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ABSTRACT 

This paper examines the interaction of underwater shock waves with bare, cylindrical 
Composition B acceptor charges. Suitable methods to discern detonation and non- 
detonation of an underwater charge were determined. Separation distances for the 
50% probability of sympathetic detonation of Composition B acceptors using 0.5, 2.5, 
5.0 and 10.0 kg spherical pentolite donor charges were calculated from the Bruceton 
technique. The variation in near-field shock wave velocity between donor and 
acceptor charges was modelled in terms of reduced charge separation to permit an 
economy of effort in predictions of the effects from underwater charges of a changed 
scale. Measurement of shock wave transit times indicate that initiation of detonation 
in the acceptor is due to the underwater shock wave alone. 
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Initiation of Detonation in Composition B by an 
Underwater Shock Wave 

Executive Summary 

Current Navy operational doctrine recommends that the clearance of an under-sea 
ground mine is to be achieved by detonating the mine. 

The most common method used to meet this requirement is the deployment of a large 
clearing charge placed either close by or in contact with the ground mine. Depending 
on the stand-off distance, the shock wave from the clearing charge may or may not 
initiate sympathetic detonation in the ground mine. 

Although this method has been in service for many years, the critical initiation 
parameters of. an underwater shock wave are not known. Consequently, predictive 
models are not available to assist Navy in the development of operational doctrine on 
clearing charge deployment. 

This paper commences a study to investigate the critical initiation parameters of an 
underwater shock wave. The planned outcome of which, is to provide Navy with a 
simple analytical model to predict stand-off distances to sympathetically detonate a 
range of threat mines. 

This paper describes a series of experiments that have determined the stand-off 
distances to achieve 50% probability of detonation of bare Composition B receptor 
charges. These distances have been determined for 0.5, 2.5, 5.0 and 10.0 kg pentolite 
donor charges. In the course of events, two techniques were developed to determine 
the type of event initiated by an underwater shock wave. One used contact witness 
plates and the other measured shock wave transit times. The measurements of shock 
wave transit times have also indicated that the initiation of detonation in the receptor 
is due to the underwater shock wave alone. 

Measurements of the velocity of the underwater shock wave in the near field show 
that its velocity is very much greater than the acoustic velocity, resulting in 
underwater pressures being greater than those predicted by the similitude equations. 
Further experiments with shielded and encased receptors are planned to assist in 
determining the effect the casing of the sea-mine may have on the initiating 
parameters of an underwater shock wave. 
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1. Introduction 

The most common method used for the clearance of undersea ground mines is the 
detonation of a large clearing charge placed either close by or in contact with the 
ground mine. The components of a typical ground mine that may react to the shock 
wave produced by the detonation of the clearing charge are the high explosive filling 
and the initiation train within the fuze. Depending on the stand-off distance, the shock 
wave may or may not initiate sympathetic detonation in the ground mine. The non- 
detonation events that can occur include deflagration or burning of the explosive 
filling, and both may be considered as unacceptable options for clearing operations. 

Although the method has been in service for many years, the critical initiation 
parameters of an underwater shock wave and, indeed, the type of event initiated by 
the clearing charges, are not known. Existing theoretical [1] work describing the 
complex system of shock waves produced by the detonation of explosives, although 
definitive, is limited by the need to fit the predictions to experimental data. The 
various experimental studies [2,3] describing the effect of underwater shock waves on 
explosives are limited by the small size of the donor explosive (0.480 kg), the scope of 
the reaction in the acceptor (burning as compared with detonation), and the lack of 
suitable instrumentation to qualify the experiments. As a result of these limitations, the 
investigations are very restricted in assisting with the development of mine clearing 
procedures. 

In order to assist development of operational doctrine on clearing charge deployment, 
Chung [4] has proposed a simple model to predict the maximum stand-off distance 
required for the sympathetic detonation of a ground mine. However, validation of this 
model requires knowledge of the shock wave's near-field peak pressure as a function 
of stand-off distance and the type of effect the shock wave produces when interacting 
with an explosive charge. Consequently, an investigation into underwater sympathetic 
detonation of acceptor charges, initiated by effects produced by the detonation of 
donor charges, was undertaken. 

