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Curved Detonation Fronts in Solid Explosives:
Collisions and Boundary Interactions

t hilt shock rurvnture. K hils W1 [k!tomt ion speed. D,,(H). .’\t 111(!P(lgt?s of tll(’

(’,xplosiveq D,,(K) is supplement d wirh lmmdur,v rollclitous, Qv (Iirvct numeric;d
simulation (D.NS). wc study how the rt’i~(’rim~ZOIWilltertwts with the dg.c’. DSD
theory hns been illtrgrutmi with thf! h!w!l-w+t.Int!tllod of (Mm’ & S(’tllintl illld

mplosivc rontainillg systems.

Key words: IMomt ion, Curvut.urc (!ffect. Edge intermltions. l[w.il rvtlrrt ion

1. Introduction

To mmrately predict t II(! propugutiou of detomt.ion through M explosivu, (mr
needs to model the physics tlmt, occurs on the (’hemicul rmtion-zouo SCUIP.
))r, I!l shurp mmtrust to the Mruclurt!d shocks ohwved for gILY(?OIIH (k’tolliit.ioll,”

those for heterogeneous solid explosives arfi hrmuilv mrvwl on th! I/r wI(I, ‘Ih
slweti of t 11(?(Ietonat ion is strongly iufluencvd h,v t 11(!(’lu-vi~t,urcof t lw sllo(’k, N:
with rcduct.iolls of spewl ot’ -lo% ill Mrmlgl}’ [Iiverg(!utl Iioww,
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~ (‘Ilrvrd Deffmllthm f:rol!tsh .$did ~spf(wjt”( ‘S

ii [m’ qr thick. wlmu rhc lIOWis lNMh rmm iw’ Nml Iidly Iw(~(lil]lrl~sit]lliil (2 D).

Ill 5WTion 2 w{’giv[’ iI 1mid’ rvvicw d MD. From t lworim rmpliro ii from
proptqgtlti(m dgoril hm. In S(’[Vi(m 3 wr (Imml)r tin lmgineori]lg impl(m!nt utiou
ld DSD rhnr. IISW n IQW’1-MV(LS) tllgorit hm ((Mm & !%thim 1988) to prop

tlgatc the DSD front (Bdzil k St.t’wnrr 1W ). (Ash. Bdd k Mewt 19M).

TO iuto~rm’ DSD front theory with IIy(lro(lyllitllli[. siumlations, M mr~uwrc+
UICIhmi is Imded to quickly Imrn the qdosivc IUNI(’iq)tIlr(! the (letcmut ion
state cmsisteur with D,,(K). Iu Srct ion 4 wt’ (lmcribe our ncw huru mw lcl m I

ShCIW }1 fdl DsD-bWt!d ShIIUhirokML hl %Cti(Jll G We (hSCUfJS HU1tS Ohtlljlltxl

from lligh-remlution simulations of two Pdge problem, 1) the suddml loss d’
confinement und 2) oblique int erartiou of detmht ion with n rigid wnll. ( )wing
to rmct.im-mne dfects, we Iind that (Ietrmurions exhibit. von %uumm rPfklc-
t ion (CWlla & Henderson lWJ).

2. DS13 Theory

DSD is t ho mule given to the body of ltlllltidilx~ellsioll~lldetmmtim thvor~ ml
qxwinmt.s thut is 11.w1 t.0 desrribe the dynnulim of (Ictomtitm wit h lmmll~
tmved shock+ ml t 110road ion-zoue ,scule qr. The modd q.mtims uwd rt)
(Iescribe this limit (Ierive from the 2D. rmwt.ive Euler equations t.runsfmmml to
shock-tit.tnched, int riusic cuordimtcs. SIIOWIIin Fig. (1), is our cmrdiuutc m%
of st ruight Iincs nomul und curves lordly puru!lel to the Aork, u1l moving with

lh)K <(J
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C‘urwd Detomtim Fmm h Solid Exphim :1

