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DETONATION-WAVEINTERACTIONS

Charles L. i’dade~
Los Alamos National Laboratory

Los Alamo.q, New Mexico

The interaction of laterally colllding, diverging, cy-
lindrical detonation waves in PMX-9404 has been studied using
the radiographic machine PHEMEX and the two-dimensional, re-
uctive Lagrangian hydrodynamic code 2DL. The experimentally
observed flow could be numerically reproduced using the Fores
Fire heterogeneous shock initiation burn model which ~ermits
realistic numerical simulation of the burnin
lar and diverging detonation waves, and the !n;~;!;~~~ ~~~~;
nation waves undergoing regular and Mach reflection.

The interaction of two, three, and five colliding, di-
verging s herical detonation waves in PBX-9404 has been

rnumerical y modeled using the three-dimensional, reuctive
Eulerian hydrodynamic code 3DE, The size and mugnitude of
the high pressure double, triple, quadruple, and q~lirituple
interactions depends significantly u~on the number and rel~-
tive locations of initiators,

The initiation of prouaaatinu detonation in the insensi.
tive explosive PBX-9502-by-t~i le’’shock-wave interaction re-

Fsultin from three initiators .as been studied using the 3DE
fcode w th Forest Fire kinetics,

CYL~)lDRICALDETONATIONWAVEINTERACTIONS

The interaction of shock waves in
alumi,lum to form b~th regular snd Mach
shock reflections has bb~n studied ex-
perimentally’ by A1’Tshuler et al, (1)
and reprnducerl usin

!
the numerical two-

dlmensional Lagrang an hydrodynamic code
2DL, by Mador (2), The calculated Mach
stems in aluminum were not wall de-
scribed by the usual simple thre@-shock
model, The stems have significant cur.
vature and are better described by a
muLtiple-shock process with a glip rem
gior rath~r than a three.shock process
with a sli plane,

R
The calculated growth

angle of t e aluminum Mach stcm increased
with increasing collision sngle up to
ntar 90°, where a shnrp discontinuity
occurs.

,\ttempts (2) at studylnq colliding
detonation waves of homogentoua oxplo.
s~ves such as nitrometllano with resolved
reaction :ones were unrnuccessful because
the orders of magnituuo chungr In

reaction zone thickness from the regular
reaction zone to the Mnch stem reaction
zone could not be resolvod numerically.

Gardner and Wackerle (3), using
radio raphic and rotatin

? f
mirror camera

techn ques, studied the nteraction of
plane detonation waves of Composition B,
PBX.9404, Baratol, and nitromethano,
They observed that Mach stems and re-
flected shocks Jisplsyed iub~tantial
curvature and anomalous density regions
and concluded that their observations
could not be reproduced using th~ uoual
three-shock modelo,

Larnborn and Wright (4), usin
tstreak cameras and ionization pro es,

determin~d tho rtte of growth of c Mach
stem formed between two plant intersect.
ing detonation waves in Composition B at
various an 10I of incidence.

!
The three-

shock mod~ predicted growth angle:h::out
four times larger than observod.
concluded that the theory needed to in-
clude the effgct of the renrtion ;~~no,
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the Taylor wave, and the signal emanat-
ing from where the waves first intersect.
They also concluded that two-dimensional
nurilerical hydrodynamics was required.
They performed such a calculation with
encouraging results but the crude mesh
used prevented a detailed comparison

‘with the experimental data.

A series of radiographic studies
was performed by D, Venable (5) in 1965
of two laterally colliding, diverging
cylindrical detonation waves in PBX-9404
(94/3/3 HMX/nitrocellulose/Tr19-P-chloro-
ethyl hog hate at 1.844 g/cm’) using
the PH~RME~machine [6). The experimen-
tal arrangement is shown schematically
in Fi 1,

!“
Line wave generators served

to in tiate these waves, The radiograph
at 11,16 US after arrival of the genera-
tor shock wave is shown in Fig. 2. Meas-
urellents have been made of the space-
timt history of the detonation wave and
the interaction region which starts with
ragu’ai reflection and subsequently de-
velops into }lach reflection, This inter-
action range covers angles of incidence,
with respect to the plane of symmetry,
from zero to about 85”; the Mach wave is
born at about $OO. The detonation wave
trajectory yielded a wave vel~city of
a.74S t 0,016 mm/ps, roughly 1! lower
than the 8.80 that is normally taken for
the velocity, D, of a plpno detonation
wavt in PBX-9404 of the same density.
It is noted that this difference is also
rou hly the limit of our present capa-