This report presents results describing; the type of effects resulting from shock wave- 
acceptor interaction, the separation distance at which this effect occurred, and the 
variation in near-field shock wave velocity between spherical pentolite donors and 
cylindrical Composition B acceptors. 
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2. Experimental Methods 

2.1 General 

The experiments were conducted in a water-filled granite quarry, 17 m deep and 
approximately 90 m in diameter. The site contains an instrumentation bay, two flying 
foxes spanning the quarry, a deployment platform and a bay suitable for charge 
preparation. The spherical pentoHte donor charges (PETN-TNT, 50:50, density 1.64 
g/cc) varied in mass from 0.5 to 10.0 kg and the Composition B acceptors 
(recrystallised RDX-TNT, 60:40, density 1.65 g/cm3) were all 9.5 cm diameter 
cylinders of length 5.0, 7.5 or 15.0 cm. Both donor and acceptor charges used in the 
experiments were uncased. The physical dimensions of the donors and acceptors are 
detailed in Table 1. 

The charges under test were first lowered underwater from the platform and then 
deployed to ground zero. The experiments were conducted approximately 8 m below 
the surface of the quarry, in a region free from shock wave reflections. 

Table 1. Nominal dimensions of the donor and acceptor charges used in experiments. 

Donor Charge Acceptoi •Charge 
Nominal Mass            Radius Nominal Mass Dimensions 

kg                          cm kg diax length cm 

0.5                         4.17 0.6 9.5 X5.0 
2.5                        7.13 0.9 9.5 X7.5 
5.0                        8.98 1.8 9.5 X15.0 
10.0                      11.31 

2.2 Determination of Detonation of the Acceptor 

It is generally agreed that shock initiation of a solid explosive produces a run-to- 
detonation stage during which energy is released by the growth of chemical reactions 
from hot-spots within the explosive [5]. The on-set of detonation occurs when the 
reactions become self sustaining, and cause the reaction shock wave to become stable 
and supersonic. Relatively long reaction times indicate that the explosive has not 
detonated. 

The detonation of the donor charge plus the energy released during the build-up to 
detonation in an acceptor charge is expected to produce a complex underwater shock 
wave. No evidence is available to show that the far-field properties of such an 
underwater shock wave is suitable to determine whether the acceptor has undergone a 
detonation or energetic non-detonation event. Consequently, traditional methods such 
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as witness plates and the measurement of reaction transit time across the acceptor 
charge were adapted to these experiments. 

2.3 Experimental Rig 

The experimental rig in which the donor and acceptor were fixed to investigate 
underwater sympathetic detonation is shown in Figure 1. An array of three piezo- 
electric probes is taped to the end of the acceptor charge nearest the donor and a steel 
witness plate with a centrally positioned piezo-electric probe is attached to the rear of 
the acceptor. The array is used to measure the time of arrival of the shock wave 
incident on to the acceptor and, in conjunction with the single probe in the witness 
plate, to measure reaction transit time. The steel witness plate defines the type of 

event. 

By changing the mass of the donor charge and the separation distance between the two 
charges, the duration and peak pressure of the underwater shock wave can be varied. 
As the method of deployment of the charges does not aUow a final check to be made of 
their relative positions, they were firmly fixed in place by means of wire supports and 
wooden struts. Care was taken to ensure materials used in construction of the rig 
would not first impact on the acceptor. 

Chain 

Witness plate 

Donor charge Acceptor charge 

Single piezo 
pin 

Instrumentation 
cables 

Figure 1. Schematic of the experimental rig used for sympathetic detonation experiments. 
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2.3.1 Witness Plates 

The acceptor charge shown in Figure 1 is attached to the 6 mm thick mild steel witness 
plate by a circular clamp and the mass of the plate is supported by the two wooden 
rods of the rig. The violent reaction of the witness plate to the detonation of the 
acceptor is arrested by a chain welded to the plate and attached to the overhead flying 
fox. Seven links at each end of a 750 mm length of 10 mm diameter transport chain are 
laid at 45° to the normal and are welded to the steel plate. Gussets are included for 
additional strength and are welded into place between the witness plate and high side 
of the chain link. The welds are optimised for strength and ductility by using CIG 
Autocraft 309 welding electrodes. Transport chain is looped through the welded chain 
and a one metre length is folded over on itself and fastened together by high tensile 
bolts. 

Detonation of the acceptor is defined by a circular hole cleanly cut in the steel plate. 
Non-detonation events, such as deflagration or burning of the acceptor, are expected to 
produce a bulged, dented or broken plate [6]. 

