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ABSTRACT 

The detonation of an underwater charge creates a shock wave and a bubble of gaseous 
products at high temperature and pressure. At greater ranges, the shock wave and 
bubble become separated and their effects on structures may be studied separately. 
However, close to the point of detonation, in the regions typically used for sea-mme 
neutralisation, the shock wave and bubble He in close proximity and their relative 
importance in the neutralisation process is not known. A series of scaled experiments 
to visualise the early development of the shock wave and bubble, and their 
interactions with an explosive and with simple structures were devised. These 
experiments used spherical pentolite charges and cylindrical Composition B charges as 
the donor and acceptor charges respectively. Both charges were suspended in a smaU, 
transparent water-filled tank and the effects of the exploding donor recorded by a 
Cordin rotating mirror camera. 
The results show that the underwater shock wave is the principle cause of damage m 
the near field and initiates detonation in the explosive material long before the bubble 
contacts the explosive. 
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Investigation into the Effects 
of Underwater Shock Waves 

on Simple Structures, 
Shielded and Bare Explosive Materials 

Executive Summary 

Mine Hunter Coastal Project Director requires a predictive capability to assess the 
effect of mine disposal charges against current and future threat mines in various 
marine environments. 
As a consequence of this requirement, it is necessary to evaluate factors that determine 
the sympathetic distance between generic disposal charges and mine type charges. 
To develop analytical methods for predicting sympathetic detonation of sea mines, a 
series of scaled experiments were devised to visualise the interaction of an underwater 
explosion with an explosive material and various simple structures. 
The detonation of a spherical pentolite charge and the expansion of the shock wave 
and bubble were recorded by a rotating mirror, simultaneous streak and framing 
camera. The interaction of the underwater shock wave and bubble with an explosive 
acceptor was investigated and, to determine attenuation effects of sea-mine casings, 
the interaction of a shock wave with a steel plate and perspex sheet was also 
investigated. 
The velocity of the shock wave incident onto these simple targets was determined 
from streak records. These results show that the shock impedance of perspex sheet is 
negligible when compared with that of steel. The dishing of the steel plate caused by 
the underwater explosion was measured, using both the film record and the plate 
recovered after the event. These results compared favourably. 
The camera was also used to study experiments with explosive acceptors. Two types 
of reaction in Composition B acceptors were achieved by varying the separation 
between donor and acceptor charge. At lesser distances, the passage of the 
underwater shock wave initiated detonation in the acceptor. This reaction was 
characterised by the luminous detonation wave in the acceptor and the propagation of 
a shock wave into the surrounding water. At greater separations a lower order 
reaction occurred. Inclusion of a perspex sheet shielded the charge from the bubble 
without attenuating the shock wave sufficiently to prevent initiation of detonation in 
the acceptor charge. 
The scaled experiments show that even close to a detonating underwater charge, the 
shock wave and bubble have separated sufficiently to produce individual effects on 
explosives and simple structures. The results show that an underwater shock wave 
will initiate detonation in an explosive material long before the bubble makes contact 
with the explosive material. 
These results will allow near field and far field properties of an underwater shock 
wave to be evaluated and the effectiveness of the shock wave against generic sea- 
mines to be empirically modelled. 



As a consequence of this model, Navy will be able to predict the outcome of mine 
clearing operations from knowledge of; 
1. the explosive filling in the clearing charge and sea mine, 
2. the stand-off distance between clearing charge and sea mine and, 
3. the material properties of the sea mine's casing. 
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1. Introduction 

Underwater detonation of large explosive charges is a common method of attack 
against ships or submarines and at present, is the principal method of neutralising sea 
mines. The shock wave and bubble produced by the expansion of the detonation 
products are the principal damage mechanisms of an underwater explosion and each 
affects the target in a different manner. At greater ranges, the expanding shock wave 
and bubble become separated because of the shock wave's greater velocity and as a 
result, the target will be subjected in turn, to each effect. The combined effects can be 
devastating to the hull of a vessel and several countries have initiated special 
vulnerability studies to quantify the effects of underwater explosions. 
However, sea mines are cleared by the detonation of charges placed either close by or 