Ubk!ti O(!(’ur (JVPr (J( f -‘ ) {]bt13LlCC!4 ill r hC! <-dk-thl, dll(l f hf’ fi(JW W](JC”h~ h]

the <-tlimt.im iti no grwt.m thnt (~(f). Under the mwumpriom. tho DSD rt~
hltrd t inm deriwuivw m’ ()(F). t ho tlow i~ principullv iu rlw q-[lirwv ion ml is
“-nozzle-”-like(NW+Fig. 1). d 2D Putm rhc flow OIII,Vpmmw[ rid~, viu K({. I ),
TiIiR limit UIIOWRfor rime dqmdmcc m the t)(1) rwwrion MIA?. pmvidwl no
0(1) velocit im iu thc {-dircrtion we gmmtwl. TINBmriom srrmntuhm th
rmnrmmicate urith MC mot hm (July through Ih{! shork-mrhre [wnlpltihilitv
rondit ion (imc.,t.hrmgh the LS equution (Jr whidmwr ])N)pU~lltim mol 11011wv
me). The DSD rmction a-me equnt ions m:

(d+ da - u),, = -/JLJK. (1)

/J(L~) - Pq = (] . p)

/iJ(i’) - P(O) = [) , (3)

Where (’) = (~/@v,{+[~n ‘~)(~/@)g,g ULd /J, ~, p, (’( p. /J. ~~), ~ d fl Ilfl! t]l(+

dmiity, labormtmypurticlc whcity in the lp direction, prmwm. ~pcrilic iut.urml
rnergy, degree of rcmrtion d hemtiof dotomtim mpcrt ivdy. Hmwforl h.
when t, 7/, ~1 tk urc Iwd m whmiptn they dcnotr purt.iuldorivntivm. TiNI
master cquaiifJn, derived from Eq14.(1-3) heh .JIINnndyzo Ihr 2D rwwtion mm!

(-J)

where m = -(f4Jrp)l? – #YUK uud C, -(PJrp)f? ~ OA (i) s R ~ Om’
the HOundqxd, hl!nt-rdeaw rutc md chcnkul rnte Iuw. mpdivnly,



2.2. Boundary mmditions

MD dynunlic~ of Aw vuriutious ill rtw &dirwIt ion mm hmtk dowIIm wqdosivo
Imunchtricw Thmc tlw how rnu ix! tidly 2D itli(l tilll~~tl(’1]1’llfl[”l~t(m thr ()( 1)
rl!~’t.iOll-ZOllIP MCUh’ ( kkil & St C’WHrri l!)~[i). [ h dlC d[JW-tiUll’ DSD .S4”11](%~hiti

rcktiou mu Lippeur I o I M! w mdym “I%(!1I I.lw DSD ml Inmmlmy rf’gion~ Ilrt?
l“[)llpkd M flJhAW: 1) t h DSD r(’~il)ll 1kk% f hl’ hOUlldUr~ \Vil h illfLJrlllUl i(l[l 011

Ibe kx’k FJlnpe Hm] D,,. iiud h turn 2) thc kundurv rogiuu ~LWthis [h~t.uto
ret.urn n (pawiblv) mxliliwi shock S1OIM!.etc. (Mzil M 1). L~singrhr Imunrhwy
uugle w Mined in Fig. 1, DSD supplitw ~,n to the Ixmudury flow. which IINN
returm WM t.o t.hc DSD r@m. The boundwry iti it.cdf churtirtmizrd by two
UMIWthat depend on tlw ~xplnsive/inert pnir being mwidmd: IIwit id mgle
~“ und a cmdineml!ut ungle w~.

We’ve distilled t.hesc intmwtiom into the following rcripe. If d,” C d,. then
da = Wln; d i~erwiw, -Iti = AIF. The hounchuy dyuuxnics tuw ron~idercd iu
nmre detwil Iatm hi t.hitipnpor.

