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Numerical calculations have bean u.aad ~ predict the veltity th.mahold for
thermal initiation of c UA explosive cauad by fragment impact A hmctural
a.nalyais code wan uaad to detirmine bm~mtum profiles and a LIMnnal armlyais
code waa wed to calculate reaction rati. Raaulta genemtad for the Unbd Stabs
&r Form MK q2 bomb indi-te that *O veltity threshold for thennnl initiation is
slightly higher than that for the shock.to deto~tion pmceac.

INTRODUCTION

Deknatiolls of cased explosives (e.g., convantioMl bombt) CMY lM caused by
the imp-et of mckllic fragmenti. If award bombs am stored close ~ther, the
●ccidental detonation of one bomb (donor) may produce fragmenta that caute
otner bombs (Bccaptora) ti detinata. The duign of safe storage C.onfigumtions
roquircs knowledge of the th.raahold for htination cau.aad by fragmant lmpa~

Pmviouc sLudia9 (Chick and Macintym, 1985; Howa, et ●1. 1981; Jmnas,1988)
hava detannir.ed velocity thrasholda for fragmenti with enough ●nergy b cause
chock-k-detonation tmnoitiona (SDT). A fragment impact that severely daforms
the explosiv~ can ●lao cauae timrrnal initiation. If tha ●xplooiva ia confined, a
deflrqration.ti-detonation tmnaition (DDT) may follow. Tho purpoeo of the work
described in tt,is paper wu to develop ● ptwadure for determining tho mnditlons
for thermal initiation of bombs cauaad by fragment impacL

The rizb ●nd veloaty of fm
r

en~ creabd by ● donor tmmb depand on the
geometry ●nd he pro~rths of ● high explosive ●nd inert mfitarials uaad, Tha
extmplo conbidend here la the IJnitad Stato3 Alr Form MK 82 tmmb flllad with
80/20 Tritinal The d~tination of this bomb cre,aMI fmgments ●I Iargo ●s 38 by
250 mm with ● thickness of ●bout 6 mm (Lucht ●nd Hantal, 1989). Fragment
velociti~s can exce~d 2 k~s, The phyaicsl setup for thin problem is ohown in
Fig, 1, We ●soumed U,at tho fragment in sufllclently long Lhat a two.dimensional
approximation is satisfactory.

A fra~en~ Impact cauma deformation of the shell and Tritonal (80/20 wt%
TNT/aluminunl) ●nd ●n increano in temperature of tho material near the poinl
O( impact. T}~~ higher temparatums may cause oigniflcant reaction rmtat in the
Tritonal, If tile tamporatumo are sufhciently high, the reaction rab~ till roach
Ievols at whicl) energy in gonorawd faewr than it can IJC transforrod away by
conduction ant! R tl~rrmal oxplooion (thermal initiation) will result.
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Flgl. Impactofakgmantoa an~ptOrbomb.

BacwM no currently avdlablo dc haa tha capability ta afSdontly parform
the entire analysit, the problem was dlvidd Ma two parta. First, s stmctural
●nalyais cede was used to perform the {mPact ●mlysic ●nd to detemnine the
ener~ deposition rates ●nd resulting tampmtu.raa, Then a thermal ●alydti
coda that haa an Amheaiua bum modal wao uaod to detmmine whether thermal
initiation would occur.

IMPACT ANALYSIS

TIM code aelacted for parfosmtng impact adyoa WN EPIC2 (Johnson ●nd
Stryk, 1986), ● two-dimmaaional, Lagrsngiw finiti-olemant coda developed at
HoneyWall, Inc. for the Unltad SWWa Amy Balliatic Reaaarch Laboratmy. This
:ode calculataa local tamparaturtti using a Mi+&unaisen ●quatlon of stata, It
uses an eroding slida line formulation to calculab penetration ●nd h boun uced
to perform accurab simulations of ● wide range of impact problems for low to
moderate projectile velocities.

