
COMMENTS ON 
“THE RADIATION OF ACOUSTIC WAVES FROM AN AIR-GUN”* 

BY 

A. ZIOLKOWSKI”” 

Safar’s (1976) paper does not contain a treatment of the radiation of acoustic 
waves from an air-gun. 

Safar attempts to predict three parameters of the acoustic wave generated 
by an air gun-the rise time and amplitude of the initial pulse, and the bubble 
pulse period-using what he describes as a ‘more realistic model’ than those 
proposed by Ziolkowski (1970) and by Schulze-Gattermann (1972). It is shown 
below that this model cannot be applied to guns operating in normal conditions. 

The argument used to support the successive approximations made in 
developing this model consists of three bold steps: 

I. ‘It is well known’, Safar says (p. 757), ‘that the amplitude of the pressure 
waves radiated by an air-gun is fairly moderate and therefore their propa- 
gation is a linear process.’ He then neglects the changes in the compressi- 
bility of the water caused by the transmission of acoustic waves of finite 
amplitude, and reduces the equation of motion of the bubble wall used by 
Ziolkowski (1970) to the simpler one used by Schulze-Gattermann (1972). 

2. Arguing that the particle velocity of the bubble wall is much smaller than 
the velocity of sound in water, Safar drops three of the smaller terms in 
this already simplified equation. 

3. The resulting equation is still nonlinear. However, Safar ‘finally beats 
it into shape in the appendix using a transformation which holds only ‘if 
the relative volumetric displacement (VC, - V)/V, is less than one’ (p. 771), 

where I/ is the instantaneous volume of the bubble, and VC, is the equilibrium 
volume, at which internal pressure and hydrostatic pressure are equal. 

This argument lacks rigour. 
In the first place, it is not ‘well known’ that the amplitudes of pressure 

waves in the near field of the bubble are moderate enough for changes in the 
compressibility of the water to be neglected. Ziolkowski assumed these changes 
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are not negligible, whereas Schulze-Gattermann assumed they are. Thus Safar’s 
first level of approximation turns on a point which has never been settled, but 
which will be discussed further in this note. 

Safar’s second step is simple to follow: for each term that is dropped, a 
much larger term is retained. However, Safar does not investigate the relative 
importance of the terms which remain, and it is not clear whether all the terms 
which are dropped are much smaller than all the terms which remain. 

Safar’s third step is so restrictive that the first two approximations pale 
into insignificance beside it. Safar requires the relative volumetric displacement 
of the bubble to be less than one. It follows that the maximum instantaneous 
volume V of the bubble must be less than twice the equilibrium volume V/‘O or, 
equally, that the maximum instantaneous radius a must be less than 1.26 ao, 
where a0 is the equilibrium radius. This condition can be satisfied only if the 
initial pressure in the bubble does not greatly exceed hydrostatic pressure. 

For guns operating in normal conditions the bubble will expand typically to 
a maximum radius a w 1.8 a0 (Ziolkowski 1970) ; this corresponds to a maxi- 
mum volumetric displacement of about five. Since Safar requires this maximum 
to be less than I for his ‘more realistic’ model to apply, his model does not apply. 

Having developed an over-simfilified model of the oscillating bubble, Safar 
makes no attempt to compute the shape of the acoustic radiation generated by it. 
Instead, he calculates only the amplitude of the initial pulse using a simple 
spherical divergence formula (equation 15) which is obtained from a book 
(Morse 1948) and which, he admits, is only valid at distances greater than 
several bubble radii. There is nothing in Safar’s analysis to allow for those near- 
field effects which he recognizes (p. 761), but which, at the same time, he 
ignores as he applies Morse’s far-field formula. His calculation of the amplitude 
of the initial peak is thus invalid. (See also Note A added in proof.) 

But Safar uses his model primarily to predict the bubble pulse period. His 
predictions are about IO y0 too low (he adjusts them by introducing auxiliary 
hypotheses after all the approximations are made). It is difficult to understand 
the reason for developing a model of such low accuracy primarily to predict the 
bubble pulse period, when there already exist empirical formulae which are 
more accurate. 

