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Abstract

Fhe HULL hydrocode 1s used to predict the shock attentuation within a non-mitiating
explosive target follozemg thin flyer plate impact. The attentuation relationship between
te fluer plate thickness and the initial velocity s mvestigated. Agreement betweeen
HULL predictions and a simple theoretical model is provided. The HULL results may
be cmploved to predict the maximunt depth wetthin which putiation may occur.,
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Modelling Short Duration Shock Wave
Attentuation in Explosives

1. Introduction

It is known that a shock wave attenuates as it travels through an inert medium
[1,2). The causes of this attenuation can be divided into two major groups.
These are: (a) transter of energy from the shock wave to the medium and (b)
the degradation of the shock wave by the encroaching rarefaction waves. It is
expected that similar attenuation mechanisms will occur within an explosive
medium until the input stimulus initiates a reaction that may Jead to a
detonation.

It can be difficult to experimentally determine the extent of the attenuation
within an explosive medium because that medium can respond to impact
stimuli by quickly growing to detonation. If the impact duration is short the
measurement becomes more ditticult because the attenuation occurs < ver a
short distance. An example ot a short duration shock pulse that ooy lead to
detonation is provided by the slapper detonator.

The slapper detonator [3] employs a thin flyer plate that imacts the surface
of an explosive. At impact the shock intensity is measured ia gigapascals and
the shock duration in nanoseconds. This short duration high pressure shock
pulse may cause initiation of the explosive.

Walker and Wasley [4] have proposed an initiatior criterion of the form
It = constant to quantify the effect of these para reters. In the equation, P is
the shock pressure, tis the shock duration and n' is an experimentally
determined constant for a specific material. Whatever the exact criterion may
be, if initiation occurs, growth to detonation: may ensue over a finite distance.
Attenuation of the initiating shock wave, however, is still expected to occur
prior to the onset of a reaction. In the cases where initiation does not occur, the
transmitted shock wave undergoe turther attenuation.

Schwarz [3] suggests that n = 2.4 tor hexamitrostilbene (HNS).




By investigating the extent of the attenuation within the target and by
employing an initiation criterion, it may be possible to predict whether a
prompt or a delayed initiation will result or whether no initiation at all is
possible. Such information could be employed to improve the understanding of
short duration shock initiation.

In an attempt to quantify the attenuation, shock transmission through an
explosive medium has been modelled. This was achieved by employing the
hydrocode HULL [5].

2. Numerical Model

To simplify the calculation several assumptions were made. The explosive
target was treated as an inert material as HULL is a non-reactive code. This is
a reasonable assumption as the simulation was only concerned with the
unreactive passage of the shock wave through the explosive. Shock initiation of
the explosive was not of interest to this study.

The HULL code models attenuation of shock waves by changing the internal
energy of the medium depending on the amount of work performed on that
medium. The pressure, the deviatoric stresses and artificial viscosity terms are
all employed to determine the amount of work performed. Conservation of
total energy at the shock front is employed to determine the reduction in the
shock wave velocity as the calculated internal energy of the shocked medium s
increased. Further attenuation is achieved as the rarefaction wave encroaches
upon the original shock wave and the particle velocity s returned to zero.

The problem to be modelled consisted of a thin, high velocity disc impacting
a much longer stationary, evlindrical target (Fig. 1). The collision was maodelled
by HULL in Lagrangian mode. One dimensional geometry was emploved as
the width of the dise was large compared to the depth of penetration into the !
explosive that was expected and theretore the assumption of uniaxial strain
close to the impact surface was valid. One dimensional geometry reduced the
calculational time.

The same grid spacing was used for both the flyer plate and the target. The
initial grid spacing was 0.5 um for the x-axis and 1 pm for the v-axis. The
25 pm thick disc consisted of 286 nodes and the 375 pm long target of 4136
nodes. Later numerical experiments emploved a thicker flyer plate (75 pm,
1111 nodes) against the same target.

