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DETONATION=WAVE INTERACTIONS

Charles L. Mader
Los Alamos National Laboratory

Los Alamos,

New Mexico

The interaction of laterally colllding, diverging, cy-
lindrical detonation waves in PBX-9404 has been studied using
the radiographic machine PHERMEX and the two-dimensional, re-
uctive Lagrangian hydrodynamic code 2DL.
observed flow could be numerically reproduced using the Forest
Fire heterogeneous shock initiation burn model which Jermits
realistic numerical simulation of the burnini reglon of regu-
lar and diverging detonation waves, and the in
nation waves undergoing regular and Mach reflection.

The experimentally

teracting deto-

The interaction of two, three, and five colliding, di-
verging spherical detonation waves in PBX-9404 has heen
numericnlgy modeled using the three-dimensional, reuctive
Eulerian hydrodynamic code 3DE. The size and mugnitude of
the high pressure double, triple, quadruple, and quirntuple
{nteractions depends significantly uron the number and rela-
tive locations of initjators.

The initiation of propagating detonation in the insensi-
tive explosive PBX-9502 by triple shock-wvave {nteraction re-
sulting from three initiators hkas been studied using the 3DE
code wfth Forest Fire kinetics.

CYLTNDRICAL DETONATION WAVE INTERACTIONS

The interaction of shock waves in
aluniaum to form both regular and Mach
shock reflections has b.an studied ox-
perimentally by Al'Tshuler ot al. (1)
and reprnduced usini the numerical two-
dimensional Lagranglan hydrodynamic code
iDL, by Mader (2). The calculatad Mach
stems in aluminum were not well de-
scribed by the usual simple three-shock
model. The stems have significant cur-
vature and are better described by a
multiple-shock process with a slip re-
gior rather than a three-shock process
with a lliﬁ plane, The calculated growth
angle of the aluminum Mach stem increased
with increusing collision angle up to
near 90°, where a sharp discontinuity
occurs,

Attempts (2) at studying colliding
detonation waves of homogeneous explo-
s.vesy such as nitromethane with resolved
reaction :zones were unsuccessful because
the orders of magnituue change in

reaction zone thickness from the regular
reaction zone to the Mach stem reaction
zone could not be resolved numerically.

Gardner and Wackerle (3), using
rndioirlphic and rotlting mirror camera
techniques, studied the interaction of
plane detonation waves of Composition B,
PBX-9404, Baratol, and nitromethane,.
They observed that Mach stems and re-
flected shocks Jdisplayed substantial
curvature and anomalous density regions
and concluded that their observations
could not be reproduced using the usual
three-shock models,

Lamboru and Wright (4), using
streak cameras and ionization probes,
determined the rate of growth of & Mach
stem formed between two plane intersect-
ing detonation waves in Composition B at
various angles of incidence. The three-
shock model predicted growth angles about
four times larger than observed. Thev
concluded that the theory needed to {n-
clude the effect of the renction :one,
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the Taylor wave, and the signal emanat-
ing from where the waves first intersect.
They also concluded that two-dimensional
nunerical 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 radiograpnic studies
was performed by D. Venable (5) in 1969
of two laterally colliding, diverging
cylindrical detonation waves in PBX-9404
(94/3/3 HMX/nitrocellulose/Trls-f-chloro-
ethyl hosghate at 1.844 g/ecm’) using
the PHERMEX machine (6). The experimen-
tal arrangement is shown schematically
in Fig. 1. Line wave generators served
to initiate these waves, The radiograph
at 11.16 us after arrival of the genera-
tor shock wave is shown in Fig. 2. Meas-
urenents have been made of the space-
tim: history of the detonation wave and
the interaction region which starzs with
rugu’ay reflection and subsequently de-
velops into Mach 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 50°. The detonation wave
trajectory yielded a wave vel_city of
3.745 t 0.016 mm/us, roughly 1% lower
than the 8.80 that is normally taken for
the velouity, D, of a plene detonation
wave in PBX-9404 of the same density.
It is noted that this difference is also
rouihly the limit of our present capa-
bility to make a velocity measurement,
s0 that we are only able to say that the
detonation wave velocity 1is nearly con-
stant. On the other hand, it is clear
that tho Mach wave veleocity boﬁinning at
its point of origin =tarts with a veloc-
fty, in ercess of )Z mm/us, considerably
greate:r than that of the detonation wave
and slows down, asymptotically approach-
ing the detonution wave velocity.
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Fig, 1 - Schemaric of experimental setup,

The results are similar to those
reported previously in that the Mach
stems are substantially curved with
anomalous density regions. Numerical
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-
glon of the regular detonation wave and
the Mach stem.

