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SWCC FOR PREDICTING THE DIFFERENCES BETWEEN SHALLOW AND DEEP

WATER EXTLOSIONS.

N Hogwood ‘1

ISVR, The University, Southampton, 509 SN“

1. INTRODUCTION

1‘1WW

Large quantities of explosive are used in umkrwatercivilian applications. especially in the
enlarging of harbourdraughts. This usually involves the removal of hard bed rock by shallow
underwater blasting. ofien in close proximity to jetties or quay walls. 01‘ obvious importance is
the prevention of damage to these structures. The lack of present knowledge concerning damage

constrains the blasting company no use small charges thus incurring large financial
pe hes. ,

1.2W

There is much ptesent knowledge on deep-fired underwater explosions mainly in the fonn of
empirical formula as set out by Cole [1] or Slitko [2]. The waveforms from shallow water

explosions are very different fiem deep water explosions. This was recognised by Snay [3] who
recorded tht ‘high amplinide efl'eeta‘ and cavitation affect the resulting pressure waveform.
However. until only recently there has been little research into the quantitative differences
between deep and shallow explosive. Chapman [4] produced one of the most significant papers
on tile subject. which includedrevised empirical formulae for shallow-fired underwater
exp osions.

 

     

 

        
       

      
  

       

      

    

   
      

   
    

  
 

But there is a fimdamemal lack of analytical knowledge concerning damage criteria for massive
structtnes. Manyofthepaperswrinmonthissubject areofmilital'yoriginandhencearemore

concerned with the maximumeharge size a structure can survive without being compleme
destroyed. Blasting companies. home. are me interested in the minimum charge size that a
massive stnrcnne can survive without any damage mowing. On this subject there are very few
papets.

2. THEORY

2.1Winn

lnshallowwaterthepressuelimehistoryisuearednotonlyfromthedirectwavebutalsofom
reflections of the signalatthewater surface and seabed(see Figure 1); Each ray, subsequent to

theditectwave.willbeinvmedbyeachiefleecionatthewatersutface andattenuatedbyeach
reflectionattheseabed.

lemgemgesmodalmalysismaybeused. It cannotbeusedforthe shallow watercase since

theafiecledsuucuneisusuallyinthenearfieldoftheexplosivesotnce. Amoreappropriate
methodofnndeflingdiismultipadtpropflgafionforsmallnngesistouseraytheory.
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The pressure waveform recieved at Q, as shown in Figure 2. assuming both surfaces are flat andparallel to each other. may be easily calculated by a simple image-source modle.The efi‘ective
rangeofeach imagecanbecalculatedas

R? = (.2 + (2m - D - Z)2)Ifl
16?): (r2 + (er - D + 2mm
R?) = (r2 + Oil-1+ D - ml)!!!
11‘? = (re + (2m +1: + 2mm

The range. charge depth. water depth and observer depths r. D, H and Z are shown in Figure l,
andi is any positive integer in the range 0 to «an.

By allowing for the differences in image ranges and hence the time delays and attenuation withdistance. the pressure time history can be constructed This operation was performed for a rangeof the geometrical parameters.

2-2

Using the pressure waveform calculated by means of the Method of Images the pressure spectrumof the waveform was obtained. The pressure spectrum was estimated by taking the Fast FourierTransform (FPT) of the pressure wave.

The pressure spectrum is of greater value than the pressure waveform as it displays the waveformas a function of frequency. This allows us to observe how much of the pressure wave isconcentrated into the frequency range in which massive structures respond. of say 0-100 Hz. andhence how much the pressure wave is likely to excite the structure.

A more general method of presenting the results is to use the Shallow Water CorrectionCoefficient (SWCC). The SWCC is the FFT of the total pressure waveform with reflectionsadded in divided by the FF!‘ of the direct pressure waveform This is effectively a transferfunction relating the spectra] pressure level in a shallow water explosion to that obtained in deepwater. It is of use first since the spectrum for deep water explosions is well established, andsecond it is independent of the time history of the shock wave generated by the explosion. litheresonant uency of the affected structure is known. it presents a mmure of how much less thestructure ' beafiectedbyblastinginshallow water.conrpandtotheeft‘ectindeep water. Thisis of use since infromation is available concerning the response of structures in deep water.
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3. RESULTS

To plot the results more generally. a set of non—dimensional groups were formed. These gtoups

were:

fl
cNon-dimensional frequency =

2. Non—dimensional range ={1-

3. Non-dimensional observation depth = 1:;

where r is range; h is depth of water, 1 is ohsq'vation point depth; c is speed of sound in water,

and f is frequency.