Pressure-time history was determined at pre-selected points along the central
axis of the disc and target. The data was analysed to determine the degree of

attentuation of the pressure pulses.
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Code calculations were conducted for several ditferent matenials, These
numerical experiments were employed to determine the credibility of the HUT
output. Hugoniot data for the various materials used were inserted into the
HULL material librarv. The Hugoniots for copper [5], hexanitrostilbene (HNs
[b] and Kapton (polvimide) [7] were:

Copper . 17 = 3958 - 1497 o th
HNS: 17 = 198 « 193 a0, (2
Kapton 07 - 093 - 164 0, A

where U_is the shock velocity and a,is the particle veloaty all i mme os

<

The densities of these materials were: 8900, 1570 and 1410 kg m' respectively

3. Results

The peak pressure, particle velocity and shock duration at the collision interface
can be calculated from the known Hugoniots [1]. The code caleulations can
therefore be checked against the expected values at the interface. Such a




s ad

comparison should provide a clear indication of the validity of the code
calculations at the shock interface. The results are shown in Table 1 for three
separate cases with an impact velocity of 2.5 mm/ps: a copper disc impacting a
copper target; a Kapton disc impacting a Kapton target and a Kapton disc
impacting an HNS target. The flyer plate thickness was 25 pm. The
simulations were successfully completed except for the Kapton colliding with
Kapton where calculational instabilities were experienced in the HULL
simulation.

Table 1:  Sunmary of HULL calculations and expected results [1] for various impac!
scenarios for a flyer plate 25 wm thick travelling at a velocity of 2.5 mm/us.

Impact Conditions Hull Impedance Matching
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Kapton FINS

The pressure profiles predicted by HULL at the interface and within the HINS
target can be seen in Figure 20 Successive profiles represent the pressure
calculated at increasing depths of 25 um up to a depth of 100 pm. The profiles
are then shown at intervals of 30 um.

In the ideal case, a square pulse is expected at the interface. The HULL
calculation cannot provide a square pulse at the interface. This is partly due to
the finite dimension of the cell sizes emploved. Consequently the first
calculated profile in the series shown in Figure 2, corresponds to a location
beneath the surface of the target rather than at the interface. Attenuation would
therefore have afready begun and the HULL predictions for the shock pressure
at the interface would be underestimated. In addition, the numerical techniques
emploved by HULL to solve the problem may also aftect the accuracy of the
predictions.

For the purposes of the comparison shown in Table 1, the initial shock
duration for the Kapton/HNS impact was measured as follows. A horizontal
line was drawn at the peak pressure of the first profile. The shock duration
was estimated to correspond to the time that the pressure at the peak remained
constant. At later times, the shock duration is quoted as the full width at halt
height (FWEHIH).

At the interface, good agreement was found between the impedance matching
technigue [1] and the HULL model as shown in Table 1. It was therefore
decided to investigate the attenuation of the shock wave inside the target. This

was done as a function of impact velocity and plate thickness for a Kapton flver

and an HNS target. A range of impact velocities that encompassed the

experimentally derived threshold velocity of approximately 2.7 mm/ps [8] for

380 pm wide flyer plates and explosive HNS with a specific surface area (S5A)

of approximately 8 m2/g were chosen. j
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Figure 2: Pressure profiles within the HNS target followemg impact at 2.5 muni/us by a
25 pm thick Kapton disc. The first four profiles after impact are shown at successive
depths of 25 . Thereafter, the profiles are shown at successive depths of 50 o,

As the code s non-reactive, it does not distinguish between impacts that Jead
to detonation and those that do not. The range of velocities chosen provides an
opportunity to consider the change in attenuation as the velocity is increased
beyond the threshold velocity. The results may be interpreted in terms of an
initiation criterion of Walker-Wasley [4] form. The maximum depths at which
initiation is predicted to occur may then be compared. Figures 3 and 4 show
the results obtained for a 25 um thick flyer plate at velocities of 1.5 and
3.5 mm/ps respectively. The pressures are shown at the same penetration
distances as Figure 2 except for the last three in Figure 4 where the separation
is 100 pm.

Figure 5 summarizes these results in a plot of the peak pressure as a function
of distance into the target for various impact velocities and two tlver plate
thicknesses (25 pm and 75 pm).