2.3.2 Measurement of Incident Shock wave Velocity and Reaction Transit Time 

The velocity of the incident shock wave and reaction transit time is calculated from 
measurements made with instrumentation shown in Figure 2. The instrumentation 
consists of an array of three piezo-electric probes fixed by a polycarbonate potting mix 
in a small plastic box, an additional piezo-electric probe positioned centrally in the 
witness plate, plastic fibre optical cable with an optical-electronic converter and a high 
resolution digital oscilloscope. The array is attached to the acceptor charge in a manner 
so that the bases of the probes are flush with the flat surface of the acceptor. Bare fibre 
optic cable is wrapped around the donor charge and the intense flash of detonation 
that the cable detects at the explosive-water interface is used as time zero. 
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Optical-electrical 
converter 

Plastic 
optical 
fibre 

Donor charge 

Digital 
oscilliscope 

Acceptor charge 

Figure 2. Schematic of the instrumentation used to measure time of arrival of the underwater 
shock wave at the 3 pin array and reaction transit time of the acceptor. 

The average radial velocity V„, of the incident shock wave, between the tips of the 

probes n and (n+1) by: 

Vtt=(X„-Xn+l)/(AT„)   n=lor2 (1). 

where Xn is the component of the probe length Ln in the direction of motion of the 
shock front and ATn is the time difference between the triggering of the n and (n+1) th 

probes. 

For the geometry of the experimental rig shown in Figure 3, the component of the 
probe length X„ in the direction of the motion of the shock front is given by: 

*„=L„cose (2) 

where 6 is the angle subtended at the donor by an array of thickness 2t, attached to an 
acceptor cylinder of radius r, and the horizontal. The angle 0 is given by: 

6 = artan((t+r)/ (a+b)) (3), 

when a donor of radius a is placed at a distance b from the acceptor. 
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Measurement of the time-of-arrival of the shock wave as it passes the tips of the probes 
is recorded on the oscilloscope. The average velocity between the tips of the probes can 
be calculated from these measurements and knowledge of the geometry of the 
experimental rig. 

—> 

/ 

L 

i ■ 

2t 
0^-- 1 

Donor charge t 1 
-•"e 

r 

1 

a 

/ 

< _b  —* 

Acceptor charge 

Figure 3.   Schematic of the geometry that enables the component of the pin normal to the shock 
front to be calculated. 

The reaction transit time A Tr, is the time taken for the reaction wave in the acceptor to 
traverse its length. It may be calculated from the measurement of the time difference 
between the shock wave interacting with the shortest probe in the array and the 
reaction wave interacting with the probe positioned centrally in the witness plate ATm, 
and knowledge of the velocity of the underwater shock wave. The rig has the shortest 
probe fixed proud from the flat surface of the acceptor and depending on the curvature 
of the shock wave, the shock wave may interact with either the probe or the surface of 
the acceptor. For spherical waves with a large radius of curvature (i.e planar), the 
shock wave will first interact with the probes and the geometry describing mis 
interaction is illustrated in Figure 4a. For positions where the donor is close to the 
acceptor, the radius of curvature is small and the shock wave will interact with the 
acceptor before the probes of the array. The geometry of this type of interaction is 
shown in Figure 4b. 

For planar shock waves, the distance from the centre of the donor explosive to the tip 
of the nth probe, h , is less than the distance from the centre of the donor to the flat 
surface of the acceptor (a+b). The reaction transit time ATr illustrated in Figure 4a, may 
be determined from: 

AT=ATm-AT (4), 

where ATm is the measured reaction time between the two probes and Ar is the time 
taken to traverse the small water gap. This transit time may be calculated from: 

AT=\((a+b)-h')/V„ (5), 
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where n=2 and V2 is assumed to be the average velocity over the distance (a+b)-ti. 

The geometry in Figures 4a and 4b show that the distance V from the centre of the 
donor explosive to the tip of the nth probe may be calculated from: 

h'=h-X„ (6) 

where the distance h from the centre of the donor explosive to the base of the pin 
probes is shown in Figure 4 and may be expressed as: 

h = [(a + b)2+(r + t)2f (7). 