An ●pproximate analysis was umd to predict tho variation of melting
temperature with Fraasure. It indicatad that the Tntonal would remain in tho
solid pham during impact for tho range of velocities considorod hero. WO
thereforo uae the properties of solid Tritonal for tho impact cnltulatiotln
performed by EPIC2. Tho e~ect of this choice will be diacumod Ia(ar,

Tntonal propertioa are Iiatod in Table 1. The donsily, apocific lmal, volumo
expansion coed’licient, and Grunciaon cocfficiont wore tnkcn from CIIIlm nnd
Popolato ( 1980), Tho thermal conductivity wao computed based on npproprint.c
wclghlin~ (Jakob, 1957) of tho thermal conductivilios o! uluminum nr,d ‘l’N”l’,
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The Hugoniot pressure in EPIC2 has the form

PH=K1V+fip2+~@.
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The conamnte KI, Kz, and fi ●re detimdned by curve-fitting the ●ctual Hugoniot
pressure vs density variation for ‘Ritinal. Th~ bulk moduluo ●t ● presoure of
1 atmosphere is equal to the first Hugoniot premure coefliaent, K1. Poisam’s ratio
for axplosivos is ●bout 0,44, W valuaa vmro used b calculata the shear modulus.

The yield ctrength used in EPIC2 ha the form

Gym(cl+ Qenxl+cgbcxl. rm) ,

whore Cl, Q, C3, n, and m ●ro ~MI-1~ conthnta, e Is strain, and ~ ic a diman-
tionleas timperatura dcflned ●a (T.TR)/(T~~.TR) whore the Subecripti R ●id M
re(er tc mom nd melting mnditiona, respecQvcly, The valuea used {n EPIC2 for ●

‘generic oxploaive” ●re Cl -13.8 ~S @100 psi) and C2 = (23 .0, ‘hone valuac were

selectad for th. base cme. TIM value of the softanlng exponent, m, uaad in tho code
is 0, Wo selected a value of 1,6 ●s being more rapresent.ative of oxplosive~.
Sensitivity studies diocuaa.ed in a Iabr section indicab that the resulu aro : “ ther
insensitive to the yield strength,

A simulation was performed for the caao shown In Fig, 1, 120aulle aro
suni.mariced in Figs 2 and 3, I!he disw~d g-rid in shown in Fig, 2, I’ho Iino y r O in
e line of nymmclry, Tho uppar hnlf O( Lhc bo[nb iri omitlcd bocauso cfToctB in l!~ot



IY#JCI are negligible for the tie apn of intareat, and an abowo by pmltiTY
calculations, that region can k omittad with no apptiable effect on u.lculated
tampamtu~ in the impact region Tbe fid cxmtia 3126 nodea and 6944 ole-
mentn. A simulation using approximately twice u mnny nodes gave nearly
identical tipemtures and prauure.a. A typical simulation of the fimt 2 KS after
impact requires approxim.ataly 3 min of cantra.1 pro-manor unit (CPU) time on a
Cm,y X-MT computer. The sti abell and the ‘l%@nel naar tbe pint of impact are
badly distoti. Some of the abell ad fmgment alementa have bean removed,
indimting some erosion of the surfac4M Tbe abell mnmiru -ntially intact and is
not penatra@d by the _nL

Figure 3 abows the tampemture-va-time profiles for the three nodes in the
Tritanal clo~et to be stael/l%tinal intdkce on the z-h. The tampmature pro-
files @ at ● vaiue tbove 1090 K and than drop b ● naarly corutit value near
s50 K ●t t = 20 W. The pre~wre profiles (not ohown) reach a r~um value of
160 kbar aoout 3.7 IAe aftar impa~ then decrem.e &r the pramure pulee has
m. T’bo tempemtum distribution in tha Tritma.1 at t -20 !C is shown in Fig. 4.
The tarnpemtura in almve 660 Kin a regian ●pprorimataly 6 mm thick.

The effect of conduction ia not ir.eluded in these calculation. A first-order
analyaia indi~tad that the condution mta u negligible, mmpamd with the energy
depoaiticm raw caused by completion and ehear deformation, in the short time
~pa.n cmuidemd here, becauea of the low thermal conductivi~ of the Tribm.al.

Because Lhera it cignifkant uncertainty in some of Lhe mocha.nical properties of
Tri~nal, ● aeriea of simulations WM parfomed b de~nnine the sensitivity of the
temperature field to tie vanntiona of them properties. Calculations w~re per-
formed uoing values of the shear moduluc 2S% lower and 26% higher than the
value Iisti in Table 1. The maximum tampe. ature ●t t ■ 20 M waJ within 1 K of
that calcu.htad for t!!o tie case. The paak tam~ratures dithad by no more than
5 K from tie baae cnm values. Similar calculation wem madu to detem.ine the
effect of v~ng the yield fitreaa, Cl. Again, ● 26% variation of Cl mused 10U than
1 K diffarenca in tie tamperaturea, The aoftm.ing expment m wu alae va.rid. A
value of m = O gave timrD~t~ titi 6 K of the values obtained using m = 1.6.
The temperature colculatioIu are therefore found to b Ielatively insensitive to
strength parametim.