In Figure b, 1"t (the initiation criterion) is shown as a function of the
penetration distance for various fver plate velocities and thicknesses. The
pressure and shock duration values are from the HULL output. The thick
horizontal line represents the calculated value of this initiation criterion when
the plate velocity is 2.7 mm/ps. Points below this line indicate a failure to
initiate the explosive under this criterion.
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Figure 3: Pressure profiles withim the HNS target followonig impact at 15 non/us by
25 pm thick Kapton disc. The first four profiles after impact are shown at suceessioe
depths of 25 qon. Thereatter, the profiles are shown as successive depths of S0 jan.
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Figure 4:  Pressure profiles within the HNS target following impact at 3.5 mm/js by a
25 pm thick Kapton disc. The first four profiles after impact are shown at successive
depths of 25 pm. Thereafter, the profiles are shown at successive depths of 50 jum
except for the last three winch are shown at intervals of 100 pm. i
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4. Theory

At impact, the particle velocity ug is common to both the flver plate and the
target. The shock reflected back into the flver plate (L) has a velocity given
by equation 3 when the particle velocity is vi-u o The shock velocity into the
HINS (U) is given by equation 2. The reflected shock travels to the vear
boundary of the flyer plate whereupon a reflected rarefaction wave returns to
the interface between the flyer plate and the target. The transit time for this
excursion is approximately,
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where L is the thickness of the fiver plate. A rarefaction wave is then sent into
the target.

To simplify this analysis, it was assumed that the component of the
attenuation that is due to the rarefaction could be modelled independently.
This would allow the results from such an analysis to be compared with the
HULL output.

The simplified analysis assumes that U, (rarefaction velocity in the target) can
be related to U, (shock velocity in the target) by:

( =al/ (3)

where @ > 1 and constant. This relationship relies on the tact that the
propagation velocity tor disturbances behind the shock is greater than the shock
velocity [T In reality @i not a constant and would decrease as the original
shock wave loses energy to the medium and slows down [9].

Under these assumptions, the rarefaction wave overtakes the original shock

wave at a distance:

d o ()

into the target and after a time t following impact,

P U
U, ta -1

The time to overtake 1s plotted as o function of «a, (U /U ) n Figure 7. The
penetration curve displays the same teatures. It should be noted that it a - 1
the rarcfaction wave never catches up to the shock wave and that both the time
and penetration distance are infinite,

A two dimensional analysis would need to include the effect of the unloading
shock from the sides of the impacting plate. This unloading forms a Mach cone
and further reduces the region of high pressure within the explosive. The cone

angle, 8, is given by [9]:
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5. Discussion

The pressure-time plots for the range of plate impacis shown in Iigures 203

and 4 indicate that the rate of attenuation depended on the impact veloaity
when emploving a 25 pm thick dise. The shortest time for attenuation was
found to occur at the highest velocity, For example, Figure 3 <hows that o thver
plate impact at 1.5 mm/ps resuits in o minimal reduction i the peak pressure
after Y0 ns Alternatively, for a flyer plate velocity of 35 mum ps o sigiticant
reduction in peak pressure has afready occurred by 80 ns (Figure - In both
cases, however, the structure of the wave has changed.

Equations 2 and 3 can be used to caleulate the particle velocity and shock
velocities for a 25 pm thick flyer plate with a velocity of 3.5 pun s ps impacting o
stationary HNS target. Equation 7 then predicts that the raretaction overtakes




the shock in approximately 160 ns after impact for an o of 1.1. Given the
simplifications involved, this calculation provides an indication of the upper
bound to the atttenuation time. The corresponding maximum penetration
distance of 790 ym from equation 6 is beyond the range of Figure 5. An o of
1.2 predicts that the rarefaction overtakes the shock in approximately 85 ns.
Thus for an impact velocity of 3.5 mm/ps a good approximation may be
ll<a <12

Figure 7 shows the strong relationship between a and the time to attenuate.
Unfortunately the model cannot be used to compare attenuation times and
penetration distances for different impact velocities as the relative o values are
unknown. In fact, a will increase as the impact velocity increases.

Including the lateral release waves reduces the maximum penetration distance
as caleulated by HULL. For a flyer plate with a velocity between
1.5 and 3.5 mm/us, the calculated Mach cone angle is between 417 and 50° from
equation 8. The penetration distance for a 250 pm diameter flyer plate [10] is
then found to be about 100 pm for an impact at 3.5 mm/ps and 140 pm for an
impact at 1.5 mm/ps. Alternatively, for a 1.57 mm diameter flyer plate [3], the
distances are 660 pm and 890 pm respectively. Equation 8 also provides an
estimate for . As the shock travels into the target at U, the side rarefactions
travel at aU,_. The vector diagram of the addition of these two velocities gives:

tan 0 = « (10)

For 4t < 6 < 507, then 09 < a < 120 This suggests an upper limit of 1.2 for o
in good agreement with the carlier estimate. An « < 1 results trom the
simplification of the shock interactions.