The Forest Firs model can describe
the decomposition that occurs from hot
spots formed by shock interactions with
density discontinuities in heterngeneous
explosives which apparently dominate the
detonation wave propagation process in
such explosives. It has been used to
describe the passage of a heterogeneous
detonation wave 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 eof-
fects of the wave curvature and the
shock sensitivity of the explosive, The
Forest Fire model is, therefore, an ob-
vious choice for numericnllK simulating
the important faatures of the burning
regions of interacting detonation waves.

The finite difference analogs of the
Lagrangian equations of mction of a com-
pressible fluid that were used in the

rig. 2

PHERMEX radiograph 1037 us
after arrival of generatur shock wave.
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2DL code are decribed in Appendix B of
Ref. 7. The PBX-9404 equation of state
and the Forest Fire constants used are
described in Chapter 4 of Ref. 7,

The calculations were performed us-
ing 6400 cells each 2.0 mm square. The
volume 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
Fig. 2. Also shown is the trace of the
radiograph grofilo. The pressure con-
tours are shown 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 detora-
tions were permitted to run for 6.2 cm
and then interact with a 0,4-cm-thick
copper plate as shown in Fig. 5. A se-
ries of shocks and rarefactions travel
back and forth in the metal plate, re-
sulting in a very irregular free-surface
profile.

The flow resulting from laterally
colliding, diverging cylindrical detona-
tion waves in PBX-9404 have been

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
reproducaed by the calculations.

These results su%gast that decona-
tion waves resulting from initiation by
multiple detonators can be modeled by
three-dimensional nydrodynamic codes us-
ing the Forest Fire model to describe
the heterogereous datonstion wave propa-
gation.

SPHERICAL DETONATION WAVE INTERACTIONS

The Eulerian equations of motion
are most useful for numerical solution
of highly distorted flow. Tle two-dimen-
sional, reerctive, Eulerian computer code
2DE 1is described in detail in Ref. 7.

The unique feature of the technique used
in 2DE is the mixed equation-of-state
treatments and the use of the associated
state values in the mixed .ells in the
mass movement 2aross cell boundaries.
This permits soluirion of interface flow
within the cell resolution and an accu-
racy of stats vilues almost as good as
one can obtain with Lagrangian treatments.
This requires keeping 2rack of the mixed
cell propertles and rather complicated
logic to follow the mass movement.
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Fig. 3 - The calculated i{ropycnic con- Fig. 4 - The calcula.ed isobar contours
tours at 1l1.2 us. The contour interval nt 11.2 us. The contour {interval is 20
{s 0.02 g/cc. The shock wave prcfiles kbar,

from shot 037 are shown,
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Fig. § -

The calculated lsobar contours for two cylindrical diverging deton-

ations, initially 5.0 cm apart, interacting with a 0.4-cm copper plate after

6.2 cm of run.

The first three-dimensional Eulerian

hydrodynamic code used the particle-in-
cell technique and was described by Jage
and Mader (8) in 1966. [t was usted to
study the closure of i cubical hole in
nitromethane by a shock wave propaglting
uE one side of the cube. The resulting
ree-dimensional hydrodynamic hot spot
was described by the calculation. E
first three-dimensional continuous
Eulerian code was described by Johnson
(9) in 1967. A three-dimensional incom-
ressible calculation was used to study
low around buildings by Hirt and Cook
(10) in 1972, Compressible three-dimen-
sional calculations of blast loading and
channel flow are described in Refs. 11,
12, and 13. The first three- dimensional
Lnsrlnglan hydrodynamic code was de-
scribe Wilkins (14) in 1970. While
various three-dimensional hydrodynamic
codes have been in existence for over a
decade, thev have been little used be-
cause most problems of interest reyuired
more resoluticn than one could obtain
with the compucter hardware avallable,

The new CRAY computer, with its two
million words of memory, permits one to
have approximately 130,000 cells or a
cube with 50 calls on each side. While
this is inadequate for most probloms, it
will parmit us to study some problems of
interest to reactive fluid dynamics.