Safar’s final contribution is to develop a formula (equation 20) for the 
rise time of the initial pulse. This formula appears to contain no terms which 
are affected by the medium in which the gun is immersed. The expected rise 
time would thus be the same, whether the gun were fired in water, in a rarefied 
atmosphere, or under IOO meters of mercury. Clearly such a formula had to be 
tested: On p. 673 we read: 

‘The rise time of the initial pulse . . . is found to be 0.75 ms. In some 
experiments the measured value was about 2ms. This was because the 



562 A. ZIOLKOWSKY 

galvanometer used in recording the pressure pulse had a resonance fre- 
quency and damping factor of 300 Hz and 0.66, respectively. Allowance 
for this low frequency Yesponse indicated that the actual pressure pulse must 
have had a rise time close to 0.75 ms’ (emphasis added). ! 

Safar also makes some remarks about Ziolkowski’s (1970) model. Two of 
these deserve attention: the assertion (p. 757) that the use of Gilmore’s (1952) 
theory was unnecessary, and the comment (p. 757) that Ziolkowski’s model 
‘resulted in predicting a waveform [that] differs substantially from the meas- 
ured waveform’. 

The main purpose of Ziolkowski’s model is to predict the shape of the 
waveform generated by an air gun. To do this Gilmore’s theory for the oscilla- 
tions of a spherical bubble was used, because it allowed for the changes in the 
compressibility of the water caused by the transmission of finite amplitude 
pressure waves. How small do these changes need to be before the use of Gil- 
more’s theory becomes unnecessary ? 

This question is concerned as much with errors in numerical integration as 
it is with the physics of the problem: whether the changes in compressibility 
are included-as in Ziolkowski’s model-or whether they are ignored-as in 
Schulze-Gattermann’s model-the equation of motion must be integrated 
numerically. Using Ziolkowski’s model and Gilmore’s theory, it is found that 
the particle velocity at the bubble wall typically reaches a maximum of about 
3 y0 of the speed of sound in water after about I ms (White 1977). This is 

.computed using the numerical scheme described by Ziolkowski (1970) and 
with IO psec time increments. It follows that the bulk modulus and density of 
the water increase by about 3 y0 at the bubble wall at that instant. 

Now 3 y0 is not much. However, since the numerical scheme is iterative, 
the errors will propagate and accumulate. The global truncation error in, for 
example, the particle velocity after IOO ms of oscillation, will depend on (a) 
the magnitude of the local truncation errors, (b) the nature of the differential 
equation, and (c) the numerical integration scheme. Even where a very good 
integration scheme is used, it does not follow that the global truncation error 
can be bounded by a knowledge of the local truncation error. Ziolkowski did 
not use Gilmore’s theory to be fussy; he used it because it was warranted. 

Safar is correct in asserting that Ziolkowski’s model predicts a waveform 
which differs significantly from the measured waveform when the damping d%e 
to heat dissipation is ignored. Once this is included, however, (Ziolkowski 1970) 
there is a dramatic improvement in the resemblance between the predicted and 
measured waveforms (Safar says Ziolkowski neglected this damping (p. 756). 
This is not correct: See Note B added in proof). Furthermore, Ziolkowski 
(197x) showed that low-pass filtering of the theoretical waveform to smooth 
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the spike introduced by unrealistic initial conditions produces a waveform 
which barely differs from the measured waveform (fig. 4). In an independent 
study of large air guns, Smith (1975) demonstrated convincingly that Ziol- 
kowski’s (1970) model is able to predict the shape of measured waveforms with 
great accuracy. 

The better the model, the better the waveforms-up to a point of diminishing 
returns perhaps. Although this point has yet to be defined, it is clear that 
Safar’s model is far from approaching it. 
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Notes added in proof 

A. A more important reason why Safar’s amplitude calculation is invalid is because 
it is frequency-independent. In practice, the amplitude of the first peak of the measured 
waveform is reduced when the bandwidth of the recording system is reduced. Since 
Safar’s calculation does not take bandwidth into account, it can only be fortuitous if 
the measured bandwidth-dependent amplitude and his calculated amplitude are equal. 

B. A large part of Ziolkowski’s (1970) paper is devoted to the problem of accommoda- 
ting damping not accounted for by pure acoustic radiation. In Ziolkowski’s model the 
oscillations of the bubble are damped artificially using an exponential decay on the 
bubble radius-time function. This produces the desired effect on the far field radiated 
pressure. 
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