The rapid degradation of the pressure pulse by the encroaching rarefaction
waves indicates that if initiation is to occur as defined by an initiation criterion
of the Pt form, it must occur near the impact surface. This is shown in
Figure 6 where for a 3.5 mm/ps flyer plate, initiation would be possible to a
depth of approximately 200 pm; a distance equivalent to eight flyer plate
thicknesses. Note that the Mach cone for 250 pm width flyer plates allow for a
maximum penetration distance of about 100 pm. Under these conditions, it
therefore seems that the initiation process is limited to a maximum depth of
100 pm.

As the impact velocity approaches the threshold velocity, Figure 6 sugpests
that initiation must occur close to the surface. Ultimately, a minimum volume
of explosive must be shocked for initiation to begin. Below this minimum the
shock wave continues to be attenuated. The minimum volume is probably due
to a complex interaction of the particle size and/or the SSA and the strength of
the shock wave. The minimum diameter of a detonation front that can be
sustained by the explosive, the failure diameter, also provides a limit for the
minimum volume. For the present work the width of the impacting plate is
much greater than the failure diameter of the HNS. Above this minimum the
energy released from the hot spots formed may be coupled to the shock wave.
The shock wave may then build to detonation. Near the apex of the Mach cone
the failure diameter may again limit the buildup process.




Measurement of the excess transit time for a detonation provides experimental
evidence of the promptness of initiation. Excess time is the difference between
the time measured for a detonation wave to be detected on the free surface of
an explosive target following flyer plate impact at the other end, and the time
taken for a reactive shock wave to travel that same distance. Using 50 pm thick
flyer plates against pentaerythritol tetranitrate (PETN), Weingart et al {11] have
shown that the excess transit time is close to zero when detonation does oceur.
A similar phenomenon occurs for HNS [3] with SSA < 10 mz/g. Remembering
that the excess transit time includes the time to ignite as well as the time to
build up to detonation, the measured excess times indicate that initiation must
occur very close to the explosive surface.

When a thicker flyer plate is employed, the initial shock duration is increased.
A comparison between the HULL output for the 25 pm and 75 pm thick flyer
plates with a velocity of 3.5 mm/ps (Figure 5) indicates that the peak pressure
remains high for a much longer penetration distance for the thicker flver plate.

The thicker flver plate does not effect the Mach cone and therefore the
maximum penetration depth for a shock of sufficient strength to cause initiation
is still approximately 100 um for a 75 pm thick, 250 pm wide flver plate. To
achieve greater penetration a wider flver plate would be required.

According to Figure 6 lower threshold impact velocities for HNS are
permitted as the thickness of the flver plate increases from 25 pm to 75 um.
This is due to the longer shock duration time.

With further increases to the shock duration, the impact conditions change
from short shock to sustained shock and the Waller-Waslev form ot the
initiation criterion no longer holds. The initiation mechanism also changes from
one where the shock wave builds to detonation within the explosive medium,
to ene where the detonation begins at the shock intertace. Thus increasimg the
thickness of the tiver plate to reduce the threshold impact veloaty s ot himted
value when considering short shock imitiation and the attendant penetration

depth or the shock wave

6. Conclusion

HULL modelling has shown that significant shock attenuation occurs bevond
100 g of the impact surtace following thin (25 pmy tlver plate impact when
the impact is close to the threshold velocity of TINS. This confirms that slapper
detonator initiation must be prompt [11] and must occur within 4 flver plate
thickness of the impact surface.

The HULL code one-dimensional calculations and the theoretical analyses
provided insight into experimentally determined initiation criteria. The
possibility of further investigation including three dimensional analysis should

- ———— o .

be considered. These simulations may be employed to study the effect of plate
planarity and tilt on the transmitted shock wave. Ultimately a reactive
component will need to be included in the code. This will enable the target
material to respond to the shock stimulus.
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