The maximum frequency of interest for massive structures is of the order of 100 Hz. The typical

water depth is 20 m. Therefore the matdmum non-dimensional frequency of interest is of the

order of 1.4. 1he plots presented are of the SWCC versus non-dimensional frequency. up to

non-dimensional frequencies of about 1.5. The resulting plots are shown in Figures 3 to 4. The

figures show varying non-dimensional ranges and bottom reflection ooeflicient (BRC).

4. DISCUSSION

By reference to Figure 3 it is easy to see that at certain non—dimensional frequencies the SWCC

becomes large. Itis thesepo‘tnts which areofintetesLasifoneottl-tese peaks were tocoincide

with the resonant frequency of the structure then severe damage of the structure may occur. It is

easily easntilhlished that the peaks shown in the waveform coincide with those predicted by using

modal ysrs. '

Figure 3 presents both a non-typical (BRC = 1.0) and typical (BRC = 0.5).case To have aBRC

of 1.0 is in fact only true for rigid bottoms which is never the case in practice. The case of BRC

equal to 0.5 is analogous to a typical blasting operation artd is a better model of the attenuation

that a seabed 0563. However. the SWCC is still largerthan 0 dB at most pains in the

waveform. sothepressmeduetodtetomlpresmwaveislargerfltandtatduetodtedirect

wave. It must be noted though, that massive means have very low resonance frequencies for

which the SWCC is less than 0 dB. Also there are still peaks oectu-ring in the waveform. but

these are of a considerably Iowa level. In the vicinity of these peaks the SWCC is of the order of

‘ 5 dB and may be of significance for structures with high reasonant frequencies.

The above points are true of both non-dimensional ranges considered. But for a non-dimensional

range of ten the waveform with a BRC of 0.5 (Fun 4) has a much lower SWCC at low non-

dimensional frequencies. This is because the direct and reflecwd wave arrive almost

simultaneously at the structure. thus almost totally cancelling one another. The SWCC then rises

to approximately the same level as that for the case ofone non-dimensional range. at a non-

dirnensional frequency of about 1.2. So for an increase in non-dimensional range the first

maximum of the SWCC will mm at the same non-dimensional frequency.
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5. CONCLUSIONS

The following conclusions are drawn.

,1.

[ll
[2]

[3]
[41

5.8.8

The Shallow Water Correction Coefiicient has local maxim greater than modB
for non-dimensional frequencies above 0.2 Hence. the magnitude of the total
shallowwaterpressurewaveisgreaierthanthatofthedirectwaves. Inpractice

strucutres have low {resonance nencies i.e. non—dimensional frequency of
appmximately 0.1. at which the S CC is less than 0 dB. For the case often

non-dimensional runes the SWCC is about -40 dB and hence thae is no chance of
the resonance frequency of the strucnne being excited.

For structures of high resonance frequencies, situated on a rigid bottom
(BRC=1.0) there is a real chance the resonance fiequency of the structure may

coincide with amaxim of the SWCC (at 0.23. 0.75 or 1.26 non-dimensional
frequencies). This coincidence could lead to large excitations of the strucutre, and
hence damage occurring.

With a BRC of 0.5. structures with high resonance frequencies are less

vulnerable to excitation as peaks in the SWCC waveform are much broader.

However, care should still be taken to avoid coincidence of the resonance
frequency and these peaks.
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Susan P. Boyle

Institute of Sound and Vibration Research
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Large quantifies of explosives are detonated underwater in enlarging harbour draughts by
removing the hard bed rock which cannot be dredged. and many other civil engineering
operations. Usually this blasting occurs in close proximity to structures that may be damaged bythe waterborne shockwave e.g. divers. jetties, and quays. Although much is understood aboutdeep water explosions. there is a lack of fundamental information regarding how the shock wavesfrom explosives interact with and damage these structures in shallow water. This limitation ofknowledge results in the blasting company having to incur severe financial penalties due to theneedeither to use small charges or to enforce large exclusion zones both for the divers and thegeneral public. in order to ensure complete safety.