For shock waves with a small radius of curvature, ti>{a+b) and the shock wave will 
interact with the surface of the acceptor before the probe. The reaction transit time is 
illustrated in Figure 4b and may be determined from: 

AT=ATm+AT (8)- 

The difference between the reaction transit time and the time taken for a steady 
detonation wave to transit the acceptor is the excess transit time and is a guide to the 
type of reaction that occurred in the acceptor. Small differences are indicative of a 
prompt detonation whilst large differences indicate a non-detonation event. The 
detonation velocity in Comp B is 7800 m/s [7] and for 75 and 150 mm long cylindrical 
acceptors, the calculated detonation transit times are 9.6 and 19.2 Ms respectively. 

The total time AT, between time zero and the response of the single piezo-electric pin 
in the witness plate to the reactive shock wave is given by: 

AT^ATf+A^+ATi+AT,, (9), 

where A Tf is the time for the underwater shock wave to transit the water gap between 
the donor and the first active piezo-electric pin in the array on the front of the acceptor. 
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(a) 

(b) 

Figure 4. Schematic showing the geometry when (a) the shock wave is planar and interacts 
with the probe before the acceptor and (b), a shock wave with a small radius of 
curvature interacting with the acceptor before the probe. 
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2.4 Variation in Reaction Transit Time 

To determine the variation in the near-field shock wave velocity with separation, the 
mass of the donor and distance between donor and acceptor is varied. This varies the 
magnitude of the peak pressure at the water/explosive interface and hence the 
pressure and the velocity Vso£ the reaction shock wave within the acceptor. If the 
reaction wave initiates detonation within the acceptor, its velocity will determine the 
run-to-detonation distance d and thus the reaction transit time Tr. The transition from 
reaction shock wave to detonation wave is not abrupt [5] and, for simplicity, the series 
of events are shown in Figure 5. 

Time 

Figure 5. Schematic of a space-time plot of shock initiation of acceptor charges, I cm long. 

Here, the reaction shock wave takes Td seconds to transit the run-to-detonation 
distance and the detonation wave takes Tb seconds to transit the remainder of the 
acceptor. The reaction transit time may be expressed as: 

Tr = Td + Tb (10). 

If 2^t is the time taken for the detonation wave of velocity V^ to transit the acceptor of 
length /, then the excess transit time Te, may be expressed as: 

Te = Tr-Tiet (11). 

Substituting the reaction transit time from equation (10) into equation (11) gives: 

Te = Td + Tb-Tdet (12). 
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The ratio of excess transit time to detonation transit time enables the measured transit 
times to be expressed in terms of detonation transit times. Therefore, normalising the 
excess transit times with respect to the detonation transit time gives: 

(13) 

allows Nrt to be obtained in the form: 

Nrt-   T'   ~ Td + T"   1 
^det            ^det 

and substituting Td -    , Tb =        and Jdet = 
's                ^det 

Nrt=^ -i (14). 

When d = 0, detonation would occur at the face of the acceptor charge and Vs sV^. 

Equation (14) shows Nrt=0. 

When d = I, detonation would occur at the end of the acceptor, indicating that the 
reaction shock wave requires a long run-to-detonation distance and implies that Vs « 
Vdet. It is improbable that detonation would be initiated under these conditions and 
equation (14) shows that Nrt»l, how much greater than 1, it is not clear. 

y 
For values of d intermediate to the above extremes and for values of -&- ranging 

"s 

from 2 to 3, equation (14) shows that Nrt ranges from 0.25 to 1.5. 

3. Results 

Four series of tests were carried out to determine the maximum separation distance 
required to initiate sympathetic detonation in cylindrical Comp B charges by the 
detonation of spherical pentolite donors. The maximum separation distances and the 
results, determined by effects on the witness plates, for donor masses of 0.5, 2.5, 5.0, 
and 10.0 kg are listed in Table 2. The probe lengths, arrival times of the shock waves 
and reaction transit times where available, are also listed in Table 2. 

10 
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Table 2. Charge masses, separation distances, probe lengths, arrival times, reaction transit 
times and effects determined by witness plates for sympathetic detonation of Camp B 
acceptors by detonating pentolite donors. 

Test Donor 
Mass, 

Acceptor 
Mass 

Separation 
Distance 

LI L2 L3 ATI AT2 ATm Result 

Mkg kg cm cm cm cm Ms fis Ms 

Not Recorded 
1 0.5 0.6 3 .. .. D 
2 0.5 0.6 6 .. . .. D 
3 0.5 0.6 12 .. . .. ND 
4 0.5 0.6 6 .. . .. D 
5 0.5 0.6 9 .. . .. ND 
6 0.5 0.6 6 .. . .. D 
7 0.5 0.6 9 •• ■ •• ND 

8 2.5 0.6 4 .. . .. D 
9 25 0.6 9 .. . .. D? 