!bil ty to make a velocity measurement,
so that we are only able to say that the
detonation wave velocity is nearly con-
stant. On the othor hand, it is clear
that tho Mach wave volecity ba inning at

Eits point of ori in ttarts wit a veloc.
ity, in ~ycoss o! 1.2 mm/us, considerably
greatel than that, of th, detonation wave
and slows down, asymptotically approach-
ing the detonation wave velocity.

t Llm

The results are similar to those
reported previously in that the Nach
stems are substantially curved ~’ith
anomalous density regions. Xumerical
simulation of the experiments appeared
hopeless as long as the problem of re-
solving the reaction zone could not be
solv-d or circumvented.

The development of the Forest Fire
model (7) of shock initiation of hetero-
geneous explosives has furnished us with
a technique for achieving a realistic
numerical simulation of the burning re-
gion of the regular detonation wave and
the Mach stem.

The Forest Fire model can describe
the decomposition that occurs from hot
spots formed by shock interacting with
density discontinuities in heterogeneous
explosives which apparently domjnate the
detonation wave propa ation proce~s in
such explosives. !It as been used co
describe the passage of a heterogeneous
detonation wn~e around a corner and
along metal surfaces (7). It has been
used to model the failure or propagation
of heterogeneous detonation waves (7)
which depend upon the interrelated ef-
fscts of the wave curvtsture and the
shock ~ensitivity of the explosive, The
Forest Fir. model is, the]efore, an ob.
vious choice for numerical

K
simulating

the important f~atures of c ● burning
regions of interacting detonation waves.

The finite difference ●nalogs of the
Lagran ian equations of mction of a com-

tpressi 10 fluid that were used in the

t!
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2DL code are decribed in Ap endix B of
R~f. 7, !The PBX.9404 equat on of state
and the Forest Fire constants used are
described in Chapter 4 of Ref. 7.

The calculations were performed us-
in 6400 cells each 2.0 mm square.

!
The

vo ume viscosity constant (7; used was
3.0. The line initiation was simulated
by starting the calculation with a four-
cell region of PBX-9404 decomposed and
with its CJ pressure.

Figure 3 shows the calculated den-
‘ity contours with a 0.02-cc/g interval
at the same time as the radiographs in
Fi AISO shown is tho trace of the

~“ 2- ~rofilo. The pressure con-ra iograph
tours are s own in Fig. 4 with a 20-kbar
interval,

To study the effect of multi-initi-
ator explosive initiation on the explo-
sive acceleration of a thin metal plate,
the laterally colliding PBX-9404 deter.a.
tions were permitted to run for 6.2 cm
and then interact with a 0,4.cm-thick
copper plate as shown in Fi

f’ ‘“ A ‘c-ries of shocks ●nd rarefact ons travel
back and forth in the metal plate, re-
sulting in a very irregular free-surface
profilo.

The flow roaulting from laterally
colliding, diverging cylindrical detona-
tion waves in PBX-9404 havo boon

I Ill
t

1‘+1 ; 1 1 1 1 1 I 1 r 1 1 I [ I I 1 I 1
I I 1 ‘+

FIM. s m Tho calcu
tours at llt2 uI.
1s 0,02 g/cc, Tho
from shot 1037 arc

atwl i~opycnic con-
Thc contour interval
shock wnva prcfiles
shown,

numerically reproduced using the Forest
Fire explosive burn model in a two-di-
mensional finite-difference Lagrangian
hydrodynamic code. The observed compli-
cated nature of the Mach stem is also
reproduced by the calculations.

These results su gest that decona-
ftion waves resulting rom initiation by

multiple detonators can be modeled by
three-dimensional hydrodynamic codes us-
ing the Forest Fire mmiel to describe
the heterogeneous detonation wave propa-
gation.