Bubble curtains (that is. streams of bubbles produced at depth in the water from compressed aircylinders) have been used to some effect in reducing the levels of waterborne shock. Thisinvestigation aimed to produce an analytical formulation of damage prevention mechanisms usingthese curtains of bubbles. and test them by experiments using scaled explosions in the laboratory.These results were then compared against measured data.

I. lNTRODUCl'lON

Air bubbles in water increase the compressibility several order ofmagnitude abOVe that in bubble-free water, thereby greatly reducing the velocity and increasing attenuation of acoustic waves. Theeffect of air bubbles in water on acoustic wave propagation was studied extensively during WorldWar [I as pan of an overall effort to apply underwater sound in submarine warfare. Currently air-bubble curtains are used to prevent damage of submerged strucrures e.g. dams. by shockwavesfrom explosives. as well as to reduce damage to water-filled tanks in which metals are formed byexplosives [1]. Reference [I] gives a detailed description of the previous and present applicationsof the pronounced attenuating properties of air bubble in water. from the earliest patented use byFessendon in 1920 [2].

The velocity and attenuation functions depend principally upon-frequency. bubble size andfractional volume of air. Below the bubble resonant frequency and in the frequency range ofmarine energy sources. acoustic wave velocity is essentially independent of frequency and bubbleradius. being well below the velocity in bubble-free water. .

Shockwaves in bubble-liquid mixtures have been studied by Crespo [3]. van Wijngaarden [4].and Campbell and Pitcher [5]. amongst others. However. the work has concentrated ondescribing the shock front mathematically and the variation in sound speed. This investigation isconcerned with the prevention of damage to humans and massive submerged structures by usingair-bubble curtains.
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2 BUBBLE PRODUCTION AND SIZE DETERMINATION

Initially five sintered plastic filters of porosity grades ranging in particle retention size from 10pm-

mm were obtained. Each pipe had dimensions L6" outside diameter x 1.305" inside diameter

x 8.5" length. -

2.1 Qgtemjuan'gn of fluhhle 5'25 and 2‘stn'bjttion The aims were:-

(a) to demonstrate the production of bubbles in water using the available porous

sintered plastic filters.
(b) to alter the bubble size produced by variation of the grades of the porous media.

(c) to measure the bubble sizes photographically. and

(d) to study the effects of varying air flow mtes and the air supply pressure on

bubble production.

       
2.2 s' lish h ~'v

' . The experiments were conducted in a steel tank of dimensions l.8tnxl.5mxl.2m

deep of fresh water. A framework was constntcted of 1m lengths of 1/2" stainless steel bar,

clamped with boss head clamps. in order to position the equipment accurately. The sintered

plastic pipes were placed in mm in the tank at a depth of D = 0.80m. End caps for sealing and

joining each pipe in tum to the air supply system were then manufactured. so that air at a low

pressure could be blown into one end of the pipe through an adaptor. the other end of the pipe

bein sealed. The air supply was capable ofdelivering 30 litres per minute at a maximum pressure

of 8 psi. A pressure regulator and a flow meter were used so that the air supply pressure and

volume flow rate could be monitored throughout the experiments.

The flow of air through each pipe as well as the pressure was varied and the consequent effects on

the production of bubbles noted.

Sintered Plastic Pipe Grade 60 - Particle Retention Size: 10-15 microns.

The air pressure was initially set at 3.5 psi and the air flow rate at 3.75 litres/minute. Upon

allowing entry of air to the pipe there was a time delay before the water that had infused into the

pipe was ejected. initially large bubbles were formed near the end of the pipe where the air

entered and few elsewhere. 0n increasing the air flowmte to 4.5 litres/minute a few more bubbles

appeared down the length of the pipe. These bubbles were ejected from specific points on the pipe

surface and then rose to the water surface in columns. but were still concentrated at both ends.

The bubble streams were produced from apparently random points along the whole length of the

pipe. However. it was noticed that all bubbles were produced from the top surface of the pipe and

that the bubbles were very small i.e 1mm or less in diameter. Increasing the air flowrate just

increased the already numerous amounl of bubble streams. and when the air flowrate was set to

4.5 litres per minute and the air pressure varied between 2 and 10 psi the number of bubble

streams decreased and increased correspondingly.

Funher experimentation involving the other grades of filter was undertaken with the consequences

of varying the air pressure and flow rate comparative to above.

