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Fig. 24. Position of the ‘air-cell’ in the forming operation

Results

Fig. 27 compares the variation of polar deflection with
stand-off distance for mild steel specimens using either
and ‘air-cell’, ‘cardboard ring’, or the normal arrangement,
i.e. neither ‘air-cell’ nor ‘cardboard ring’. The head of
water above the specimen, H+4 S, was constant at 4 ft
and a charge weight of 12 g of plaster gelatine used
throughout. A comparison of the profiles of the
deformed specimens using the ‘air-cell’, ‘cardboard
ring’, and the normal arrangement is shown in
Fig. 26.

Discussion of results
The results show conclusively that the presence of an
Proc Instn Mech Engrs 1964-65

‘air-cell’ increases the polar deflection over that obtained
with the normal blank. The ‘cardboard tube’, however,
reduces the polar deflection at the smaller stand-off
distances, allowing the charge to be positioned closer to
the blank before rupture occurs.

With stand-off distances greater than 15 in there is no
appreciable difference between the polar deflection
obtained using the ‘cardboard tube’ and the normal
blank, Fig. 27. This seems to indicate that at these larger
stand-off distances the amount of deformation is primarily
dependent upon the initial shock wave. At the smaller
stand-off distances it appears that the tube acts as some
form of barrier to the mechanism causing deformation.

A possible explanation for this is that the tube resists
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Fig. 25. Position of the ‘cardboard ring’ in the forming operation

the inflow of water into the cavity left by the deforming
blank after the passage of the initial shock wave, It seems
unlikely that its presence will seriously modify the flow of
water in the vertical direction, but it could act as a
barrier to any radial inflow that may occur and thus tend
to nullify any diffraction effect.

The results from the ‘air-cell’ tests indicate the exist-
ence of a ‘water hammer’ (or slam) effect. The primary
shock wave will break the polythene seal and the sur-
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rounding water, assisted by the expanding gas bubble,
will rush into the cavity.

At the larger stand-off distances, the influence of the
expanding gas bubble will be less and the rate at which the
water flows into the cavity will be less. It could be held
that if a true water—air interface existed with the breaking
of the polythene seal, the initial shock wave would suffer
partial reflection at this surface and the reflected wave
would necessarily be one of tension. Thus acoustic theory
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2 3

Fig. 26. Comparison of deformed 20 s.w.g. mild steel blanks using a charge weight of 12 g of plaster gelatine at 12 in stand-off
distance. Head of water above blank was constant at 4 fr (1) with ‘cardboard ring’; (2) normal arrangement, neither

ring nor cell; (3) with the ‘air-cell’

would predict that the particle velocity of the water
flowing into the cavity would be increased over that of a
particle in free water experiencing the same incident
pressure pulse. The limiting value will be double that of
a particle in free water if total reflection of the incident
wave occurs at the water-air interface. With increasing
stand-off the pressure at the interface will decrease and
consequently the particle velocity of the water flowing into
the cavity will decrease. This hypothesis implies a reduc-
tion in the deformation attributed to the shock wave alone
—partially, in the case where a portion is transmitted
through the air layer to the specimen and, wholly, in the
case of total reflection at the interface.

It is impossible from the tests performed to establish
whether this is achieved. However, what is conclusive is
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Fig. 27, Comparison of polar deflection wversus stand-off
distance for 20 s.w.g. mild steel blanks using the ‘air-
cell’. Charge weight and head of water above blank
constant at 6-25 g and 4 ft respectively
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that the inflow of water into the cavity is sufficient to
impart additional energy to the blank in excess of what is
normally obtained.

Part 6. PERIOD OF THE OSCILLATING
GAS BUBBLE

Purpose

The manner in which the pulsating gas bubble can con-
tribute to the damage incurred by a target plate has been
referred to under the heading ‘The shock wave and
factors capable of influencing the damage effect’.

An indication of the forming times of the specimens was
obtained from the velocity measurements of Part 2. The
purpose of this present investigation was to establish
whether any secondary pulses from the gas bubble had to
be accounted for during the time interval over which the
velocity measurements were taken.

Specific experimental procedure

In order to measure the period of oscillation of the gas
bubble a quartz pressure transducer was mounted in a
rigid plate which replaced the normal specimen. This
experimental configuration would not simulate the subse-
quent pressure distribution over the target plate as
experienced with the deforming specimen. However,
Chambers (29) maintains that the behaviour of the gas
bubble itself is little affected by the target plate, ie.
whether the target plate deforms, or does not, in response
to the pressure pulse.

The quartz transducer was connected to a piezo-
amplifier which attenuated the signal and relayed it to
an oscilloscope. The resultant trace on the oscilloscope
was recorded by a Polaroid-land camera.

Tests were conducted at 6, 24, and 60 in hydrostatic
head using the no. 6 detonator alone and with charge
weights of 6, 12, and 24 in of Cordtex at 12 in stand-off
distance.

Several tests were performed to ensure the repeatability
of the results and various sweep speeds of the oscilloscope
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were employed to determine the first and subsequent
periods of oscillation if these should occur.

Results
Fig. 28 shows the period of the first oscillation of the gas
bubble plotted against (charge weight)!/® for hydrostatic
heads of 24 and 60 in.

The charge weight is expressed in inches of Cordtex;
the chemical energy of a no. 6 detonator is equivalent to
1-02 in of Cordtex.