10 2.5 0.9 9 .. . 8.24 D 
11 2.5 1.8 9 2.2 1.2 0.22 292 3.48 29.04 D 
12 2.5 1.8 11.5 2.2 1.2 0.24 3.72 4.08 36.48 D 
13 25 1.8 14 2.21 1.27 0.23 4.24 5.0 46.28 ND 
14 25 1.8 11.5 2.22 1.21 0.20 3.36 3.96 36.36 D 
15 2.5 1.8 14 214 1.17 0.23 Not Recorded ND 
16 2.5 1.8 11.5 221 1.20 0.25 3.84 4.36 30.36 D 

17 5 0.9 4 NR NR NR D 
18 5 0.9 9 .. .. .. ND 
19 5 0.9 12 222 1.22 0.20 8.60 NR 14.76 D 
20 5 0.9 9 221 1.23 0.28 8.02 NR 13.18 D 
21 5 1.8 9 221 1.21 0.21 NR 4.12 17.24 D 
22 5 1.8 12 223 1.24 0.31 3.28 NR D 
23 5 1.8 15 221 1.20 0.22 .. 3.88 25.40 D 
24 5 1.8 18 220 1.22 0.22 .. 3.48 31.48 D 
25 5 1.8 21 2.23 1.23 0.28 .. 3.72 NR ND 
26 5 1.8 18 223 1.22 0.24 .. 4.68 31.92 D 
27 5 1.8 21 220 1.20 0.25 4.36 4.60 54.24 ND 
28 5 1.8 18 222 1.24 0.24 3.92 4.48 41.84 D 

29 10 0.9 12 226 1.30 0.28 6.44 NR 11.16 D 
30 10 1.8 22 2.20 1.22 0.22 3.36 3.72 29.68 D 
31 10 1.8 25 218 1.20 0.25 4.20 4.40 45.32 D 
32 10 1.8 28 218 1.17 0.23 4.68 4.52 56.00 ND 
33 10 1.8 25 223 1.25 0.23 3.56 4.04 39.50 D 
34 10 1.8 28 217 1.22 0.23 4.28 4.56 57.12 ND 
35 10 1.8 25 203 1.25 0.22 3.44 4.80 36.60 D 

D - Detonation ND - Non-Detonation NR - Not Recorded 

The pins did not record results during some events either because of the failure of the 
triggering pulse or the reallocation of an instrumentation cable for far-field 
measurements. The triggering problem was overcome by using pin 1 of the array to 
trigger instrumentation during events 21 to 26. The result for event 19 was determined 
from the excess transit time. 

11 
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The water gap transit times AT} for selected donor masses and separations were 
measured and are shown in Table 3. The total time ATt was calculated from equation 
(9). These results and estimations [8] of the times taken for the bubble containing 
detonation products to expand to the front surface of the acceptor charge are also 
shown in Table 3. 

Table 3. A comparison of the times for a shock wave to transit, and bubble to expand over, 
similar distances. 

Test AT) AT; Bubble 
expansion time 

MS MS MS 

10 13.2 21.4 317 

20 24.2 32.2 404 

29 27.96 45.6 810 

The Bruceton statistical technique [9] was used to determine the surface-to-surface 
separation between the explosives for 50% probability of acceptor detonation, and 
separations corresponding to the 5% and 95% probability were also calculated. These 
results are shown in Table 4. 

Table 4.  Statistically   determined  distances for  underwater  sympathetic   detonation   of 
cylindrical Comp B acceptors by detonation of spherical Pentolite donors. 

Donor Mass, M     Separation Distance for Sympathetic Detonation of 
kg Comp B Acceptor, cm  

Probability of Detonation 
5% 50% 95% 

0.5 10.8 7.5 4.2 
2.5 16.7 12.8 8.9 
5.0 22.5 19.5 16.1 
10.0 29.8 26.5 23.1 

The probe lengths were modified using equations (1) and (2) for t=1.5 cm and r=4.75 
cm. The incident shock wave velocity was calculated from equation (1) for all results in 
Table 2. To enable the shock wave velocities from various charges to be plotted on the 
same set of axis, the separation distance between donor and acceptor was made 
proportional to the reduced separation distance, b/ M03. The effect shock wave 
velocity has on the initiation of detonation in the acceptor is shown in Figures 6a and 
6b. 