3. FYont propagators

Together, the Din(K)fumt inn und tho Immdury mmdit.iom providr IItwmpl(!t(!
~Imytuunimlrierriptim of the detmut.ion front nt thc DSD hwel. A smmd donmt
iti umded to propmguw the front: n dwk mnputibilitv mnditkm thnt rolutm
how dkLLIPH ill the JIIMHIOf the f~llt dkt ittimHhIW. (h? (Jf t.hc ln(~t Widd~

IWI form of t hk condition i~ Whit ImumHmy method (Whit hum 1W3). Every
Wtion of the dotonution front mlvuncenidong u Hyntcmof ruytithut rmwnbh!thc
I)ichuructmitiic rqy~ of gmmetrlml optit!w Although phvdmllv mppwdingHIICII

Iuc?thodn ~mI ~c* logirdl,y ronlpk% The frnnt-uttnrhd rqyii(XJIIWWW 1111(1diw’r~
with tho front, whidl mu lwui Io nunmrlmdprobhmi. ThlHi~ om! nlt!meb(!r1]f
th~ fumily of murkcr purtirh’or Ltigru@uI methodn. SIIA nwt hw Is m’ not. MM
tuiitd for mgimwring npplimltiomi whm t.hi!proldwu gmnwl rim m’ mmplwt.

3.1. Led-set method

(G)

EqIInt.lm (5) INIIII’Im%mlhod wr!iw! muputhllity mdh Ion.
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ti)r ~~cylindrirullv svlnmetric svstem. Simc (YA2 ~ O and d(,r. Ii. ()) = 1. (l
imw!mses with time. TIN! result d(.r. {),/ ) > [) rent inues to hold for holly 2D svs-
tmns with strong divergence tit. the Ixmndnriw (Adam, Bdzil & Stewnrt l!J!M).

111practice. we assign d’ = () to t IN shock. with t/’ >0 in lmblmt Illill (Viill illl(l

4. Hydl odyxmmic ~imulations using DSD
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To midrcss elmnent 2). wx~’vt’(Icveloped t] lmmorictd ~(~ii(:[.ioll-zorlc”N1o(IoIt lliit

llst?s t] ““ ])s(’?11(10”’ (iivmgeuc(~ ( 1 iu plw’e 0[ h in sinlulat,ims. S() that, ;L(lctolltlr i(}ll
state twusistent. with D,, is captuml. To elimimre prm’lmors to t 11(’f),, (K) t~ii~(’.

w Imilt ii model urouud the reaction zone E(YS. ((P/A, p, q), which togel llm

with the trigger providwi IJVthe DSD lNum rimes II,(x. y)), (WUSPSthe ]Iumvrit”tll
““react iou zone-’ to 1x2on the weak (MomM ion branch. Starting with P = ij WJ(I
A = (). at t~(x, ;y) the explusive is rupidly bm-nwi [i.e.. ,\ - 1 in }dmut tlw rime

it takes the wave to traverse one (’mnpllt i~ticmul zww). From Eq. (4) it ftJlloIvs
thatj the ratio A_./R(Ietermiues D,,. Sincl’ this ll[)lll)hv~i(’id m.urwricul reu(’tion

rtite. R is ~~ssociate(i with the size of the crmlpur,ilt.ionul zones, we replwe [r~
in Eqs. (3--I), by

L’%* (1R , R*ii, (7)

m.i then salve for D,l(! 1). Elimiuatiou t heu yields f 1(N), the “ pselldo”” (livcr-
gencu required to get. the uumericul detotmtion to be compatible with D,,(K).

This 2-part. model is implemented in }~swwnd-ordm, 2D. multimateriu], EIdc-

(a) (b)



(.’mmtni D’t fmuriwiJkmt.sill S(djd Esphhi ITS I

lilrg(? ‘r to lnimic (( mdrllso[l lhse (’xplosivo. \vhmI

I = l’:/)/’(~ – 1) – (1A. (s)

with -y = “()()()A’~//llt:~illl(l ii ll(%it of (Ietmtitim (/ =3. ml iuitilll (Imlslty p,, = ~

-! X 10(im2/(s2, W t hilt Pf.,J = 3.2 X 101(’;Y/ln: is Iilt’g(’. .+ simplific(i 5Tdt.(’-
imlepemkut rute Ia\v is used (k = 2.51 x loti/s )