2.3 The previously described experiments were

then repeated using the five grades of sintered plastic filter. the object being to attempt to measure

the bubbles produced by photographic means. The five filters were each suspended at a depth

590 . ~ I Proe.l.O.A. Vol 11 Part 5 (1989)  
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D = 0.8m in the tank in turn and compressed air at a pressure 3.4 psi and a flowrate of 4-10
litres/minute was injected. An trndenvater video camera and TV monitor were used to record the
bubbles.

2.3.1 Estimating the Bubble Sizes using a Comparison Method. initially the underwater camera
was positioned so that the bubble sizes would be estimated using a comparison of their diameters
with the known diameter of the sintered plastic filter. used as the reference diameter.
Unfortunately the resolution of such a picture is inadequate to produce a reliable estimation of
bubble size i.e. the outer perimeters of both the individual bubbles and the filter are not distinctly
visible. This method is also unreliable due to the depth ofview of the camera. as not all the
bubbles are necessarily in the same plane normal to the camera This will cause en'ors.
particularly in estimating the range in bubble sizes produced by each filter as any discrepancies in
diameter measurement could be attributed to the bubble being a slightly different distance from the
camera. Another major source oferror occurs at the ends of each filter as larger and relatively
more bubbles are produced at these positions.

2.3.2 Estimating the Bubble Sizes usin"= a Thin Stream of Bubbles. A more accurate method was
to partition offs thin stream of bubbles, one bubble wide. with 24 guage aluminium sheeting bent
and positioned immediately above the sintered filter. Bending the sheeting meant that the bubbles
not actually required were directed away From the camera's field of view. This gave a much
clearerrepresehtation on the monitor and a piece of graph paper photocopied onto acetate sheet
with a white backing was placed immediately behind the bubble stream. By comparing the bubble
diameters to the graphical dimensions an estimate of the diameters was possible. In order for this
comparison to be made both the bubbles and the graph paper had to be in focus simultaneously.

Another problem encountered was that when the video film was replayed. the bubbles appeared in
streaks as their rate of ascent was relatively high. In order to get resolute pictures of individual
bubbles a srroboseope was used. set to 1500 flashes per minute to get the best time resolution. It
was also found necessary to tum out any other lights in the laboratory to improve definition.
Figure 1 shows the experimental set -up used.

tb le M s trem nt For each filter an estimate of the range of bubble
diameter was made. This is shown on Figure l with the curve being drawn through the median
value. As' each filter only has an estimated range of panicle retention size. the mid-value of this
range was used for plotting.

Initially the relationship was thought to be parabolic and by plotting on log paper a relationship
between the nave variables of

particle retention size (um) = "100 (observed btrbble diameter (mm))m

was achieved. This is also plotted in l-‘igure 2.

2.5
1. The method used in 2.3.2 gives the most reliable and accurate measurement of

bubble diameter produced by the sintrrcd plastic filters. Method 2.3.2 typically
produces an esitmate 0.2-0.3 mm more accurate than 2.3.1. '

2. There is a range of observed bubble diameters produced by each filter. This width
of range does not seem to be related to the particular particle retention size of the
filter. but is typically 0.3-0.5 mm.

Proc.l.O.A. Vol 11 Part 5 (1989) 591
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The bubble diameter seems to tend towards a finite value with inmased particle
retention size. There may he a parabolic relationship.

particle retention size (um) = I000 (observed bubble diameter (mm))m

3. TRANSMISSION LOSS DUE TO A BUBBLE CURTAIN

As previously explained, the speed of sound in an air-water mixture is greatly reduced when the
air bubbles are all much smaller than the resonant size of the particular sound frequency under
investigation. Ab0ve this the effect of the suspended air content is negligible. 'lhis investigation
is aimed at reducing the particular frequency components of the shockwave which would damage
massive structures and cause injury to divers.

3.1 It has long been established that the air-
cotttaining organs are the most susceptible to damage - the ear. respiratory system and the
intestines/abdomen. Lttng damage is often cited as the predominant injury. although the ear drum
has been shown to rupture at around 35 kPa IGI. Bowen et al [7] showed the percentage mortality
from lung damage as a function of peak pressure and shockwave duration for air blast. This
suggests no injury below a peak pressure of 70 kPa. but above this impulse is the damage
controlling criteria. Jonsson [8]. extrapolating work from rabbits, quotes a fundamental natural
frequency for the human chest at 20-60 Hz. Existing BSI acceptable levels are a peak pressure Po

< 1.7 x 105 Pa and an impulse I < I5 Pas. Wheezing from the lungs has been seen to occur

where Po 4 x 105 Pa. I = 20 Pa.s (9|.