in contact with the mines. At these separations, a shock wave and a bubble of 
detonation products at high temperature and pressure exist in close proximity and the 
relative importance of each of these effects in the clearing process is not known. 
Computations made for the detonation of a small pentolite sphere [1] have shown that 
the shock wave and bubble have clearly separated after 3 charge radii, and aquarium 
experiments [2] with pentolite donors and nigh explosive acceptors show a reaction is 
initiated in the acceptor charge by the passage of a shock wave. From this work, one 
may conjecture that the underwater shock wave alone may be the main cause of 
initiation. 
Previous experiments have determined the maximum separation distance for the 

underwater sympathetic detonation of acceptor charges and enabled the velocity of the 
shock wave within three charge radii of the donor to be estimated [3]. Unfortunately, 
these experiments did not indicate the involvement, if any, of the hot gaseous products 
in the detonation process of the acceptor or the period over which initiation and build- 
up to detonation of the acceptor have occurred. 

To aid in the development of analytical methods for predicting sympathetic 
detonation of sea mines, the response of the acceptor charge to the gaseous products 
and the period of shock loading, prior to detonation break-out, need to be clarified. 
Consequently, in the light of Liddiard and Forbes's underwater sensitivity tests [2], a 
series of scaled experiments to visualise the interaction of an underwater explosion 
with an acceptor and various simple structures was devised. This paper presents the 
results of the study. 

2. Theory. 

The characteristics of shock waves propagating through a medium may be determined 
by simple analytical means. The pressure P of a shock wave of velocity U, travelling 
in a medium of density p, is given by [4]; 

P-PQ=puU (1) 
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where u is the particle velocity of the shock wave and P0 is the ambient pressure in the 

medium. 
The relationship between U and u in a medium is detemined experimentally and in 

the case of water, is given by [5]; 

U = 1.483 + 25.306 log10[l + -^-] (2), 
5.iy 

where U and u are in km/s. 
From experimental measurements of U,  u  may be calculated from (2) and the 
pressure of the shock wave in a medium of density p, calculated from (1). 
When a shock wave interacts with a boundary between two media, a reflected shock 

wave is produced in one medium and a transmitted shock is produced in the other. By 
the principles of the conservation of energy and momentum, the pressure and particle 
velocity across the boundary are continous and by using impedance matching 
techniques, the characteristics of the reflected and transmitted waves may be 
calculated [4]. 
The simple methods described above are assumed to apply to the near field of an 

exploding donor, a region less than 5 charge radii from the donor. 

3. Experimental Details. 

The experiments were conducted in a small scale test facility shown schematically in 
Figure 1. This facility utilised a firing chamber designed for a maximum 2.25 kg 
charge mass, a Cordin model 330 rotating mirror camera and a transparent aquarium, 
illuminated by an Argon light bomb. The chamber has 7 viewing ports in the 
horizontal plane of the charge. These allow flexibility in the geometrical arrangement 
of the aquarium and the optimisation of the light path through the chamber. The 
Cordin model 330 rotating mirror camera is a simultaneous streak and framing 
camera, giving good temporal resolution from the streak records, and good pictorial 
representation of the event from the framing records. When taken together, the two 
forms of record give a better understanding of the event. 
Spherical pentolite donor charges of mass 0.5 kg and radius 4.2 cm were used for all 

experiments. These charges were centrally initiated by an EBW detonator to ensure 
that a spherical shock wave and bubble were produced. Cylindrical Composition B 
charges, 60 mm diameter and 120 mm long were used as acceptor charges. 
The explosive charge and target were positioned in the aquarium and rigidly 

supported in the Cordin camera's field of view. The camera was arranged to view the 
subject via an image rotator and two mirrors. The first of these mirrors was front 
surface coated to provide better image quality and was mounted on a stand outside the 
firing cell. The second was placed inside the firing cell and was expected to be 
destroyed with every shot. The firing cell window was a sheet of 25 mm thick PMMA, 
faced on the inside with a disposable 3 mm thick sheet of PMMA. 
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Figure 1. Schematic of the small scale test facility. 
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The subject was back illuminated by an explosive/Argon light bomb. This was a 500 
mm cube (minus one side), manufactured from cardboard silvered on one side with 
aluminium. A 200 mm square charge of approximately 340g of PE4 explosive was 
used to drive the light source. Exploding Bridge Wire (EBW) detonators (RISI 501) 
were used to initiate the flash bomb, these detonators were selected for performance, 
safety and reliability of functioning. After a delay of 25-30 //s, to allow the light to 
build in intensity, the pentolite charge was fired. 