(i)= f?=kim. (!))

for which the ID stewlv-state reacriou-zone leugth is 4 x l[)-”l/l/. Iuld the p;wti~’lc
reaction time is (1,8 Ifs. The uumcrical simult~t ions Wvrr (lone Ilsing n secoud-

orcier Godunov code culled C~lveut (Addessio, et al. 1990). The grid size Iwed
iu the cidcular,ions was 2 x 10-’ in. iu the st.reamwise direct icm. Two types of
boundary interacr.ions ~we studied here. For bot!l. the detonutiou is inititil]y ii

plane ZND wave whose direction of propagation is coliuetir with a fiat 7w@f wnll

(i.e., ~ = !Joo), pro])lell~ 1) {,~;lsi(iers the reponse (J[ the [Ietoumion tO U Sll(idWl

loss of’ confinement. while the illtm-tut ion of t hc (Ictolmt ion lvith ii (“ollw’rging,
rigid we(ige is stludiwl in proldmu 2).

5.1. Loss of confinement

A collection of the results form prolkm 1) me shown in Fig. 4. Propagating up-

1==1
(shock)

T-O

(a)

E=@!a
I
. Tmo .—–

(b)
.—— ——. . — . .
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1

Figur(! d, 1{.(!MIN)lINI (d’ 11 (h’h)llut i(]ll tx!ucti(m ZOIWto u SII(I(I(III lImH ()( (’olllill[’1ll( ’ht.



~vards initially. the drt mmt.iou hwes c(miinmmt. along its right bolm hlry ;IT t >
(), Inset (Aa) shows strong 2D flow ilt. t hc wige M Widellced Ijy pi = f~( 1) iulfi
the rapid [lmuge in t hc shock slope (UI(“hanges from !W to ,5,5”). “rl~(’Prim(]t 1-
Xleyer expansion t htit (ltwelops. limits the decrwse ill pressure il[ the sllcx’k

which results in a fixed shock-edge mgle after tl very short transient. its slmwn

in (~b). The rtirefact iotl moves tiling The shock i~t ( JC2 – (D,, – /~)2),)=[) =
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5.2. Converging wedge

.+ collection of results from problem 2) is shown ill Fig. 5. A ZXD (Irtomltion

propagating to the left meets a rigid. convergirlg wedge at x = 190 m w (.r = !)
is at the left). St.mdard three-shock theory for n CJ-det onation prwii(ts \ Inch
reflection for U.’~~a 45°, A simulation of the 5(Y’wedge problem shows rtyq.dar
reflection. The evolving shock am-l D,, for both a W and W’ wedge shown in

(la) display irregulsr reflection. The pressure contours ilt t = 24 ILS sho~iw in
(5b) reveal the irregular reflection grows slowly for the 4W (“use. Alt bough t hr
structure looks somewhat classical, the re!iected wave is clearly (Iispersed.

The pressure conmurs at t = 24 )Ls for the W“ uwdge reveal a totnl]y noncla-
ssical von Neumann reflection (Colella & Henderson lWO). The lewling shock
is brot.d,v cur~wd with uo evidence of a reflected shock. This is N cousequencfi
(~f the difhct ion 0[ the reflected wave by the reaction zoue flow qraciient. B,v

[wntrast, the ~Iach retiection of i.m inert. shock of compmtdde strength, shown
in (hi), is clussictil. Figure (5e) shows “ Ylachm. reliect.iou (luring the twllisiou

(i’ two PBX 9502 ~lct.onations. These me~surements were made M Los Alamos

by Larry Hull (Hull 1995, privut,e [’tlllllrlunicatiorl). With the progrvss of time
(time advances to the left), the wuve interaction region (the e~rliest purt of twch
trace) becomes wi(ler und more “’rcmmied.”

We present a qualitative theoretical tirgument to help understand t Iwse oh-
servat ions. Equation (4) is cxuct uloug the shock

(D:), = -(-D,) (W,=O+ ‘_ ,I(;:,)m.-~(m,, =(, -

f 10)
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