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MACH STEMS FORMED BY COLLIDING CYLINDRICAL 
DETONATION WAVES

by

Charles L. Mader and Douglas Venable

ABSTRACT

Radiographic studies of laterally colliding, diverging, cylindrical detona­
tion waves in PBX 9404 are reproduced numerically by use of the two- 
dimensional Lagrangian hydrodynamic code 2DL with a shock initiation 
burn model called Forest Fire. The formation and growth of a Mach stem is 
described.

I. INTRODUCTION

Al'Tshuler et al.1 have experimentally studied 
shock waves interacting in aluminum to form both 
regular and Mach shock reflections, and Mader2 has 
reproduced the interaction using the numerical two- 
dimensional Lagrangian hydrodynamic code 2DL. 
The calculated Mach stems in aluminum were not 
well described by the usual simple three-shock 
model. The stems are curved significantly and are 
described better by a multiple-shock process with a 
slip region than by a three-shock process with a slip 
plane. The calculated growth angle of the aluminum 
Mach stem increased with increasing collision angle 
up to nearly 90° where there is a sharp discontinuity.

Attempts2 to study colliding detonation waves 
from homogeneous explosives such as nitromethane 
by use of resolved reaction zones were unsuccessful 
because the orders-of-magnitude change in 
thickness between the regular reaction zone and the 
Mach stem reaction zone could not be resolved 
numerically.

Gardner and Wackerle3 used radiographic and 
rotating mirror camera techniques to study the in­
teraction of plane detonation waves from Composi­
tion B, PBX 9404, Baratol, and nitromethane. They

observed that Mach stems and reflected shocks dis­
played substantial curvature and anomalous density 
regions and concluded that their observations could 
not be reproduced using the usual three-shock 
models.

Lamborn and Wright,4 using streak cameras and 
ionization probes, determined the growth rate of 
Mach stems formed between two plane intersecting 
detonation waves in Composition B at various angles 
of incidence. The three-shock model predicted 
growth angles about four times larger than those 
observed. Lamborn and Wright concluded that the 
theory must include the effect of the reaction zone, 
the Taylor wave, and the signal, emanating from the 
place where the waves first intersect. They also con­
cluded that two-dimensional numerical 
hydrodynamics was required. They performed such 
a calculation with encouraging results, but the crude 
mesh they used prevented detailed comparison with 
the experimental data.

In 1969 Venable made a series of radiographic 
studies of two laterally colliding, diverging 
cylindrical detonation waves in PBX 9404 (94/3/3 
HMX/nitrocellulose/tris-d-chloroethyl phosphate). 
The results, described in Sec. II, are similar to those

1



reported previously, in that the Mach stems are sub­
stantially curved and contain anomalous density 
regions. Numerical simulation of the experiments 
appeared hopeless as long as the problem of resolv­
ing the reaction zone could not be solved or circum­
vented.

Development of the Forest Fire model8 of shock 
initiation of heterogeneous explosives has provided 
a technique for realistic numerical simulation of the 
burning region of the regular detonation wave and 
the Mach stem.

The Forest Fire model can describe the decompo­
sition caused by hot spots formed by shock interac­
tions with density discontinuities which apparently 
dominates detonation wave propagation in 
heterogeneous explosives. Forest Fire has been used 
to describe the passage of a heterogeneous detona­
tion wave around a corner and along metal surfaces. 
It also has been used to model the failure of propaga­
tion of heterogeneous detonation waves which de­
pends on the interrelated effects of the wave cur­
vature and the shock sensitivity of the explosive. 
The Forest Fire model is therefore an obvious choice 
for numerically simulating the important features of 
the burning regions of interacting detonation waves.