We hove constructed n three-dimen-
sional, reactive, multicomponent Euler-
ian hycrodynamic code called 3DE. The
JDE code uses techniques identical tn
those [or 2D for describing mixed cells
and multicomponant equations of state,
and for modeling reactive flow. The
code 1s described in Ref. 1§,

The geometry studied is shown in
Filg., 6. Initiacor cubes of 4 by 4 by d
cells are placed in a cube of PBX-9404
with continuum boundaries on its sides.
The indices i, i, and k designote the
positions of the x-, v-, and :z-cocrd)-
nates. The total cube height is k of
31, { is 29, and J 1Is 25, for a total of
22,475 cells, The Initiator cubes werse
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Flg. 6 - Schematic of an explosive
cube with three rectangular initiators.

initially PBX-9404 with an initial den-
sity of 3.0 g/cm’, energy of 0.05 Mbar-
cc/g, and pressure of 640 kbar. To ini-
tiate promﬁt propagating, diverging det-
onatlon, the initial conditions of the
initiators must be sufficient to shock
the surrounding undecomposed PBX-9404 to
several hundred kilobars. The computa-
tional cel)l size used was 0.l114 cm and
the time step was 0.02 us.

The expected wave interactions are
sketched in Fig, 7. The sketch shows
what would be expected 1f three spheri-
cally diverging waves interacted as
peirs and as triplets. The dashed lines
show the waves just after double wave
interaction has occurred and the dark
reglons show the areas of double wave
interaction. The solid 'ines and dotted
regions show the wavas iafter triple wave
interaction has occurred.

The understanding of results from
three-dimensional calculations requires
considerable effort if one is to obtain
a three-dimensional gicture from the
usual one- and two-dimensional presenta-
tions of data. The best technique for
studying the results iy to construct a
three-dimensional model, as described in
Ref. 8, by making cleat prints of cross
sections of the cube and mounting them
to scale In grooved Lucite boxes. Conm-
puter-gencratesd color movies with rotat-
ing perspective v'ews arae also effective
Llr presenting the t.ree-dimensional flow.
Since mndels or movies cannot be pre-
sontwd in a paper, we must ex"mine the
results of the flow by studying cross
sections In the i, j, and k planes,

Fig. 7 - The dcuble and triple detona-
tion wave interactions from three sym-
metric detonators. The dashed lines and
dork regions show double wave interac-
tion. 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 che flow.

To compare with the two cylindrical
divarging detonation wa. s previously
described, calculations were gerformed
for two interacting, spherically diverg-
ing detonation waves. The lsobaric
crova-sectional plots are shown in Fig.
8. The initiator centers are 1.8 cnm
apar . The rressure interval is 50 kbar.
The pressure region greater than 350
kbar is shown crosshatched. Bacause the
plane wave CJ prassure of PBX-9404 is
365 kbar and the diverging effective CJ
pressure is approximately 300 kbar, the
regions above 350 kbar must result from
regular or Mach reflection. The regular
and Mech stems formed by colliding, di-
verging detoaations are shown. The Mach
stem becomes larger but of lower pres-
ng. as it proceeds through the explo-
sive,

The plots are shown in Flg. 9 for
three symmetric initiators whose top two
centers are 1.8 cm apart and 1.75 ¢cm
from the bottom initiatur. At the cen-
ter between the tliree initiators, a
triple wave interuction occurs that
gives a triple wave yagular or triple
wave Mach reflection, derpending upon the
angle uf interaction of the three waves.

The plots are shown In Fig. 10 for
five Initiators (nitially positioned as
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Fig. 8 - The 1lsobar cross
sections for cell layer I
of 16 for two initiators in
PBX-9404. The pressure
contour interval is 50 kbar.
The regions of regular and
Mach reflection above 350
kbar are crosshatched. The
timnes are 0.0, 1.52, 2.02,
2.52, and 3.02 us.
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Fig. 9 - The isubar cross secti~ns for cell layer J of 14 at 1.52 us and J of § at
2.02 us for three initiators in PBX-9404, The pressure contour interval is 50 kbar.