There is some <uestion about whether the Tritonal will ba in the liquid or eolid
phaee an it is shocked to high pruauru. No dab for liquid TYitonaJ were found, but
dtta for botb colld a.rd Liqu.td TNT ~ ●vaila)Ja. The baaa cue wu w using data
for solid TNT ●nd for liquid TNT. The ma~mum temperature was 130 K higher
and tha tamperaturt ●t t -20 ~ wan 40 K bighor for the liquid TNT. It is tharoforo
~~~~bl~ tit the ~mpew~w computi uahg propertie- for colid Tritonal may b
.OW y 130 K for Impact velocities of 2 &s.

Sirnu.htlons wera performad k detirmlne the affact of fragment veloclty on
TritGM.I Wupemturas. Raaulti are summarlzad in Table 2 where Tm is the peak
Trikmal Ltm~rsture, T20 is the opatially.maximum Trlt.onal bm~raturo at
t ■ 20 ys (tic quati.stiady ~ndition), Pm is the peak pressure, and X it the
corresponding run ta detonation dietanca (Gibbs ●nd Popola~, 1980).

THERMAL ANALYSIS

The thermal ●nnlyaiti was performed uoing the EXPLO code (Jaeger, 1981).
EX.PLO is a one.dimensional finite-difference code applicable ta mlabm, cylindere,
and spheren, It has an Nth-ordor Amheniuo burn model and thermal conduction
calculation with a variable proporty and phase. chango capability. Tho makrial
Ilbraty in EXPL() wa~ ,ovisod LOinclude property dam for Tritonal,
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TABLE 2 FtEWM’S OF PM#MEITUC SI’U’DY

T~

& k Ml
& ~&

1.00 603. 353. 54. 44.0
610. 395. 76 LS.7

1.60 7s0. 440 100. 9,4
L75 m. 503. 127. 5.2
2,CUJ 10’90, m. la, 7.9
2.60 14’85, 675 217. 1.4

The high-temperature
Y

“ens in ‘&e Tritind, calcu.latod with EPIC2, can be
approzimabd ● s clabs that tave thickneaeea of ● few millimeters. Simulation
were p.arfo~ed usi~ E~~ to determine the Aermal reeponse of TmLonal for
various thicknesses and initial temperatures, The face at x .0 is asbumed adia-
batic, and the intarfsce ●t x = S loses haat by condu&.ion to the semi-infinita region
(X z S) that was initially ●t room temperature. Lf the initinl @mperature is high
enough, conduction is not sufficient to remove the energy being encrntid by the
re~ction ●nd the timparatures increase without bound Caugillg n i crmnl explosion
(th6tma] initiation) that may transit b a dobnation,

Results of these EXPW maculations for Tntm,al are shown in Fig, 6 whcro the
lime LOignition ie plothd as a function of lhc rocipr~al of lI)c ini LiOl tomporaluro,
Note that thorc is a critical kmporalurc for a slab of fivcn thickness below which
lhcrmal initiation will not mr,ur. For timpcralurcs WCII above Ll)c crilic~! tcmpor-
aturc, tho Limo to ignition in con Lrollad nlrnosl cnlircly hy L]IC rcuclion rutc,
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The conduction effect becomes negligible and the thickness of the slab is unim-
PO*L For bmpraturea higher than WOK and elaba thicker then 0.01 cm, the
time w ignition in M may b COIUpUW fim Ioglot - 6452fI’ -5.39, where T is the
temperature in K

ThCSS reaulta may be applied to the tampe~ture fields diCCUS~ previously.
An examination of the Mrnpereture-ve-time profile of Fig. 3 suggests that two areea
should b investigated. The firet ia the ahrp peak tit occurs u the pressure wave
passes. The width of the peek is rather mndl but the bmpemture is extremely
high, The character of the pad WM inv~tigati by running the rnmulatiom with
greatly increased print frequency in the region of the peak. Results of that
calculation indiub that the temperature of a l-mm-thick r~gion remains at or
above 1000 K for 1.5 MS. ~~ulm of the Ew~ calculations indicate ,’mt those