II. EXPERIMENTAL STUDIES

Radiographic observations of the progress of two 
laterally colliding, diverging cylindrical detonation 
waves in PBX 9404 (p0 = 1.843 g/cm8) have been 
made using PHERMEX.8 Figure 1 shows the ex­
perimental arrangement. Line wave generators 
served to initiate these waves. Figures 2-6 show the 
radiographs. The space-time histories of the detona­
tion wave and of the interaction region that starts

9404

2 LINE GENERATORS

Fig. 1.
The experimental setup.

with regular reflection and subsequently develops 
into Mach reflection have been measured. This in­
teraction 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°. Figure 7 
shows the data on the radial motion, r(t), of the 
detonation wave and a similar trajectory, y(t), of the 
Mach wave. Unless otherwise stated, the excursions 
are normalized with respect to the value a, which is 
half the distance between the line generator centers. 
Real time, t, has been normalized with respect to a 
characteristic time, defined as t D/a, where D is the 
detonation wave velocity. Figure 7 also shows the 
computed trajectory of the intersection of the two 
waves in the regular reflection mode (dashed line), 
assuming truly cylindrical waves; one radiographic 
observation point for this region is included.

Both radiography and pins were used to measure 
the space-time history of the detonation and Mach 
waves. A linear least-squares fit to the data points 
on the detonation wave trajectory yielded a wave 
velocity of 8.745 ± 0.016 mm/^s, roughly 1% lower 
than the 8.80 that is normally taken to be the 
velocity, D, of a plane detonation wave in PBX 9404 
of the same density. Note that this difference is also 
roughly the limit of our present velocity measure­
ment capability, so we can only say that the detona­
tion wave velocity is nearly constant. On the other 
hand, the Mach wave velocity beginning at its point 
of origin clearly exceeds 12 mm/jirs, considerably 
more than that of the detonation wave, and then 
slows, asymptotically approaching the detonation 
wave velocity. Figure 8 compares these two 
velocities.

Because the radiographs were made with the 
beam aligned along the centerline of, but above, the 
Mach wave, neither of the three-wave-interaction 
regions was in line, so they are not displayed sharp­
ly. Nonetheless, the radiographs show that the 
reflected wave suffers considerable refraction at late 
times in the narrow high-density zone behind the 
detonation wave front.

Radiographs also show that, out to wave radii as 
great as 150 mm, the high density behind the 
detonation wave drops off much more rapidly than 
that behind plane waves.

As already mentioned, the precision of some of the 
measurements is limited by technique and in­
strumentation. Another limit is associated with the 
acylindricity of the waves. The "line wave

2



Fig- 2.
Radiograph 1130 at 1.06 gs after arrival of the line generator shock wave.

Fig. 3.
Radiograph 1143 at 4.03 ns after arrival of the line generator shock wave.
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Fig. 4.
Radiograph 1019 at 5.61 gs after arrival of the line generator shock wave.

Fig. 5.
Radiograph 1037 at 11.16 gs after arrival of the line generator shock wave.
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Fig. 6.
Radiograph 1038 at 16.75 ns after arrival of the line generator shock wave.

generators" are not line generators; they only ap­
proximate that function for large-radius waves. The 
initiating zone in each line generator is about 3 mm 
wide. Furthermore, there is no plane of symmetry 
within the generator or within either of the resulting 
"cylindrical" waves. Therefore one cannot scale 
down very far with any confidence in the quality of 
the resulting configurations. The data used are 
listed in Tables I and II.

III. NUMERICAL STUDIES

The finite difference analogs of the Lagrangian 
equations of motion of a compressible fluid which 
were used in the 2DL code are described in Appen­
dix B of Ref. 5; Chapter 4 of that work describes the 
PBX 9404 equation of state and the Forest Fire con­
stants used.

The calculations were performed using 6400 cells, 
each 2.0 mm square. The volume viscosity constant6 
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.

Figures 9-13 show the calculated density contours 
that have a 0.02-cm3/g interval at the same times as 
the radiographs in Figs. 2-6. Also shown are the 
traces of the late-time radiograph profiles. Figures 
14-18 show the pressure contours with a 20-kbar in­
terval.

IV. CONCLUSION

The flow resulting from laterally colliding, diverg­
ing cylindrical detonation waves in PBX 9404 has 
been reproduced numerically by use of the Forest 
Fire explosive burn model in a two-dimensional 
finite-difference Lagrangian hydrodynamic code. 
The calculations also reproduce the observed com­
plicated nature of the Mach stem.

