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ABSTRACT

The paper presents the results of both laboratory and "in situ" measurements of sound intensity. The
laboratory measurements were carried out in an anechoic pool for calibration purpose. They were
folIowedwith "in situ" measurements. The results ofthe "in situ" measurements showed that the method
is worth using, especially to find the direction of a source of a sound wave.

INTRODUCTION

Acoustic fields are characterised by two quantities
- sound pressure, which is a scalar quantity and sound
velocity, which as a vector quantity gives information
about the direction of energy flux. Therefore the
measurement of this quantity, although more
complicated, may be very usefu1 to estimate the
direction of a sound source [2,4] or radiation
efficiency characteristics [6].

Measurements of sound velocity are similar to
measurements of sound intensity. This quantity
became routinely measurable about 20 years ago.
Using two pressure probes it is possible to measure
one component of sound intensity. The results
presented in this paper were obtained this way. To
measure three components of the vector the probe
should consist of at least four hydrophones, although
the measurement procedure remains the same. The
results of such measurements have been presented in
[2,5].

Sometimes it is possible to estimate the acoustic
velocity basing on the measured acoustic pressure.
This can be done basing on the plane-wave
approximation of acoustic intensity [I]. This
approximation is valid in the case of progressive
waves and in a certain minimum distance from the
sound source.

TIffiORETICAL BACKGROUND

The measurement of sound velocity is based on
measuring the gradient of pressure in two closely
placed points. The equation of motion, which was
introduced by L. Euler, links sound pressure p with
sound velocity v in the folIowing way [3]:

8V + (vY'). V = _.!Y'p (1)
ó't r

where p is the density of medium in the equilibrium
state.

As the value of sound velocity is smalI, the second
component of the left side of eq. (1) can be omitted.
The component of the velocity vector in the direction
of r can be obtained from the following dependence:

v =-'!fó'Pdt (2)
r r ó'r

The gradient of pressure is replaced with
difference of pressures measured in two closely
spaced points. Therefore for practical applications the
dependence (2) may be rewritten as

v = -~f PB - PAdt (3)
r r L1r

where ĄB are the measurement points, M is the
distance between them. This replacement may create
a few errors 50 it is vitaI to adjust the distance
between the measuring probes to the frequency band
of the measured signal.
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Fig. 1. Receiving part of the measurement set-up

The mean sound intensity is given in the
folIowing way

_ 1 tI = - RerJ pvdt] (4)
t o

If a sine wave of frequency f is considered the sound
intensity is a cross-correlation function between
sound pressure and sound velocity for delay r-O.
Considering the relation between the cross-correlation
function and the cross-spectrum function, the
dependence (3) and features of the Fourier transform
the folIowing dependence between the component of
sound intensity in the direction of r and the cross
spectrum of pressure measured in points A and B can
be obtained

l (m) = _ 1 ImGAB (m)
r 2pAr li}

where ro=Znf
Sound vełocity may be computed directly from the

formuła (3) or as a produet of sound intensity given
by formuła (5) and the sound pressure of the wave of
frequency f.

(5)

LABORATORYEXPE~NTS

source of a sine wave and a broad-band noise
generator.

Fig.I. presents a block scheme of the receiving
part of the measurement set-up. It was composed of a
pair of measuring hydrophones Bruel&Kjaer 8106,
two measuring amplifiers Bruel & Kjaer 2636 and a
tape recorder Bruel&Kjaer 7005. The path rnarked
with l was used to convert signal of a sine wave
source. It consisted of a digitising oscilloscope
HP54503A, a GPIB card and a computer. The second
path was used to convert broadband noise. An A/D
converter Advantech PCL-818 was used instead of the
oscilloscope and the GPIB card.

A piezoelectric transducer was the source of a sine
wave. It was possible to obtain harmonie signais of a
frequency higher than 1 kHz. To avoid retlections
from the pool' s sides, the water surfaee and the pool' s
bottom a gating system B&K 4440 was applied. The
sine wave of a frequency 2 kHz was modulated with
the transmitting pulse. As the dimension of the source
was smalI the experiments were carried out in the far
field ofthe transmitting transducer,

The distance between the measuring hydrophones
was adjusted to the frequency of a sound wave to
minirnise the measurement errors and set to 8 cm.
The probe consisting of two hydrophones was turned
round to obtain the dependence of the acoustic
velocity on the ang1e of incidence of the sound wave
Sp,

The registered signal was sampled with the
sampling rate 100 higher than the frequency of the
sine wave. One period of the reeeived wave was
transmitted to the computer's memory for further
processing. The amplitudę of sound velocity
computed basing on the spectrum of sound intensity
was eompared to the estimated amplitude of a
corresponding pIane wave basing on measured
amplitude of a pressure wave:

v = LsinB (6)
pc

where S=ep +re/2, c - the sound speed.
vll-IDl/s J
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The laboratory measurements of sound velocity Fig.2. Results of measurements of a sine wave
were carried out in the anechoic pool. Two sources of
sound wave were investigated - a transducer as a
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Fig.2. shows the resu1ts of measurements of a sine
wave. The solid line marks the dependence estimated
for the corresponding pIane wave, dots represent the
measured values of sound velocity.

