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Abstract

In this paper, we experimentally studied the head-on collisions of detonation waves in a TATB (1,3,5-triamino-2,4,6-

trinitrobenzene) based insensitive high explosive (IHE). A cuboid explosive charge was initiated from two opposite ends

simultaneously, the breakout waveform of the detonation waves along the collision line and the line normal to the collision

line was recorded by a high-speed streak camera. Results show that the corner-turning performance of TATB based

explosives affects the waveform. Then, we measured the interface particle velocity histories of collision point by using

LiF transparent window and photonic Doppler velocimetry (PDV). A longer run distance of detonation wave results in a

higher particle velocity. Additionally, the incident detonation pressure was calculated on the basis of impedance matching

equation. Compared with the explosive’s Chapman—Jouguet (CJ) detonation pressure, it is inferred that the detonation

waves are not fully built up in our experimental conditions.
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1. Introduction
Dynamic failure of ductile metals subjected to shock

loading is of considerable interest for basic studies and
engineering application in shock physics, where the
energy source may originate from explosives detonation.
Especially when an explosive charge is initiated from two
opposite sides, the detonation waves counter propagates
and collides. The head-on collisions of detonation waves (or
shock waves) form regular reflection or irregular (ie.
Mach) reflection depending on the collision angles, and
generate regions of high pressure and temperature which
are localized in the immediate vicinity of the collision
points. The resulting pressure can be more than the sum
of the individual waves”, and impose an intense impulsive
load on the attached body or structure.

The basic theory of multi-wave intersections has been
elaborated in monographs?-?. The experimental and
numerical study on the head-on collisions of shock waves
(or detonation waves) in gaseous media has been widely
investigated in the past decades? ~”, while the head-on
collisions of detonation waves in condensed explosives

were less studied. Oppenheim et al® gave a theoretical
analysis on the dynamics of shock intersections in
detonable gaseous media as well as in condensed (exactly,
liquid) explosives, and the theoretical results were in
satisfactory agreement with experimental records.
Recently, many researchers used the detonation of high
explosive to give an outward impulse to the attached thin
metallic wall or plate, which expands with a high strain
rate until rupture occurs? ~'¥. Specially, when the high
explosive is detonated from two opposite sides, a collision
region with a higher pressure appears and sometimes a
typical jet-like spiking is formed in this region as the
attached metal ruptures'®'”. However, few experiments
report the waveform, interface particle velocity histories
and pressure of the head-on collision region.

In this work, a cuboid TATB (1,3,5-triamino-24,6-
trinitrobenzene) based insensitive high explosive (IHE)
was initiated from two opposite ends, then the detonation
waves counter propagated and collided. The detonation
waveform and interface velocity histories on the head-on
collision line were recorded by a high-speed streak camera
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and photonic Doppler velocimetry (PDV)'®| respectively.
Then the peak detonation pressure on that line was
calculated using the impedance match equation. In
addition, the dead zone for the unreactive explosive was
identified.

2. Experimental

The cuboid main charges were machined from the
isostatically pressed TATB based polymer bonded
explosives (PBX-I, 95 wt% TATB and 5 wt% binder) with
density of 1.895+0.002 g-cm 3. The dimension used in the
waveform experiments was 100 x 100 x 60 mm, and the
dimensions used in the interface velocity measurements
were 100 x 100 x40 mm and 100 x 100 x 20 mm. The main
charge was detonated at two opposite rectangle surfaces
by two cylindrical pressed boosters (95 wt% HMX and 5
wt% binder, 1.860£0.002 g-cm ™3 ¢20x20 mm) which
were Initiated by two detonators simultaneously. The
experimental setup is illustrated in Figure 1.

In the waveform experiments, a high-speed rotating
mirror streak camera (with writing speed of 3mm-us~!,
1.e., 60000 rpm) was used to catch the lighted images of the
detonation wave from the collision line and the line normal
to the collision line on the upper surface of the main
charge, which are drawn in Figure 1 as AA’ and BB’
(dashed lines) dividing the surface equally. For each shot,
just one lighted image from AA’ or BB’ was recorded. The
LiF window was not mounted in this experiment, and the
Z2-mm-wide transparent adhesive tapes painted with the
Ba(NO3)2 luminescence agent (granularity 0.12~0.18 mm)
were glued along the lines to enhance the luminescence.

In the interface velocity experiments, the interface
velocity histories between the detonating explosives and
LiF transparent windows were measured by a PDV
system, which can track velocity on nanosecond time

(a)

20 100
A
§ gl s
i
Al
(b)
ot
— PDV
_LiF
- Al foil
= PBX-I
b - Booster
Detonator
Figure 1  Top view (a) and front view (b) of the experimental

setup (unit: mm). H denotes the height of the main
charge (20, 40 and 60 mm, respectively).

scales. The Teledyne LeCroy digitizer (WaveMaster 816
Zi-B) was used in PDV measurements (40 GS/s, 16 GHz
bandwidth). The velocity profiles were computed by
analyzing PDV interferograms with a short-time Fourier
transform (STFT) with 156 data points (15.6 ns) and a 155
data-point overlap (0.1 ns spacing) Hamming window
function®?. The LiF window was X-cut single crystal
with the [100] crystallographic axis aligned along the
normal to the PBX-I/LiF window interface. The 10-mm-
thick window was mounted along the line BB’ as shown in
Figure 1. A 0.6-um-thick aluminum foil was deposited on
the window face next to the explosive by radio-frequency
magnetron sputtering to provide a reflective surface. The
aluminum layer is thin enough (< 1um) and has a shock
impedance close to that of LiF window to introduce
negligible perturbations into the flow and interface
velocity histories. A single-mode optical fiber was directed
to the center point O (ie. the intersection of AA’" and BB))
and normal to the window surfaceto relay 1550nm laser
beam to illuminate the target and collect reflected beam
carrying velocity information (illustrated as PDV in Figure
1(b)).