These results suggest that detonation waves 
resulting from initiation by multiple detonators can 
be modeled by three-dimensional hydrodynamic 
codes that use the Forest Fire model to describe the 
heterogeneous detonation wave propagation.
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® CYLINDRICALLY DIVERGENT DETONATION WAVE 
+ MACH WAVE 
A REGULAR REFLECTION

----- PREDICTED TRAJECTORY OF POINT OF INTERACTION
OF REGULAR REFLECTION OF CYLINDRICAL WAVES 

D* DETONATION WAVE VELOCITY 
2o* SEPARATION OF LINE GENERATORS 
x.r* DISTANCE OF TRAVEL

NORMALIZED TIME - +D/a

Fig. 7.
Progress of detonation and Mach waves.

■MACH WAVE

“ 10.0

DETONATION WAVE:
•. 74St.M« MM/pSEC.
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Fig. 8.
Detonation wave and Mach wave velocities.



TABLE I TABLE II

CYLINDRICAL DETONATION MACH WAVE y AND t DATA
WAVE r AND t DATA

y (mm) t (bs)
Shot No. r (mm) t (ns) Technique

30.5 4.55
0 0 42.0 5.61

NW-1130 8.3 1.06 Radiography 94.3 11.16
NW-1130 8.5 1.06 Radiography 144.7 16.75
NW-1143 35.0 4.03 Radiography 152.4 17.66
NW-1143 35.0 4.03 Radiography
NW-1019 49.0 5.61 Radiography
NW-1019 49.0 5.61 Radiography
NW-1130 50.8 5.94 Pin
NW-1130 50.8 5.97 Pin
NW-1143 50.8 5.86 Pin
NW-1143 50.8 5.85 Pin
NW-1019 50.8 5.86 Pin
NW-1019 50.8 5.86 Pin
NW-1037 97.2 11.16 Radiography
NW-1037 97.2 11.16 Radiography
NW-1037 101.6 11.71 Pin
NW-1037 110.6 11.75 Pin
NW-1038 146.2 16.75 Radiography
NW-1038 146.2 16.75 Radiography
NW-1038 152.4 17.49 Pin
NW-1038 152.4 17.49 Pin
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Fig. 9
The calculated isopycnic contours at 1.0 gs. The contour interval is 0.02 cms/g.
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Fig. 10.
The calculated isopycnic contours at 4.0 us. The contour interval is 0.02 cm3/g.
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HIN • f 9000f-01 MAX • 7.0000f-0l INfV • J.0000C 0? TIMf • ^.600nl•C0

Fig. 11.
The calculated isopycnic contours at 5.6 ns. The contour interval is 0.02 cm*/g.
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Fig. 12.
The calculated isopycnic contours at 11.2 ns. The contour interval is 0.02 cm3/g. The shock- 
wave profiles from Shot 1037 (Fig. 5) are shown.



--PHERMEX 
SHOT 1038

TMO MNt LtNSCS INITIATINO 9N0H
VOLUtC NIN • f.SOOX-OI NAX • T. OOOOt -01 INTV • ?.0000f-0^ TIME • 1.6800001

Fig. 13.
The calculated isopycnic contours at 16.8 ns. The contour interval is 0.02 cma/g. The shock 
wave profiles from Shot 1038 (Fig. 6) are shown.
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Fig. 14.
The calculated isobar contours at 1.0 gs. The contour interval is 20 kbar.
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Fig. 15.
The calculated isobar contours at 4.0 fis. The contour interval is 20 kbar.

14



two LIMC UHS15 INItl*TINO ♦•OH
PWSSUHt MIN • 4. OOOOt -0? MAX* l.0000t*00 INTv ■ j».00C0t-0? TIMt • 60001*00

Fig. 16.
The calculated isobar contours at 5.6 gs. The contour interval is 20 kbar.
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Fig. 17.
The calculated isobar contours at 11.2 ns. The contour interval is 20 kbar.
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Fig. 18.
The calculated isobar contours at 16.8 ^s. The contour interval is 20 kbar.
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