12 
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Figure 6a. Average velocity of underwater shock waves, measured by pins LI and 12, versus 
reduced charge separation for detonation and non-detonation events. 
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Figure 6b. Average velocity of underwater shock waves, measured by pins L2 and L3, versus 
reduced charge separation for detonation and non-detonation events. 

13 
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Neglecting the scatter of experimental results, a power curve of best fit to the set of 
results measured by the two piezo-electric pins, LI and L2 and shown in Figure 6a, is 
given by: 

V = 
8294 

K 0.52 (15), 

where V is the average shock wave velocity in m/s and R is the reduced distance 
measured from the surface of the donor charge. A similar curve fitted to the results 
shown in Figure 6b, measured by the two piezo-electric pins, L2 and L3 approximately 
1 cm closer to the surface of the acceptor, gives the velocity of the shock wave as: 

V = 
5330 
n0.35 

(16). 

The coefficients of determination for equations (15) and (16) are 0.96 and 0.87 
respectively. 

Corrections to reaction transit times due to the curvature of the shock wave were made 
from the velocity model developed from Figures 6 and equations (4), (5) and (8). The 
results are shown in Table 5, together with the effects determined by witness plates. 
The excess transit times and the ratio of the excess reaction transit time to the 
detonation transit time, Nrt, for each event are also included in this Table. 

Table 5. Transit times of a reactive shock wave passing through Comp B acceptors. The 
detonation transit times for 95x75 and 95X150 mm acceptors are 9.6 and 19.2 us 
respectively. 

Test Measured Curvature Corrected Excess Nrt Result 
Transit correction Transit Transit from 
Time Time Time witness 

MS MS /IS MS plate 

1 not recorded D 

2 D 

3 ND 

4 D 

5 ND 

6 D 

7 •• ND 

8 D 

9 .. D 

10 8.24 2.6 10.84 1.64 0.18 D 
11 29.04 3.5 32.54 13.34 0.69 D 

14 
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Table 5. (continued) Transit times of a reactive shock wave passing through Comp B 
acceptors. The detonation transit times for 95x75 and 95X150 mm acceptors are 9.6 
and 19.2 us respectively. 

Test Measured Curvature Corrected        Excess Nrt Result 
Transit correction Transit          Transit from 
Time Time             Time witness 
us MS //S                        ßS plate 

12 36.48 3.1 39.58             20.38 1.06 D 
13 46.28 3.0 49.48             30.28 1.58 ND 
14 36.36 3.2 39.56             20.36 1.06 D 
15 not recorded ND 
16 30.36 3.1 33.46              14.26 0.74 D 

17 not recorded D 
18 -# ND 
19 14.76 2.6 17.36              7.76 0.81 ND 
20 13.18 2.6 15.78              6.18 0.64 D 
21 17.24 2.8 20.04                8.4 0.44 D 
22 not recorded D 
23 25.40 2.4 27.8                 8.6 0.45 D 
24 31.48 2.2 33.68              14.48 0.75 D 
25 not recorded ND 
26 31.92 2.1 33.92              14.72 0.77 D 
27 54.24 1.8 56.04              36.84 1.92 ND 
28 41.48 2.1 43.58              24.38 1.27 D 

29 11.16 2.0 13.16               3.56 0.37 D 
30 29.68 2.0 31.68              12.48 0.65 D 
31 45.32 1.4 46.72              27.52 1.43 D 
32 56.00 1.3 57.3               38.10 1.98 ND 
33 39.50 1.5 41.0                21.8 1.14 D 
34 57.12 1.3 58.42              39.22 2.04 ND 
35 36.60 1.5 38.10              18.90 0.98 D 

D - Detonation        ND - Non-Detonation 

One or more of the variables; corrected transit time, excess transit time or Nrt, may 
assist in the determination of underwater sympathetic detonation. These variables 
were plotted independently against charge separation and are shown in Figures 7, 8 
and 9 respectively. 
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Figure 7. Corrected transit time versus charge separation. The separations for 50% 
probability of detonation are shown on the X axis. The radius of the donor charge is 
also included in the separation distance. 
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Figure 8. Excess transit time versus separation distance. The separation for 50% probability 
of detonation is shown on the X axis. The radius of the donor charge is included in 
the separation distance. 
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Figure 9. Normalised excess transit times versus charge separation. The separations far 50% 
probability of detonation is shown on the X axis. The radius of the donor charge is 
also included in the separation distance. 