Experiments were carefully constructed to hold
necessary tolerances and ensure high repeatability.

3. Results and discussion
3.1 Waveform

The detonation wave breakout records from AA’ and
BB’ were shown in Figure 2. The film records were read
on a digitized optical comparator, and position data were
transformed into times with the still images (not shown in
film) and the known camera writing speed. Then the
streak records of Figure 2 were digitized and combined to

Streak camera records of head-on collision. The left
is from AA’ — collision line, and the right is from BB’
— normal to collision line.

Figure 2
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Figure 3 Composite plot for the breakout delay time as a
function of the distance.

produce Figure 3 — a composite plot of delayed time fa vs.
distance. Estimated time resolution was 6 ns. For the
reason that AA’ and BB’ intersect at point O in Figure 1,
the two curves representing AA’ and BB’ in Figure 3 have
an intersection, the horizontal coordinate of which is
designated as zero. In addition, the time of the first
breakout of detonation waves is designated as zero, then
the delayed time ts is defined as the time difference
between the time that detonation wave breaking out from
the main charge’s surface and the first breakout time.

Plot in Figure 3 shows that the two curves are nearly
symmetrical with the intersection point. For the curve
representing AA’, the first breakout of detonation wave
comes from the intersection point, i.e. the midpoint of AA’,
where is nearest to the both initiation positions. Then the
detonation wave break outs from the midpoint to the both
ends of AA’ in chronological order, with the largest time
lag of 2.02 ps. Note that the absolute value of the slope
increases gradually from the midpoint to the both ends,
which means the detonation wave needs more time to
break out for the same distance along the collision line. For
the curve corresponding to BB, the detonation waves first
break out at about 11 mm away from the both ends of BB’,
where are not the nearest to the initiation positions. This
phenomenon is attributed to the corner-turning
performance of TATB based explosives?®2", which means
the dead-zones appear when the detonation waves turn a
big corner. Also due to the corner-turning performance,
the largest time lag for line BB’ is 2.328 us, which is more
than the time lag for line AA".

3.2 Interface particle velocity

Apparent interface velocity histories are obtained and
corrected for the index of refraction of LiF to generate
true interface velocity histories?. Both the apparent and
true interface velocity profiles are given in Figure 4 with
the time zero shifted to the instant when the shock wave
reaches the interface between main charge and LiF. Now
we just focused on the true velocity profiles. The velocity
profiles show an upward trend with increased run of
detonation waves (i.e. thickness of the main charge). Note
that both the velocity profiles are smooth without any
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Figure4 Uncorrected and corrected wave profiles for
experiments. The legend denotes the main charge
thickness.

Table1 Detonation pressure calculations.
First peak true
Main charge b Peak incident

particle velocity

thickness [mm] pressure [GPa]

[km's~1]
20 1.463 24.28
40 2.099 37.16

stages, which indicates that the gauging point is exactly on
the collision line and subjected two head-on detonation
waves simultaneously.

LiF is an inert material with a higher shock impedance
than the main charge, thus a strong shock is reflected
back into the reacting explosive. We can do impedance
analysis on the measured point at the explosive-window
interface. Using the linear Hugoniot relationship of LiF,
which is established from the experimental relation of
shock velocity Us and particle velocity # as®

Us = 5.201+ 1.323u (1)

The impedance match equation was then used to calculate
the incident or detonation pressure?). The impedance
equation is

Pi=u (pooUs~+oneD ) /2 (2)

where P is the incident or detonation pressure, oo the
initial density of LiF (2.64gcm ™3, D is the detonation
velocity of the explosive (7.57 km's™1), our is the initial
density of the explosive.

The first peak true particle velocity in Figure 4 was
chosen to calculate the peak incident pressure. The
detonation pressure calculation results are shown in Table
1. The incident detonation pressure is less than twice the
Chapman-Jouguet (CJ) detonation pressure of PBX-I (29.5
GPa), thus we have reason to believe that the colliding
detonation waves are unsteady and not fully built up. And
that is why thicker charge need to be investigated in the
future.

4. Conclusion
We have performed head-on collisions of detonation
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waves experiments for a TATB based IHE in order to get
the waveform, interface velocity histories and pressure in
the collision region. The experimental setup was well-
designed to get accurate results.

The waveform breaking out from the collision line and
the line normal to the collision line was recorded
respectively by a high-speed streak camera. The breakout
delay time as a function of the distance was calculated and
shows that and the corner-turning phenomenon was
observed from the breakout delay time plots. The
interface velocity histories of the center point for two
different detonation wave run distances were acquired by
PDV system. Results show that this point is just on the
collision line and no second stage was observed along the
histories. Finally, the incident detonation pressure of the
center point was calculated according to the impedance
match equation and is less than twice C] detonation
pressure, which indicates the colliding detonation waves
are not fully built up. We expect these results to be useful
in explosive-driven system. Next step we will conduct
further experiments with thicker explosive charges and
more velocity measuring points.
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