Table 9. Charge weight—No. 6 detonator

Hydrostatic head, ’ Period of oscillation in msec

in ft
} ist | 2nd 3rd 4th
1 16-75 l None recorded
2 185 | None recorded
5 None recorded

Table 10. Charge weight— Detonator+-6 in of Cordtex

Hydrostatic head, ' Period of oscillation in msec

in ft i
1st | 2nd | 3 4th
+ " None recorded
2 35 None recorded
5 335 None recorded
|
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Fig. 28. First period of bubble oscillation versus (charge
weight)*? ar different hydrostatic heads
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Table 11. Charge weight— Detonator+ 12 in of Cordtex

|

Hydrostatic head, Period of oscillation in msec
in ft .
st | 2nd 3d | 4th
1 ' None recorded ‘
2 43 34 | 16 | 11
5 42 None recorded

Table 12. Charge weight—Detondtor+24 in of Cordrex

Hydrostatic head, Period of oscillation in msec

i
in ft i
| 1st 2nd 3d | 4t
1 ! None recorded
2 53 41 | 30 | —
5 ; 515 Nc‘)ne rccorde‘d
|

Discussion of results

Fig. 28 demonstrates that the first period of oscillation is
dependent upon (charge weight)*/®. This has been verified
experimentally before for larger charges (18) but these
results illustrate that the relationship holds well for small
charges.

With the proximity of the water surface is associated
a decrease in the period of oscillation. This was predicted
theoretically by Herring (25) and is verified by the results
using the detonator alone (see Table 9).

Increasing the charge weight near the water surface
results in the gas bubble venting and no subsequent pulse
occurring. This was asserted by Corbett and Bicker (22).

The period of the second and subsequent pulses
decreases as indicated by the results from (detonator--
12 in of Cordtex) and (detonator+24 in of Cordtex) at
24 in hydrostatic head as shown in Tables 11 and 12.

Only the first period of oscillation was recorded at the
60 in hydrostatic head and if subsequent pulses did occur
they were too weak to be detected by the transducer. This
could be due to the upwards migration of the gas bubble, a
greater buoyancy force existing at the larger depths.

Previous investigations (18) have concluded that the
period of oscillation is dependent upon the hydrostatic
head by the relation,

1
(H+33)%8
where H is the height in feet from the water surface to the
charge and the figures 33 refer to atmospheric pressure
in feet.

The present tests demonstrate that the period decreases
with hydrostatic head (see Fig. 28), but at a slower rate
than 1/(H+33)%¢. However, this present work was not
the subject of exhaustive testing and therefore, without
further tests, it cannot be stated conclusively that the
above relationship does not apply for the system para-
meters involved. In addition, only very small changes in
hydrostatic head have been investigated, when compared

period oc
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with the equivalent head corresponding to atmospheric
pressure. To use a semi-empirical expression to detect
such a subtle variation may lead to erroneous conclusions.

CONCLUSIONS

This paper presents many new experimental results con-
cerning a process which is extremely complicated. Though
much previous investigation and analysis have been con-
ducted by military and naval research groups over many
years, it could not be claimed that most of the possible
variables entering into it have been correlated. Indeed
having regard to the volume of work done it is surprising
how little the damage process is understood.

It is the authors’ hope that they have succeeded in this
paper in three aspects:

(i) by presenting new and fuller experimental results,

(ii) in drawing attention to the existence and influ-
ence of the many parameters of the underwater explo-
sion process and thus contributing to the establishment
of a useful background knowledge such as is, or will be,
required by research and development engineers con-
cerned with exploiting the constructive use of explosives
for sheet-metal forming, and

(iif) in stimulating either, discussion about the effects
considered or, other workers to take up and carry out
testing that will ultimately illuminate the whole
mechanics of the process.
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APPENDIX I

Fig. 29 shows the reflection of the primary shock wave from the
wall of the confining tank on to the blank; to simplify the calcula-
tion this is assumed to emanate from a virtual charge.

If S?<R?

aS
arc of = dec = 3R

The total area through which the pressure pulse passes before
being reflected 'on to the blank is,

a$s
-QT? X27R = aS»

To a first approximation it can be assumed that a direct relation-
ship exists between the polar deflection of the specimen and the
energy incident upon it.

Total polar deflection (87)

= Deflection due to primary shock wave
+diffraction, cavitation, and bubble pulse effects (8,)
+-deflection due to reflected energy (8)z.

The peak pressure (P,,) in the primary shock wave decreases

approximately as the inverse of the distance (D) from the charge.
Thus the energy flux in the shock wave

1 K
b—2=5'2 - - . . . (9)

aPyle
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Fig. 29. Model showing reflected energy from the walls of
the confining tank

Total reflected energy from tank wall

= 7Sa X EKE N ¢ (1))
Total energy from primary shock wave incident upon the blank
= 7wa? X% R ¢ B )

This assumes no losses by reflection at the tank wall or blank;
to account for these constants G; and C, could be ascribed to
equations (10) and (11).

Results obtained in Part 1 were redolent of the fact that subse-
quent bubble pulse effects could be ignored in the present case.
Thus only the energy associated with cavitation and diffraction
effects need be considered, which should be related to the energy
in the primary shock wave, say by a constant Cj.

Thus total energy incident upon blank

= ‘direct energy’ +‘reflected energy’

= (C1 5 ma?4-Cy 5— rraz) +(Cz I%ij 'n'Sa)

S2 SZ
Reflected energy (Ez) _ C:KnSa % 52
Direct energy (E,)  R? (C, +Cs)Kna?
_ C,8°
T (Ci+Cy)R%a
Writing Co/(C1+C3) = 1/A and with R = 1} frand a = ; ft
. Ern _ 2
For 6 in stand-off E, 94
: E, . _3_
For 9 in stand-off £, =14
, Ex _ 250
For 10 in stand-off E, =~ 2034
. Ex _ 16
For 12 in stand-off E, 54

Any value can now be assigned to A for predictive calculations.
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