SPHERICAL DETONATIONWAVE INTERACTICINS

The EulerIan equations of motion
are most useful for numerical solution
of highly distortod flow, Tl!o two-dimen-
sional, ror.ctivo, Eulorian COMuter code

R2DE is described in detail in ef. 7.
The uniquo feature of tha t,chnio,ue used
in 2DE is the mixed equation-of-state
treatme~ts and the use of the associated
state values in the mixed .u1ls in the
mass movmxnt ccross coil boundaries.
This permits solution of interface flow
within the cell resollttion and an accu-
racy of stato vII,luas almost as good as
one can obtain tiith Lagran ian treatment%

EThis rcquiroo kooping trac of the mixed
CO1l proportlos and rather complicated
logic to follow tho mass movomont.

n,

13#31

+“’’;,’’’’:’’’’:’’” k’+

Figi 4 - lh@ cnlctlla:od isobar contours
Nt 11,! us, The contour int~rval is 20
kbnr,

3



Mader (P4009)

896PS

I

Fig, S . Tha calculated isobar contours for two cylindrical diverging deton-
at~ons, initially 5,0 cm apart, interacting with a 0,4-cm copper ~la~o after
6,2 cmof run.

The first thrao-dimensional Euleriah
hydrodynamic code used the particle-in-
cell technique and was dsscribed by Gage
and Msder (8] in 1966, It was used to
study tha closure of I’Icubical hole in
nitromothane by a shock wave propa sting

‘1
ona sido of th~ cube, !Tho resu ting

t roo.climonsional hydrodynamic bot s ot
Rwas doacribod by tho calculation. T e

first thraa-dimensional continuous
Eulorian cod. was dcscrib~d by Johnson
(9) in 1967, A thrao.dimensional incom.

f
roonibla calculation was used to study
low around building~ by Hirt and Cook

(10) In 1972, Comprossiblc ?hr~o-dimon.
oional ctilculntions of blast loading and
channel flow aro doscribad in Rofs, 11,
12, tnd 13. Tho first throo-dimensional
Lagran ian hydrodynamic coda was do.

‘cribo~ bi “lkin’ ’14) ‘n 19’0” ‘vhilovarious t roo.dimensional hydrodynamic
codos havo bowt in oxistonco for over a
docnde, th.v hnvo boon little used bo-
causc most problomn of interest required
mora rosoluticn than one could obtain
with tho computer hardwaro nvallnblt,

The new CRAY zomputer, with its two
million words of memory, permits one to
have approximately 130,000 cells or a
cube with 50 cells on each side, Whilo
this is inadequate for most probloms, it
will permit us to stud}” some problemu of
interest to reactive fluid dynamics,

Wo have constructed n three-dimon-
sionnl, reactive, multicomponent Elller-
ian hydrodynamic code cnlled 3DE, The
3DE code uses techniques identical to
those [or 2D11for describing mixed CO1lS
●nd multic~rnponmnt equations of state,
and for modoling reactiva flow, The
code is described in Ref. 15,

The geometry studied is shown in
Fi 6,

!’
Initiator cubes of 4 bv 4 by 4

co 1s are plmcod in a cub. of PBX.9404
with continuum boundaries on lts Yitles.
‘[’he indices 1, .!, and k designute the
positions of the x., v-, and :-cocrdi-
natesi ‘Tho total cube heitiht is k of
31, i is 29, aIIJ j 1s 2s, for a totnl of
22,.!75 cells, “The Initiator cubes wor~
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Fig. 6 . Schematic of an explosive
cube with three rectangular initiators.

/
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initially PBX-9404 with an initial den-
sity of 3.0 g/cm’, energy of 0,05 Mbar-
cclg, and pressure of 640 kbar. To ini-
tiate prom t propagating, diverging det-

Ronation, t c initial conditions of the
initiators must b. sufficient to shock
the surrounding undecomposed PBX-9404 to
several hundred kilobars. The computa-
tional cell, size used was 0.114 cm and
the timo step was O.O2 US,

The expected wave interactions are
sketched in Fig, 7, The sketch shows
what would be expected if three spheri-
cally diverging waves interacted as
pairs and as triplets. “fho dashed lines
show the weves just after double wave
interaction has occurred and the dark
regions show the areas of double wate
interaction, Tho solid !.ines and dotted
regions show the wavms after triple wave
interaction hag occurred,