The regions of double and triple refleciion are crosshat-hed above 350 kbar and
shaded above 600 k%bar.

shown in the figure. The top cell cen-
ters are 1.8 cm apart and 1,75 cm from
the bottom cell center. The regions
whose pressures sre greater than 350

The three-dimenslional Eulerian hy-
drodynamic computer code 3DE has been
used to examine the flow resulting from
the interaction of two, three, and filve

kbar are crosshatched and g-eater than
600 kbar are shaded. The quadruple and

quintuple wave interactions give detona-

tion pressures as high as 1 Moar.

sﬁherically diverging detonation waves.
The size and magnitude of the high pres-
sure double, triple, quadruple, or yuin-
tuple wave interactions depend signifli-
cantly upon the number and initial
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Fig. 10 - The isobar cross section for cell layer J of 14 and layer K of 16 at 1.52

us for five initiators in PBX-9404 initiall
view. The pressure contour interval is 50

{bpositioned as shown in the perspective

ar. The regions of double, 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
initiation of the surrounding explosive
can now be studied.

TRIPLE WAVE INITIATION OF INSENSITIVE
EXPLOSIVES

The initiation of propagating, di-
verging detonation is usually accom-

plished by small conventional initiators,

As the explosive to be initiated becomes
more shock insensitive, the initiaters
must have large diameters (>2,5 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 propagat-
ing detonation in the insensitive high
explosive PBX-9502 (95/5 TATB/Kel-F at
1.894 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 det-
onation in explosives was experimentally
studled by Goforth (16).

The initiation of gropl ating der-
onation in sensitive (PBX-9404) and in-
sensitive (PBX-9502 and X0219) explo-
sives by hemispherical initiators was
studied experimentally and modeled nu-
merically in Ref. 17. Large regions of
partially decomposed explosive were ob-
served to nccur even when large initi-
ators were used to ipitiate propagating
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
iniclator cubes were 1.6 cm apart and
1.09 cm from the bottom of the cube.
The initiator cubes were initially de-
composed PBX-9502 with an initial den-
sity of 2.5 g/cm' and pressure of 245
kbar. This will send a diverging shock
wave into the surrounding PBX-9502 of
about 100 kbar. The other dimensions of
the calculation were ldentical 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 1s about 300
kbar.

The calculated perspective pressure
and mass fraction contours for two 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, {t does not
result in a propagating detonation,

Three initiators fail to initiate
gropngating detonation at the double
nteraction points, but do at the triple
wave interaction rogion. The higher
prassure of the triple wave interaction
region results in a shorter distance of
run to detonation. The detonation can
be maintained long enough to become a
propagating, diverging detonation.
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Fig: 11 - The three-dimensional perspec-
tive pressure and mass fraction contours
for two initiators in PBX-9502. The
pressure contours are shown for 200, 150,
and 100 kbar at 0.4, 1.5, and 2.7 us.
Th; mass fraction contours are 0.8 and
0.5.

CONCLUSIONS

The interaction of colliding shock
and detonation waves in heterogeneous
explosives to form regular and Mach re-
flections has been investigated both ex-
perimentally and theoretically. The
charactaristics of doubhle, triple, quad-
ruple, and quintuple detonetion wave
interactions have been numerlcally mod-
eled usin! the reactive, three-dimen-
sional Eulerian hydrodynamics code 3DE
with Forest Fire kinetics. The high
pressure rcsulting from a triple shock-
wave interactlon has been shown to re-
sult in a proplgncing detouation in the
insensitive explosive PBX-9502 for a
system of initiators too weak to inlti-
ate the explosive either singly or by
the double wave interaction from tvo of
the three initiators.

PRESSURE MASS
FRACTION

L a P

L________—————-—_J4.5“' — |

Fig. 12 - The three-dimensional perspec-
tive pressure and mass fraction contours
for three initiators in PBX-9502. The
pressure contours are shown for 200, 150,
and 100 xbar at 1.5, 2.1, and 4.5 us,
The mass fraction contours are 0.8 and
0.5,

Numerical modeling of detonation
wave interactions of heterogeneous ex-
plosives is possible for many systems of
complicated two- and threse-dimensional
geometries and is useful in the design
of systems to mitigate ov accentuate the
high pressures resulting from detonation-
wave (nteractions.
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