A layer of tracing paper, taped to the back of the aquarium, was used to diffuse to the 
light. The cube was filled with welding grade Argon prior to firing. The size of the 
light bomb and driver charge were determined by experiment. The height and width 
were dictated by the field of view of the camera, and the length was chosen to provide 
light of a suitable intensity for the duration required. The design of the light bomb 
was not optimised, rather, once an effective device had been found no further 
development work was carried out. It is likely that improvements could be made to 
the design. 
Prior to the fixing of the light bomb to the back of the aquarium, a grid pattern was 

attached to the back face of the aquarium using printed circuit board layout tape (3 
mm wide) generally with a spacing of 100 mm. Allowing for parallax error, this 
provided a ready reference on each frame and on the streak record. The pentolite 
sphere, which was of a known diameter, provided a scale reference in the plane of the 
experiment for the film records. 
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All events were recorded on Kodak T-max P3200 35mm black and white film, 
processed for 11 minutes at 30 deg C in Kodak T-max RS developer in a rotary tube 
processor to obtain maximum film speed. 
The framing records produced by the Cordin camera were used to visualise the 

interaction of the underwater shock wave with the explosives and simple structures 
whilst the streak records were used to determine displacement data of the shock wave 
and bubble surface. The diameter of the spherical donor charge was taken as the axis 
of symmetry for the aquarium and, by positioning the streak camera's slit across the 
diameter, the symmetrical expansion of the shock wave and bubble surface allowed 
two paths of the shock wave and bubble surface to be tracked. These paths were 
digitised and plotted in the distance-time domain. The velocity of expansion of either 
the shock wave (U) or bubble may be determined at any point by calculating, at that 
point, the gradient of the distance-time curve. 

4. Results and Discussion 

Results are obtained from the framing and streak records from knowledge of the 
geometry of the camera and the speed of the rotating mirror. The number of frames 
per second F and the nominal writing speed W of the camera may be calculated from 
the following equations; 

F = 
2.4 *108 

(3) and, 

W = 
1276.8 

mm I /is (4) 

respectively where P is the cameras turbine speed in /is . 
The details of the framing and streak records are shown in Table 1. 

Table 1. Camera settings. 

Experiment Nominal turbine Frames/second Writing speed 
described in speed mm/ /JS 

Section: /JS 

4.1 240.1 106 5.318 

4.2 480.1 0.5* 106 2.659 

4.3 240.1 106 5.318 

4.4 479.8 0.5* 106 2.661 

4.5 480.1 0.5* 106 2.659 
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Calculations of the velocity of detonation of the Composition B receptor from the 
streak records in Sections 4.3 and 4.5 are 8600 m/s and 11250 m/s respectively whilst 
an accepted value of the velocity of detonation of Composition B is 8030 m/s [6]. 
Clearly, the correlation between calculated and reference velocities of detonation for 
the turbine speed of 480 jus is poor. 
The experimental method and method of analysis of results were reviewed and no 

reason could be found to explain the difference between measured and reference 
velocities of detonation. As the Cordin camera was overdue for servicing, it was 
considered that the turbine was not operating correctly at these higher speeds and 
velocity calculations made in Sections 4.2,4.4 and 4.5 should be corrected by the 
scaling factor 8030/11250 (ie 0.7). 
Experimental errors were taken as 7%, which is the difference between the velocity of 

detonation calculated in Section 4.3 (8600 m/s) and the reference velocity (8030 m/s). 

4.1 Detonation of a spherical charge 

The near-field expansion of the underwater shock wave and gaseous products from 
an exploding charge, unimpeded by acceptor explosives or simple structures, are 
detailed by the streak and framing records shown in Figure 2. 
The streak record shows the arrival of the luminous detonation wave at the surface of 
the spherical charge and the development of both the shock wave and the bubble of 
detonation products. This record clearly details the rapid expansion of the detonation 
products, the expansion of the underwater shock wave and the development of the 
bubble of detonation products. The rapid expansion of the products lasts until the 
emergence of the shock wave, after which the bubble's expansion slows because it is 
no longer driven by the energy of the detonation wave but by the internal energy of 
the gaseous products from the explosion. 
As the shock wave expands, it produces a transparent sphere of shocked water with a 

different refractive index to that of the surrounding water. This created a large Tens' 
and its effect on transmitted light is evident by the distortion of the background grid 
lines when viewed through the spheroid. This effect is shown in Figure 2c. 
The expansion of both the shock wave and the bubble's surface was digitised from 