The understanding of results from
thrme.dimensional calculations requ~res
considerable effort if one is to obtain
a three-dimensional

Y
icture from the

usual one- and two-d mensionsl presenta-
tions of data. The best technique for
studyin

!
the results is to construct a

three-d mensional modal, as de~cribed in
Ref. 8, by making cleal prints of cross
sections of the cube and mounting them
to scala in grooveJ Lucite boxes. Com-
put~r.genprnted color movies with rotat-
ing perspec?ivo v’ews t:e also ●ffective
in presentit~g the t,tree-dimensional flow.
Since models or movias cannot be pre-
sented in a laper, IWCmust ex”mine the

kre~ults of t e flow by studyin~ cross
sections in the i, j, and k planes,

J

Fig. 7 - The double and triple detona-
tion wave interactions from three sym-
metric detonators. The dashed lines and
h:; regions show double wave interac-

The solid lines and dotted region
show triple wave interaction.

holding one axis constant at a particu-
lar time of interest, or studying a per-
spective view of [he flow,

To compare with the two cylindrical
divergin detonation wa’i)s previously
describe 3 , calculations were

!
e~formed

for two interacting, spherica ly diverg-
ing detonation waves. The isobaric
cro”.~-sectional plots are shown in Fig.
8. rho initiator centers are 1.8 cm
apar . The Fressure interval is 50 kbari
The prsssuro region greater than 350
kbar is shown crosshatched. Because the
piano wave CJ

R
r~ssure of PBX-9404 is

36S khar and t e diverging effective CJ
pressure is approximately 300 kbar, tho
reoions above 350 kbar must result from
re ular or Mach reflection.

!
The regular

an ikch stems formed by colliding, di-
verging deto,lations ●re shown. The Mach
stem becomes larger but of lower pros.
sure as lt proceeds through the explo-
sive,

The plots are shown in Fig, 9 for
three symmetric initiators whose top two
centers aro 1,8 cm a art and 1,75 cm

!from tho bottom init ●tur, At the cen-
ter between the three initiators, a
triple wave inteructlon occurs that
gives a triple have l~gular or triple
wave Mach r~fl~ction, ri~pendlng upen the
anale u~ interaction of Lhd three waves,

The plots are shown in Fig. 10 for
five initiators jnLtially positioned as

5
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Fig. 8 - The isobar cross
sections for cell layer I
of 16 for two initiators in
PBX-9404 . The pressure
contour interval is SO kbar.
The regions of regular and
~[ach reflection above J50
kbar are crosshatched. The
times are 0.0, 1.52, ?.02,
2.52, and 3.02 US.
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Fi
K 9

- The i>ubar cross sectj,~ns for cell layer J of 14 at 1,52 us and J of 8 at
2. 2 us for three initiators in PBX.9404, The pressure contour interval 19 SO kbar,
The regions of double and triple reflec~ion are crosshatched above 350 kbar and
shaded above 600 kb~r,

shown in thn fiaure. The t~y5c:~lf:~#-
ters are 1,8 cm apart and 1
the bottom cell center. The reflions
whose pressures are greater than SS0
kbar are crosshatch-d and g-eater than
600 kbar are shaded, The quadruple and
quintuple wave interactions give dmtonu-
tion pressures as hi~h as 1 )lJar,

The three-dimensional Eulerian hy.
drodynamic computer code 3DE has been
used to examine the Flow resultin

i
from

the interaction of two, three, an five
s herically d,iver ing detonation waves,

E !T e size and magn tude of the high pres-
sure double, triple, quadruple, or quln.
tuple wave interactions depend signifi-
cantly Ilpon the number and initial

6
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Fiq. 10 - The isobar cross section for cell layer J of 14 and laver K of 16 at 1.52
us-for five initiators in PBX-9404 initiall positioned as shown-in the perspective
view. The pressure contour interval is 50 ~bar. Theregions ofdouble, triple,
quadruple, and quintuple reflection are crosshatched above 350 kbar and shaded above
600 kbar.

relative positions of the initiators.
The initiation mechanism for lower ener-
gY detonators that do not cause prompt
lnitlatlon of the surrounding explosive
can now be studied.