4. Discussion 

The separation between donor and acceptor for the initial event of each series of 
experiments was small. This ensured the acceptor charge sympathetically detonated 
and enabled sympathetic detonation effects to be characterised by the witness plate 
and the support instrumentation. 

The steel witness plates proved a most reliable method to determine detonation or 
non-detonation of the Composition B acceptors. However, from observation of the 
damage sustained by the plates, clearly several types of events occurred during the 
course of the experiments. A circular hole cleanly cut in the witness plates confirmed 
that detonation in the acceptor had been established, whilst witness plates that were 
ripped, twisted and retained part of the circular disk, indicated that a violent non- 
detonation event had occurred. Other plates were simply dished. The various damage 
levels of the witness plates cannot be reliably related to the type of non-detonation 
reaction occurring in the acceptor, therefore the last two effects have been defined in 
Table 2 as non-detonation events. 

From a comparison of AT, and the estimation of the bubble expansion times in Table 3, 
we are sure that the underwater shock wave has reacted with the acceptor charge long 
before the bubble has reached the acceptor. Subsequent experiments [10] using a high 

17 



DSTO-TR-0273 

speed cine-camera in a small scale underwater test facility confirmed that the reaction 
in the acceptor is initiated by the shock wave alone. 

The increments in the spacings used for the Bruceton method, although large, were 
within two standard deviations as required by the technique [9]. These large steps 
were used to quickly straddle the 50% probability of detonation separation distance for 
each donor. The results from the Bruceton test are shown in Table 4 and can be used as 
a basis for additional testing if a greater confidence in calculating probability 
separations is required. 

The maximum percentage error in the shock wave velocity is estimated to be 7%. This 
percentage error was determined from the spread in the velocities averaged at 
particular reduced charge separations and is greater than errors accumulated in 
measurement of the pin length and the time-of-arrival of the shock wave (3%). The 
donor and acceptor charges were fixed by means of wooden rods and wire prior to 
deployment. However, we suspect that there will be some movement between the two 
charges on deployment and the maximum percentage error due to this movement was 
estimated to be 5%. 

The sympathetic detonation experiments were conducted at separations ranging from 
2 to 4 charge radii that are regions typically achievable during mine clearing 
operations. The shock wave velocities calculated in these experiments vary from 2000 
to 3200 m/s which are far greater than acoustic velocities (approx.1488 m/s). Duvall 
and Fowles [10] have shown that the pressure of a shock wave traversing a medium is 
a function of the density of the unshocked medium, the shock wave velocity and the 
velocity of the particles associated with the shock wave. Thus, the pressure of a shock 
wave in regions typical of mine clearing operations will be greater than those 
pressures determined at acoustic velocities. 

Power curves were found to be the curves of best fit to describe the data presented in 
Figures 6a and 6b. The greater coefficient of determination (0.95) indicates that 
equation (15) is a better fit to the data and should be used to model the velocity in the 
near fields. However, the scatter and limited amount of data available to model the 
variation in shock wave velocity with distance suggests further investigations are 
advisable. Expressing the shock velocity in terms of reduced charge separation 
provides a means by which equation (15) can be simply applied to underwater charges 
of different scale. The data in Figures 6a and 6b indicate that the shock wave velocity 
rapidly reduces with distance from the centre of detonation. We expect that the shock 
wave velocity will approach the acoustic velocity which is 1488 m/s for the conditions 
within the quarry. The onset of this velocity occurs in the far-field of the detonated 
donor charge and equation (15) suggests that this region begins at separations greater 
than 5.2 charge radii from the centre of the donor charge. 

The corrections in transit times due to the curvature of the shock wave are shown in 
Table 5 and although small, they were included in the calculation of excess transit 
times. Run-to-detonation distances in the acceptors were estimated from equation (15), 
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impedance matching techniques and excess transit times [5]. These distances were 
found to range from 3.5 to 11.0 cm and the estimation is supported by high speed cine 
recordings made under similar experimental conditions in a small scale test facility 
[11]. Measurements from these experiments have shown that detonation break-out 
occurs 5 cm into the acceptor. 