the streak record and their paths in the distance-time domain are shown in Figure 3. 
The initial surface of the sphere was used as the reference from which distances were 
measured. Because of the difficulty in digitising the streak record, a common time 
zero could not be chosen for the expansion of the shock wave and bubble from both 
sides of the viewing slit. Consequently, Figure 3 presents only the expansion of the 
shock wave and bubble surface from one side of the streak camera's viewing slit. 
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Figure 2.   Streak record (a) and framing records of the detonation of a spherical, pentolite 
charge (b) 7 jus and (c) 25 /JS after initiation. 
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Figure 3. Expansion of the shock wave and bubble surface in the distance-time domain. 
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Figure 3 shows the rapid initial expansion of the detonating pentolite sphere (section 
AB) and the shock wave (section BC1) rapidly separating from the bubble of 
detonation products (section BC). 
Calculating the gradient of the curves shown in Figure 3 enables the velocity of 

expanding shock wave and bubble to be determined over the first 35 jus of the event. 
Ideally, for no energy losses to the surrounding medium, the properties of a small 
amplitude spherical shock wave are inversely proportional to the radial distance from 
the source of the shock wave [7]. Consequently, a power curve of best fit is the most 
appropriate function that should be used to model the relationship between velocity 
and radial distance. The variation in shock wave velocity U with reduced distance R 
from the surface of the donor charge is shown in Figure 4. The use of reduced distance 
as the second variable allows velocities to be scaled for explosive charges whose mass 
is other than 0.5 kg and the reduced distance is defined as; 

R = slm\ 

where s is the distance from the surface of the charge in mm and m is the mass of the 
charge in kg. 
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Figure 4. Variation in velocity of expansion of the shock wave, zvith reduced distance. 
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Figure 4 shows that the velocity of the shock wave rapidly decreases with distance 
and has dropped to approximately 1.5 mm I fts (the acoustic velocity in water), after 

the shock wave has moved a distance of 2.3 charge radii (120 mm I kg3    ) from the 

reference surface of the donor charge. 
The power curve of best fit for the data described by the curve in Figure 4 is given by; 

U = \U3R'oil 
(5) 

Here, U is the velocity of the shock wave in mm I jus. The coefficient of determination 

for this curve is 0.83. 
This relationship shows that the velocity reduces much more rapidly with distance 

than that predicted by the inverse square law. This rapid reduction in velocity may be 
due to significant energy losses to the surrounding water which would; possibly 
change its state from a liquid to a gas, raise the temperature of the water and increase 
its initial momentum. 
The variation in velocity of expansion of the bubble's surface with reduced distance is 

shown in Figure 5. Here, the average velocity of expansion of the detonating sphere is 
approximately 4.6 + 0.3 mm I JJS and the velocity of the sphere is seen to decrease from 
6.0 + 0.4 mm I jus to 1.0 ± 0.07 mm I /JS over a reduced distance of approximately 10 

mm I kg3. By this time, the shock wave has emerged from the bubble of detonation 
products and the bubble's velocity of expansion should only be determined by the 
temperature and pressure within, and the external pressure on, the bubble.   Under 
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these conditions, the velocity of expansion of the bubble decreases from 1.0 ± 0.07 
mm I /us to 0.56 ± 0.04 mm I /JS whilst the bubble radius increases from 55.0 mm to 

67.0 mm. 

Figure 5. Variation in velocity of bubble expansion with reduced distance. 
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4.2 Interaction of a shock wave with simple structures. 

Figure 6 illustrates the interaction of a shock wave with a steel plate and perspex 
sheet. A pentolite donor was suspended between the plate and sheet and detonated. 
On recovery, the steel plate was found to be dished and the perspex sheet, pulverised. 

The streak record shows multiple reflections of the shock wave between the steel 
plate and the expanding bubble and also a transmitted wave through the plate. The 
steel plate is seen to be responding to the incident shock wave and the transmitted 
shock wave clears the plate approximately 18 jus after initial contact. The mechanism 
of the steel plate's response to the passage of the shock wave is not clear, it could be 
due to either localised motion of the plate (hence distortion) or the motion of 
embedded particles on the plate. Because of this uncertainity, the plates 'response' 
was not considered suitable for digitising and only the paths of the incident and 
transmitted shock waves were considered. These paths in the distance-time domain 
are shown in Figure 7. 
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Figure 6. Streak record (a) and framing records of the interaction of a shock wave with a steel 
plate and perspex sheet, (b) 4 /JS and (c) 8.5 fjs after initiation of the donor 

charge. 