TRIPLE WAVEINITIATION OF INSENSITIVE
EXPLOSIVES

The in~tiat~on of propagating, die
verging detonation is usually accom-
plished by small conventional initiators,
A9 the ox losive to be initiated becomes

[more shoe insensitive, the initiators
must have large diameters (>2,S cm) to
be effective, or some other method must
be used to achieve the required high
pressure of adequate duration, We have
investigated the initiation of pro agat-

Ring detonation in the insensitive igh
explosive PBX-9S02 (9S/S TATB/Kel-F at
1,8!34 g/cm’) by the double and triple
wave interaction of shock waves formed
by initiators that are too weak to ini-
tiate propagating detonation individu-
ally,

The use of multiple shock-wave in-
teractions to initiate propagating dot.
onation in explosives was experimentally
st~died by Goforth (16).

The initiation of reps sting der-
{!onation in sensitive (P X-94 4) and in-

sensitive (PBX.9502 and X0219) explo-
~iwes by hemispherical initiators was
studied experimentally and modeled nu-
merically in Ref. 17. Large region~ of
partially decomposed explosive were ob-
served to occur even when large initi-
ators were used to initiate proptgnting
detonation in insensitive explosives,

The geometry studied is shown in
Fig. 6. Three initiator cubes of 7 by 7
by 7 cells are placed symmetrically in a
cube of PBX-9502 with continuum bound-
aries on its sides, The centers of the
initiator cubes were 1,6 cm apart and
1,09 cm from the bottom of the cube,
The initiator cubes ware initially de-
composed PBX-9502 with an initial den-
sity of 2.5 g/cmS and pressure of 24S
kbar, This will send a diverging shock
wave into the surrounding PBX-9502 of
about 100 kbar. The other dimensions of
the calculation were identical to those
described previously for PBX-9404,

The pressure from the diverging
double-wave interaction in inert PBX-
9502 is about 200 kbar and from the
triple wave interaction is about 300
kb%r .

The calculated perspective pressure
and mass fraction contour~ for cwo ini-
tiators are shown in Fig. 11 and for
three initiators in Fig, 12,

Whils two initiators result in a
double wave interaction that results in
considerable decomposition, it does not
result in a propagating dctonntion,

Three initiators fail to initiate

Y
ropagating detonation at the doublo
nteraction points, but do tit the triple

wsve inter.lction re ~on,
!

The higher
pressure of th~ tr ple wav, interaction
region results in a shorter distance of
run to detonation, The detonation can
be maintained long enou h to becoma &
propagating, diverging !atonation,
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Fig: 11 . The three-dimensional perspec-
tive pressure and mass fraction contours
for two initiators in PBX-9S02, The
pressure contours are shown for 200, 1S0,
and 100 kbar at 0,4, 1.5, and 2,7 pg.
The mass fraction contours are 0.8 and
0.s.

CONCLUSIONS

The interaction of colliding ghock
and detonation waves in heterogeneous
explosives to form regular and Mach ra-
flactions has been invastigatad both ex-
perimentally ●nd theoretically, The
churactaristics of douhlo, triple, quad-
ruple, and quintuple detonation wave
lntaractions havs been numerically mod-
eled usin tha reactive, three-dimcn-

![sional Eu erian h drodynamics code 3DE
with Forest Firs inetics. The hi h

1prassure rcsultin from ● tripla s ock-
wave interaction [ IS been shown to re-
sult in a propa acing clatol,ation in the

!insensitive OXP osivQ PBX-9S02 for a
svstam of initiators too weak to initi-
ate the explosive eithmr sinyly or by
tha doubla wave lnterwction from two of
the three initiators.

Fig. 12 . The three-dimensional perspec-
t ive

K
ressure and mass fraction contours

for t roe initiators in PBX-9502. The
pressure contours are shown for 200, 150,
and 100 kbar at 1.5, ;.1, and 4,5 US,
The mass fraction contours are 0.0 and
0,s,

Numarical modeling of detonation
wave interactions of heterogeneous ex-
plosives is possible for many systems of
complicated two- and three-dimensional
geometries and is useful in the design
of systems to mitigate @r accentuate the
high pressures resulting from detonation-
wave interactions.
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