u specitic shock strength.



“rhe first successful ccm[inuum model [o extract “microscopic’” rate information from these

measurements is [he Forest Fire mmiel~. ,~lth~ugh based on the incorrect assumption ot’“single-

cume build up.”’this model has hdd considerable use and success in cdcuhuions (it”resolved 1-. 2-.

md WJimensional initimion problems. Because this and similar approaches do nor account for the

heterogeneous nature of solid explosives. [hc riucs derived from rhis and similar models are only

averaged properties that represent only the heat release. The details o! the microscopic mechanics

and chemistry are not predicted or uccounted for.

The design of precision detonators and detonation systems is primarily based on comprehensive

experience and testing. ,4 priori prediction of the quantitative interactions of exploding bridge

wires (EBWS. Fig. 3) with fine-grained initiating explosives has not been ~ossible because of the

strong coupling of divergence. kinetics. mechanics. and other phenomena. Only in the past few

vears has an empirically ctilibr~ted model of the slapper detonawr (Fig. 4 }proved useful. R. J.

Yactorj has correlated hundreds of experimental meisuremems by titting a multi-parameter modei

based on simple physical concepts. The SLAPPER model ctm predict values and trends for tiring-

set voltage thresholds for single and multi-point detonators.

We at Los A1amos are very interested in safety considerations for complex or damaged systems.

Understanding imd predicting the response 01explosives to abnormal environments and accidents

are important components of our program. Probable scenarios are rarely planar or steady, the

physical state of the expl~sive is not easily characterized. and there are a wide range of potential

stimuli and responses. An insult that will not normally produce a violent response in undisturbed

explosive may produce high-explosive reac[ion ranging from none. [o combustion. to de flagration.

[o partial detonation. to full dctontition in a dtimaged system. Our goal is to develop experimental

und computational [OOISthat qutilitatively and quantitatively predict the level of energy release.

Explosive systems. even when used M designed. huve many space and time scales. The

introductory papers by Fauquinon and Davis have described the wide range imd interdependence of

[hese scules for s[eudy c.hmm.ttion. Accidents uric!tibnorrnid environments introduce the tidditional

~~ctorsof system size. configurwion. umfirwment. tiltered matetial properties. und lengthened time

wules, ,AtLos Alum-m. wc have :ipproii~hcd[his complex and ill-defined ~roblem by performing

experiments on simplified svslcms. As cxumplcs. 1will describe twwprojxvs: The initiiuitm of a

liquid explosive ty hypcrveloci[y IIWILIIjuts. ml our s[udics of the dctlagri.uion-m ~lctontitimt

[rimsi[iun(13DT)in mctul-c(mtincd gr;mulurcsp!osivc’.
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The planar shock initiation of nitromethane [\\l ) was first described by Los Alamos \vorkers in

[he 1960s4 IFig. 5 I. und hus been cent!.nued and refined more rccently5. The behtivmr of this

Sv5[emi> perhups [he simpiest and best expiuincd for common condensed explosives. However.

\vhen \ve initiate NM \vith an explosively-formed hyperveloci[y metid jet6. son.e results are \’ery

complex. High-speed photo,gnphs [Fig. 6) show rhe formation of periodic three-dimensional

su-ucmres. Analysis of the velocity of the leading wave shows cycles of detonation and failure

[Fig. 7). Such complex behavior is not accounted for by the simplest theories.

The build-up to detonation from relatively weak thermal or mechanical insults involves a complex

interaction of combustion, detlagration. and mechanics;.s. Our experimental system to simujate a

damaged explosive system is a strong steel pipe tilled with granular HMX (Fig. 8). Initial

combustion in the H.MX can be smrted by mechanical or thermal input. In either case. the initial

energy and power are fm below [hat necessan [o ini[ime detonation. Figure 9 describes the Los

.Mamos model of the DDT in this system. Undoubtedly. the very eaily srages of combustion in

ignited experiments are convective. The pressures. Reynolds numbers. and gas-evolution rates are

small enough that gas can tlow through the initial bed (60-70~c of the Theoretical Maximum

Density. TMD). However. the gas permeation velmity into the riasce:it bed is limited ( 10s of m/s).

The HMX burning rate is high enough that gas is produced faster than it can flow away.