10 
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Figure 7. The path of the shock wave incident onto, and transmitted from, the steel plate. 
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Calculations of the velocity of the shock wave from the gradient of the distance-time 
curve in Figure 7 show that the average velocity of the shock wave incident onto the 
plate was 3.9 ± 0.3 mm I /us and that of the transmitted wave was 2.9 ± 0.2 mm I jus. 
The reduction in the shock wave velocity across the steel plate and the intense 
reflected wave shown in Figure 6a indicates that poor impedance matching occurs 
between water and steel, consequently, a significant amount of the shock wave's 
energy would be expected to be absorbed by the steel plate. The pressures in the water 
at these points may be calculated from equations (1) and (2) as 4.9 ± 0.6 and 2.1 ± 0.3 
GPa respectively which shows that the 6 mm steel plate has attenuated the shock wave 
by approximately 60 % of its incident value. There is no clear evidence in Figure 6, of 
additional transmitted shock waves produced by multiple reflections of the shock 
wave between the bubble and plate. 
Estimation of the width of the silhouette of the steel plate from the streak record in a 

region free of optical distortion, indicates that the plate was dished by 22 mm whereas 
the degree of dishing of the plate measured after the event was found to be 25.5 mm. 
Because of the close correlation between these two results, we suggest that the damage 
to the plate may be attributed to the shock wave alone. 
Similar shock wave interaction occurs between the perspex sheet and bubble. The 

digitised path of the shock wave incident onto and transmitted through the perspex 
sheet is shown in Figure 8. The almost constant velocity gradient across the perspex 
sheet indicates that the shock impedance of perspex is more closely matched to that of 
water. 

11 
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Figure 8. The path of the shock wave incident onto, and transmitted through, the perspex sheet. 
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Calculations from the distance-time curve shown in Figure 8 indicate that the average 
velocity of the shock wave incident onto the perspex sheet is 4.2 +0.3 mm I /JS . This 
velocity is slightly greater than that for the steel plate because the donor is closer to 
the perspex sheet. The average velocity of the transmitted wave beyond the perspex 
sheet, was 3.9 ±0.3 mm/ ps . The pressures calculated at these points were 6.1 ±0.8 
and 5.0 ± 0.7 Gpa respectively which indicate that the perspex sheet has attenuated the 
shock wave by approximately 20%. 

4.3 Initiation of detonation in a Composition B receptor. 

Figure 9 illustrates the initiation of detonation in an explosive material by an 
underwater explosion. A Pentolite donor was suspended in water, approximately 40 
mm from a Composition B acceptor and detonated. The streak record shows a shock 
wave reflected from the acceptor charge 1.5 //s after the incident wave contacts the 
front of the acceptor whilst detonation breakout is seen to occur 15.2 //s after incident 
wave contact. At detonation breakout, the donor charge's bubble radius has expanded 
by 24 mm and has not made contact with the acceptor charge. Both framing and streak 
records show the luminous detonation front in the acceptor and the development of 
the shock wave in the water from the detonating acceptor. The linear distance-time 
response of the reaction in the acceptor charge shown in the streak record indicates 
that detonation has reached a stable state after detonation breakout. 

12 
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Figure 9. Streak record (a) and framing records (b&c) showing detonation of the Composition 
B receptor charge, initiated by the underwater shock wave. 
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The digitised path of the shock wave incident onto and reflected from, the 
Composition B receptor is shown in Figure 10. 

13 
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Figure 10. Path of the shock wave interacting with the Composition B acceptor. 

Surface of 
acceptor 

40 - 

35  - 

| 30 

O- 

o 20 

S 
Q 

10   - 

!■■ 

Path of reflected 
Shockwave 

Path of incident 
Shockwave 

j I I L '      '      i l I l I l I I I l 1 1 

"-2 0 2 4 6 8 10        12 14        16 
Time, us 

Velocities calculated from Figure 10 were plotted against distance from the surface of 
the donor and are shown in Figure 11. Reduced distance was not used as the second 
variable in this plot because on reflection, the properties of the reflected shock wave 
are determined by the interface between the water and the Composition B acceptor 
and thus are independent of the dimensions of the donor charge. 