For safety of large structures at sea relatively low frequencies of up to -— I00 Hz are important. As
explosion shockwaves contain substantial energy at low frequency it is obvious that one way of
reducing damage would be to lessen the energy content of these particular frequencies.

3.2 Innsmjssjgn [£55 [Mom - : hm; Media Problem This investigation was at l/50th scale.
This meant that instead of looking at frequencies fmm ZO-IOO Hz. those of I kHz-6 kHz were
examined. Reference [101 gives the equation for the transmission loss in a three media situation
with the first media the same as the third. i.e. in this case water- an air and water mixture - water.
as

IOIogt ———fir— dB (I)
-.. aI + 1/4(fi— sIn-kQL

where r. =chat-acten'stic impedance of medium 1 to water
r2 = characteristic impedance of medium 2 Le. air and water mixture
k2 = wavenumber of the frequency in question
L = width of the bttbble curtain.

In order to produce bubbles of a suitable size toabsorb the shockwave energy form I kHz-5 kHz,
filters producing bubbles of resonant frequency >> 6 kHz were needed.

3.3 This was carried out in a large tank of dimension 8mx8mx5m deep of fresh
water. Figure 3 shows the appamrus used. The bubble cunain was produced by using ten of the

ProeJ.0.A. Vol 11 Part 5 (1939) 
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previously used sintered filters connected in one row A spark source was used with hydrophone
i being a reference while hytlrophone 2 recorded the shockwave after it passed through the bubble
curtain. Figure 4 shows (a) the \vavcr‘omi recorded by hydrophone1 Le. the shockwave
generated by the spark source. and (hi tht: resulting waveform after the shockwave had passed
through the bubble curtain. The bubble curtain was produced by an air flowrate of 50 Umin at a
pressure 25 psi and was 2m x (l. l 2m wide at thaehydrophonc depth.

Figure 5 shows (a) the FFT of the shockwttt'e recorded by hydrophone l and (b) the FFT
recorded by hydrophone 2. By dividing (b) by (at we can get the insertion loss due to the bubble
curtain, see Figure 6. Figure 6 also shows the loss predicted by equation 1. Frequencies up to
about 40 kHz are attenuated. with 37 dB reduction for frequencies between 1 kHz-6 kHz. The
experimental results show far more a loss than those predicted by equation 1, by as much as 25
dB in some cases. At high freqencies l ~40 kHz and above the mixture behaves more as a
homogeneous medium of water and tli c bubbles have no effect on the sound propagation.

3.4 anclpsions. -
1. Air bubbles can significantly reduce the pressure from a waterborne shockwave at

frequencies damn: rig to divers and massive structures Let between 20 and 100 HZ.
by upto 37 dB.

 

  

 

  

2. Experimental results shnti u an insertion loss due to the presence of a bubble
cunain up to 25 dB more than predicted with the 'three media' method.

3. in the freqency range bclmv the resonant size of the bubbles ite. < 6520 Hz in
these experiments. the attenuation increases with increasing frequency, decreasing
bubble radius. and increasing fractional air volume.
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AUDITORY HAZARD TO DNERS FROM UNDERWATER EXPLOSIONS

Claire Herbert

'ISVR, University of Southampton.

The sea is a noisy environment, but only recently has the need to introduce
hearing guidelines for underwater blasting been recognised. In many places,
divers and swimmers are exposed to explosive sources, such as compressed
air-guns, which are used for seismic explorations, and explosive stud guns. The
initial aim oi this project has been to investigate hearing underwater to
carrying out audiometric tests in air and water. Knowledge of the resulting
threshold shift can then be used, together with date from research into the
auditory hazard from air-borne blasts, to estimate the hearing damage caused
by undemater explosives.

Very little is known about the mechanisms of hearing underwater, and no
experimental studies have been carried out to assess the effects of
underwater blasting on divers heating. By investigating the auditory hazard
from underwater explosions a set of guidelines for hearing conservation
including safe stand 0" distances, can be established.
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