Therefore. the gcs pressure in the combustion region builds rapidly. The risin~ pressure

eventually becomes greater than the strength of the granular bed. and a combustion-supported

comp~ction wave is started.

The compaction wave velocity is significantly faster ( 100s of m/s) than the combustion. Behind

the \vave. the bed is comptictcd to approximately 90% TMD. Throughout this dynamic

compaction. shear of and friction between the granules provide energy to swt decomposition of

the comp:lcced muterial. After an ilduction time determined by the chemical kinetics. deflagmttion

in the compacted HMX begins and proceeds at o velocity approximately equal to the compaction-

wave velocity. The onset and propagation of [his defhgrmion does not depend on the permeation

of hot gusses. but rather on the length of time since the passage of the compaction wave. This

“ignition wave” i> merely the locus of iI specified level of reaction or retiction rute. It defines the

tmuncla~ twtwecn the slowly ctccornposing compact and the quickly detl~gruting comptict.

After [he detlugrution lScswblishcd. u competition between gas pressure ml mechunicd stress in

[he rqion tibove [hc ignition k)cus id behind the cwnpticlicm wuve determines [hc nex[ stugc. “Ile

rcgimt I-wlow the ignition !ocus pressurizes rupidly heci.wse [)t’the ftist burning, The forces

generwed by this pressure urc carried tibove the ignition locus as mechunicid stress in [he mutrix of



did particles. ..\t the same lime. [he gw pressure between [hese solid panicles is rising because of

[he slow decomposition started by the compaction trove. The mechanical stresses are t~ing to

fuflher compact the bed while the gus pressure is rcsis[ing. There ;s u point \vhere the mechanical

<tress become’ much larger than the in[er pw-title pressure. and the granular bed ti,uther compacts

to near 1007c TMD. We cdl this region of complete compaction the “plug” because on the time

scale of intemt ( 10s of VSIit Echzves as inert mmerial.

In the plug. the gas-phase and gas-producing reactions stop because there is essentially no free

\’olume and the increase in thermal conduction rapidly cools the residual gas. Therefore. the

igrtition locus terminates when it intersects the plug.

If the mechanical contlnement of the burning region is sufficient. the high gas pressures accelerate

[he p,ug into Ihe comptict. Mass bi.dance arguments show [hat the top of the plug has a velocity

~pproximately ten times !%ter than the bouom. At lhese high velocities. the top of the plug is a

shock traveling in the compact. This shock will transit to detonation if the ‘:ebcity is high enough

imd duration long enough. Ftiilure of the mechanical con!mement can slow the shock such that

detonation does not occur. The combustion-deflagraLion process can begin again when the shock

overtakes lhe compaction wave. We have strong evidence for such interrupted processes

eventually leading to detonation (Fig. 10).

Computational modeling of this prol.ess is formidable. The space scales range from detonation

reaction zone thickness [O the full system size. The time scales range from fractions of

nanoseconds to seconds. In [he pas[ two yews J. Bdzil. B. Asay. and S. Son at Los Alamos and

D. S. Stewart und A. Kupila frm universities have developed a computariona! model that

reproduces the observed phenomena starting with the compaction wave. Howevtr. uccurate and

physicid]y-b~sed chemical kim’tic information is still needed.

Additional projects at Los A1amoswe untemptingto characterize the mechanical and chemical ‘,tates

of damaged explosives. We huve a great need for uppropriiite diagnostics. well designed

cxperimems. i.mdconvincing analysis.
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Shock Initiation of Heterogeneous Explosive
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The “Pop Plot” for Some High Explosives

-.-, ,’? n —-- .- 1 ‘T T.Tv

L ,.il-. .1.. ls 111.,
00 IcMJt)

PRESSWlf Ihbal

Dynamic sXperin~entatlon - Delonallon Systems Group Los Alamos —
f)1251TM 2



Exploding BridgeWire (EBW)
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Slapper Detonator
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Shock Initiation of Homogeneous Exdosives
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of Shock Press[Ire: x*= x*(P), t* = t*(P)
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Photographs of a 6.5-mm/ps Jet in Nitromethane
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Tip Velocity of 6.5-mmlps Jet in Nitromethane
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Los Alamos DDT Experiment and Diagnostics
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Time -Distance Description of DDT in HMX
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