temperature levels will not cause thermal initiation.

The other region of the ~mperature.vs-time profile that should be investigaktc!
IS the quasi .steady regio~l that OCCUM a~r the preIwure wave is well past, that is at

t ❑ 20 us. Although those temperatures are much lower, they persist for a relatively
long time. The temperature contiurs shown in Fig, 4 indicate that tlw timpera.
ture is in the range of 557 b 5W K in a region that hus a thickness of about 5 mm.
The cume in Fig, 5 shows a criticel temperature of 550 K for a 5-mm-thick dab,
Indicating that t,hcrmal Initiation would occur in that region.



Ap#htion ofthe thesmal analysia reaulta to the tampemtum data produced by
the parametic study using EPIC2 india~ that themnal initiation caused by the
ti~tura peak wiJl ~ fbr valtities of about 21 We. The residual teunpem-
ture dkt will cause tha~ inifition for velocitiaa slightly below 2.0 Ws.

mMMARY

Ananalyaia haatiparfti todetermne - the minimum velocity at which a
shell fkgmant from ● donor bomb MII cause tbenna.1 initiation in an aaepbr hmb

that ouffem a direct impacL That value M approximately 2 km(s. It should be
noti howmer, that the qhaai-ataady tanparaturea are somewhat underestimated
because the paAial -m thatoccursat the -k pressure adds some themal
Onergythat is not ~ted for in the themal calculations for late times (20 ma).
‘This conaidesatiom along with other ~ . ties in the analyah suggesti that the
tiold VdOCity mlly be as b aa 1.7 kds.

A aeparati analyaia using a de that haa a shock ta detonation model would be
required to detarmine the thrashold impact velocity necessary to cause SDT.
TY@cally, SDT will ~ wbeu the run b detonation distance, x is less than about
10 to 20 mm. It ap~ (w Table 2) that a thermal initiation transiting to a
destination wd not ~ at impact velocities lower than those for which a shock to
detonation would ocmr.

T&I work was suppoti by the U. S. Air Force under contract No. DTG7419.
I gretily achowledge tbe support and enmuragement of Mr. Joseph Jenus, Jr.
of Eglin Air Force Base. I b wish u exxress my tha ,dcs b L. W. Hantel,
J. P. Ritchie, J. B. RaMMy, R. F. Davidw~ J. K Dienas, AL. Bowman, E. S. Idar,
W. A ML and J. W. ~h~ of Lo~ Alamos, and G. R. Johnson of the Defense
Systems Division of Hone~ell for their help and encouragement and to
L. L. Shelley of Los Alamos for edi~ this paper.

ChiA M. C. and ~, L B., 1886, ‘The Jet Initiation of Solid Explosivea.-
Eigbth Symposium (Inhrnationnl) on De@.mtion, Naval Surface Weapons Center
report NSWC MP 86-I.S4.

Gibbs, T. R and Popolata, A, 1S80, LASL Explosiue Propetiy Data, University
of California press, Berkeley and Los AI@es, California.

Howe, P. hf., Wataon, J. L. and Frey, R. B., 1981, “The Response of Con!lned
Exdosive ChargW to Fmgment Atti~” Seventh Symposium (International) on
Detonatio& Navel Surfk WeapOna Canter report NSWC hfP 82-334, pp 1048-1054.

Jaeger, D. L., 1981. ~~LO: Explosives ‘l%emnal Analysis Compuhr Code,”
LA@49-MS, LOS -S National Laboratm’y, LOS AhMOS, NM.

JAob, M., 1957, lfeaf Wufer, Volume II, John Wiley and Sons, Inc., New
York . London.

James, H, R, 18880 “Critid Energy Criterion for the Shock Initiation of
Explosives by Projectile ImpaCL= Propellants, Explosives, Pyrotechnics 13, pp 35-
41.

Johnson, G. R and Stryk, R A., 1986, ‘User Instructions for the EPIC2 Code,-
HoneyweU Inc., Defense SyS@nS Division, Air Force Armament Laboratity Report
AFATLTR-86-51.

Luch~ R. A., ●nd Hantil, L. W., 1989, “MK 82 Bomb Char~cterization. Donor
Study,- As Alamos National Labora@W repmt LA-11542-MS.