Figure 11.  Velocity-distance (from donor) path of the shock wave initiating detonation in the 
Composition B acceptor. 
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Figure 11 shows the velocity of the shock wave incident onto the acceptor (AB), the 
acceptor (C) at rest, and the velocity of the reflected shock wave (DE). The velocity of 
the shock wave incident onto the Composition B acceptor is 2.8 ±0.2 mm I fjs. 
Using equations (1) and (2), impedance matching techniques and this shock wave 

velocity, the pressure in the Composition B acceptor may be calculated as 2.7 ± 0.4 
GPa, a value close to, but greater, than the detonation pressure threshold (2.5 GPa) for 
Composition B3 [8], a composition similar to that used in our experiments. 

4.4 Initiation of burning in a Composition B receptor. 

The initiation of a low order reaction in an explosive acceptor by an underwater 
explosion is shown in Figure 12. A pentolite donor and Composition B acceptor were 
positioned approximately 58 mm apart and the donor charge detonated. The framing 
records show the shock wave interacting with the acceptor but there is no visual 
evidence that the Composition B acceptor detonated. Neither the characteristic 
luminous detonation front in the acceptor nor the expanding shock wave from the 
acceptor was seen to occur in the framing records. The acceptor expands during the 
passage of the shock wave which indicates that a reaction has taken place within the 
charge. From the framing camera's records, the rate of expansion is estimated to be 
1270 m/s. This value is greater than the rate of expansion (850 m/s) measured by 
Liddiard and Forbes [2] for the burning of Composition B and is less than the value 
measured for the expansion of a detonating pentolite sphere (4600 m/s) described 
earlier in this paper. If the acceptor detonated, its velocity of expansion would be 
similar too, or greater than that of, the detonating pentolite sphere. Hence, the lower 
value estimated for the expansion of the Composition B acceptor indicates that the 
acceptor burnt because the effect lies more closely to a burning reaction than a 
detonation reaction. 

15 
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Figure 12.    Streak record (a) and framing records (b & c) of a low order reaction in a 
Composition B acceptor, initiated by an underwater shock wave. 

16 
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The poor exposure of the streak record limited the path over which the shock wave 
and expanding bubble surface could be tracked and digitised. Consequently, the 
interaction of the shock wave with the acceptor charge was not recorded. The 
digitised path of the expanding shock wave over a limited distance is shown in Figure 
13. The velocities calculated from the gradients of Figure 13 were plotted against 
distance from the sphere's surface and are shown in Figure 14. 

Figure 13.    Path of the underwater shock wave initiating a low order reaction in the 
Composition B acceptor. 
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Figure 14. Velocity-distance path of the underwater shock wave that initiates a low order event 
in the Composition B acceptor. 
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The polynomial of best fit for this curve is given by; 

U = 4.57 - 0.0275 - 0.0004s2 (6) 

where U is the velocity of the shock wave in mm I jus and s is the distance from the 
surface of the sphere in mm. The coefficient of determination for equation (6) is 0.998. 

Measurements from the streak record indicate that the separation between donor and 
acceptor is 58.7 mm. Equation (6) predicts that the velocity of the shock wave at this 
distance from the donor is 1.6 ±0.1 mm I fjs. The pressure in the Composition B 
acceptor due to this underwater shock wave may be calculated from equations (1), (2) 
and impedance matching techniques as 134 ±10 MPa, a value that is significantly 
lower than Composition B3's detonation pressure threshold. 

4.5 Perspex shielding effects. 

The interaction of an underwater shock wave with a Composition B acceptor shielded 
by a perspex sheet positioned 31mm from the donor charge is shown in Figure 15. The 
acceptor was glued to the perspex sheet and supported by adhesive tape, attached 
from the perspex sheet to the end of the acceptor. The shock wave produced by the 
detonating donor expanded into the water, propagated through the perspex sheet and 
into the acceptor charge, after which the characteristic luminous detonation front is 
visible on the streak record.  Detonation breakout occurred 10 ju s after initial impact. 
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The sheet appears to have remained intact during this period and this suggests that the 
reaction in the acceptor was initiated by the shock wave and not particle impact 
produced by the disintegrating perspex sheet. Again, the detonation reaction in the 
acceptor was complete before the expanding detonation products reach the acceptor 
charge. The digitised path of the shock wave incident onto the perspex sheet is shown 
in Figure 16 and the variation in velocity with distance is shown in Figure 17. 