The corrected transit times for all acceptors plotted in Figure 7 follow a similar trend. 
These times increase with increase in separation until a point is reached where there 
occurs a large increase in transit time for a small or no increase in separation, 
producing a 'step' in the data. Beyond this point, the increase in transit time slows 
with increase in separation. This trend can be explained in terms of reduction in peak 
pressure. As the separation is increased, the peak pressure at the water/charge 
interface decreases which in turn decreases the pressure in the acceptor and hence the 
velocity of the reaction wave within the acceptor charge. Slower reaction waves are 
expected to initiate detonation deeper in the acceptor and take a longer time to transit 
the acceptor charge. A lower limit in the velocity of the reaction wave will eventually 
be reached, below which detonation will not be initiated. 

The experimental results show that detonation occurred in the acceptors for transit 
times up to and including those values contained in the step. The experimental results 
also show that non-detonation occurred for values of transit times beyond the step. 
The steps in the data are seen to correspond very closely to the 50% probability of 
detonation separations for 2.5, 5.0 and 10.0 kg acceptors that are plotted at 2.8,3.1 and 
3.3 charge radii respectively. The transit time step for these experiments occurs over a 
range of 35-45 /JS . However, this range cannot be used as a guide for experiments with 
other explosives because transit times are dependant on the length and density of the 
explosive material in the acceptor. 

The results for excess transit times plotted against charge separation for the same 
experiments are shown scattered in Figure 8. They show no distinctive trend for any 
donor charge although non-detonation events are seen to occur for excess transit times 
greater than 30 /zs. However, this time is also dependant on the length and density of 
the acceptor charge and could not be confidently extended to other explosive 
materials. 

The normalised excess transit time ratio Nrt, versus charge separation for each event is 
shown in Figure 9. The trends in these results are similar to those for the corrected 
transit time curves shown in Figure 7, and in addition, the values of Nrt for detonation 
and non-detonation of the acceptor charge fall into ranges deduced in Section 2.4. 
Here, detonation occurs for the values of Nrt ranging from zero to 1.5 and for Nrt > 1.5 
non-detonation occurs. 

The data in Figure 9 is independent of the length and density of the acceptor charge 
and may provide a method to determine the on-set of sympathetic detonation in 
Composition B acceptors during underwater field experiments. The data shows that 
when the excess transit time equals or is 1.5 times the detonation transit time, 
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detonation has been initiated in the acceptors. This method may also prove a useful 
guide for other explosive materials. 

5. Conclusion 

The results from these experiments have given a better understanding of the effects of 
underwater blast on Composition B in regions close by an exploding spherical, 
pentolite charge. We have developed techniques that will allow us to predict the peak 
pressure of the shock wave in the water between the donor and acceptor from which, 
predictions of the pressure within the explosive acceptor will follow. These techniques 
will allow us to investigate the critical initiation parameters of an underwater shock 
wave and ultimately, to assist in the development of mine clearing techniques. 

Witness plates have proved a reliable method of determining the type of effect that 
results from the interaction of an underwater shock wave with a Composition B 
acceptor. The varying levels of damage sustained by the witness plates indicate that 
three different types of reaction occurred in the acceptor charge. However, insufficient 
data prevented these non-detonation events from being analysed to determine if there 
are separations that may lead to other, less energetic methods of mine neutralisation. 

A comparison of shock wave arrival times and bubble expansion times indicate that 
the reaction in the Composition B acceptor charge was initiated by the underwater 
shock wave alone. 

The Bruceton technique has determined separations for the 50% probability of 
sympathetic detonation of a Composition B acceptor by four different masses of donor 
charge. The threshold separations are in good agreement with the large increase in 
normalised excess transit times. 

The velocity of a shock wave at distances less than 5.2 charge radii from a detonating 
charge is much greater than the acoustic velocity. In these regions, the peak pressure is 
dependant on the velocity of the shock wave, resulting in a peak pressure that is 
greater than that of a shock wave propagating at acoustic velocities. 

Excess transit times, normalised to the detonation transit time are independent of 
charge length and can be used as a guide to determine detonation and non-detonation 
events. However, from the small sample of data available, they cannot discern the 
types of non-detonation events that are reflected by the damage sustained by the 
witness plates. 
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