Figure 15.   Streak record (a) and framing records (b & c) showing detonation of a perspex 
shielded Composition B acceptor. 
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Figure 16. Distance-time plot of the shock wave incident onto the perspex sheet. 
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Figure 17. Velocity-distance curve for an underwater shock wave that initiates detonation in a 
perspex shielded Composition B acceptor. 
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The polynomial of best fit for the curve shown in Figure 17 is given by; 

U = 4.89- 0.0355 -0.0003s2 (7). 

The coefficient of determination for equation (7) is 0.999. 
For the measured separation between donor and perspex sheet of 31 mm, equation (7) 

indicates that the velocity of the shock wave at the sheet is 3.7 ±0.2 mm I fJS.  Using 
methods similar to that described above, the pressure within the Composition B 
acceptor may be calculated as 5.6 ± 0.8 GPa. 

4.6 Compilation of velocity/reduced distance results. 

The variation in velocity with reduced distance from the donor for the shock waves 
described earlier in this paper is shown in the compilation of results in Figure 18. This 
Figure shows curves, the gradients of which fall into two distinct sets, with the 
difference between their initial velocities of approximately 1000 m/s. These results are 
somewhat unexpected because this effect could be produced if pentolite has more than 
one detonation state, each with a different velocity of detonation. Under these 
circumstances, and depending on the conditions of the experiment, it would be 
possible for shock waves of different initial velocities to be produced at the 
explosive/water interface. However, as pentolite is known to have one detonation 
state and as the method of initiation, the casting technique, the quality of the pentolite 
charge and the experimental technique was identical for each experiment, the 
differences between the initial velocities of the shock waves cannot be simply 
explained. 
The spread of initial velocities and the gradients may of course, be a function of the 

correction factor applied to curves 1 and 2 in Figure 18 to compensate for the 
difference between measured and reference velocity of detonation of Composition B. 
The true correction factor may not be constant as first assumed (0.7) for the turbine 
speed of 480 jus but linear, such that the rate of change in velocity of the shock wave 

with (reduced) distance is less. 
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Figure 18. Compilation of the results showing the variation in Velocity with Reduced Distance 
from the donor for shock waves investigated in earlier experiments. 
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When each set of results is considered in isolation, the results are reasonable. All 
show an initial high velocity of the shock wave with a rapid reduction towards water's 
acoustic velocity, the pressures within the Composition B acceptors, calculated from 
experimental observations, could be expected to produce the effects they achieved and 
whilst a pressure of 5.6 ±0.8 Gpa predicted for a perspex shielded acceptor is 
somewhat high, it is not unreasonable given the simple methods used to analyse the 
results from these experiments. 
Despite the above variation in the sets of results, a polynomial curve of best fit to 

describe the data in Figure 18 is given by; 

U = 4.43 - 0.036J? + 0.0001Ä2 (8) 

the coefficient of determination for this curve is 0.91. 
A summary of predicted pressures within the Composition B receptors and the 

observed effect of the interaction of an underwater shock wave on the receptors is 
shown in Table 2. 
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Table 2. Predicted and observed effects of the interaction of shock waves with Composition B 
receptors. 

Experiment described in 
section: 

Predicted pressure in 
Composition B 

GPa 

Result 

4.3 
4.4 
4.5 

2.7 ±0.4 
0.134 ±0.01 

5.6 ±0.8 

Detonation 
Burning 

Detonation 

Detonation occurred in each case where the predicted pressures within the receptor 
exceeded the detonation pressure of Composition B (2.5 GPa). 

5. Conclusions. 

Experimental studies have shown that in the near-field, close by an underwater 
explosion; 

1. 

2. 

3. 

the velocity of the shock wave falls more quickly than that predicted by the inverse 
square law, consequently, the experimental curve of best fit described by equation 
(8) is suitable to describe the variation in shock wave velocity with reduced 
distance, 
damage sustained to simple structures and the initiation of both detonation and 
burning reactions to Composition B may be attributed to the passage of the shock 
wave alone and 
results obtained from impedance matching techniques used to predict pressures 
within Composition B acceptors suggest that peak pressures are the critical 
initiation parameter of an underwater shock wave. 
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