Another series of measurements was carried out
for a source of bread-band noise. The mechanical
generator, which was the source, was suspended 3 m
under the water surface on two ropes and positioned
in the centre of the pooI. Its longer side was parallel
to the measuring probe.

The measured signa1 was converted by an A/D
converter which allowed to convert signal with the
maximum sampling rate 105 samples/s in one
channel. Sampling rate of 2* 104 samples/s was
chosen for processing the signal in two channeis. The
converter processed both channels altematively which
created a delay of sampies in the second channeI. The
next figure presents pressure spectrum of the
measured noise averaged over 20 records of signal.

To measure the components of about 100 Hz the
distance between the measuring hydrophones was
increased to 80 cm. This allowed to make the errors
of measurements as smalI as possible.
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Fig. 3. Pressure spectrum ofthe measured bread-band
noise

The next figure presents the results of
measurements carried out for the spectrum
component of 117 Hz. Values of measured velocity
and the one which was estimated basing on sound
pressure are similar. This confirms the validity of the
method also in case of the broad-band noise if only
the measured component is dominant in the sound
spectrum and stable. The good resu1ts achieved in the
laboratory investigations were verified afterwards
during "in situ" measurements.
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Fig. 4. Measured sound velocity of a spectrum
component of 117Hz

EXPERIMENTS CARRIED OUT "IN SITU"

The labomtory investigations bad been carried out
before the ,,in situ" measurements. During the
measurements carried out in sea a ship was the source
of broad-band noise. The sound intensity probe
consisting of two hydrophones separated with l m
was placed at a depth of 6 ID perpendicu1ar to the sea
bed. The lower hydrophone was placed l ID above the
sea bed.

A ship was moving directly over the measuring
probe. Acoustic noise was registered for each passage
and sampled with the sarnpling rate 2*104 samples/s.
Records of 4096 samples were chosen to compute
pressure and sound intensity spectra.

The averaged pressure spectrum from a sample
passage of a ship has been presented in the figure 5.

10 100 11< 10k
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Fig. 5. Averaged pressure spectrum of a ship

The dominant components could be found in the
band between 50 Hz and 500 Hz. For this frequency
band the distance between the measuring
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hydrophones bad been well adjusted to minimise the
errors of the measurement method.

The next figure shows the results of comparison
between sound intensity ca1culated basing on the
cross-spectrał method in one case and the sound
pressure spectrum in the other. Both cases considered
the spectrum component of 270 Hz which was one of
the most dominant in the pressure spectrum.

L [dB]

Fig.6. Sound intensity calculated basing pressure
spectrum (l) (without the dependence on the angle of
wave's incidence) and intensity spectrum (2)
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Fig.7. Sound intensity ca1culated basing pressure
spectrum (1) (considering me dependence on me
angle ofwave's incidence) and intensity spectrum (2)

As it can be noticed sound intensity values
computed basing on plane wave approximation are
higher than those which were obtained by means of
the cross-spectrał method. The reason for the
di:fferences is that the dependence on the angle of
wave's incidence was omitted. The next figure shows
the results where the dependence on the angle of
wave's incidence was considered. In this case results
of both methods are similar. This may be rather
unexpected as a ship is an extended sound source.
The distance of the far field for this source and the
frequency of 300 Hz is equal to over 100 m. However,
the results of measurements suggest that the real
sound source is of smaller dimensions ( a ship
propeller probably). On the other band the value of
sound intensity was averaged over the period of one
record (0.2 s) which corresponded to 0.86 m.
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Therefore the fine structure of the near:fieId was
averaged too.

CONCLUSIONS

The paper presented the results of measurements of
sound velocity basing on the cross-spectrał method.
Three sources were investigated: a transducer as a
source of a sine wave and two sources of bread-band
noise, a generator and a ship. The measurements of
the ship were carried out "in situ". In case of the sine
wave source the gating system was applied to
minimise errors connected with boundaries of the
water medium. Therefore the measured velocity
values were me closest to those predicted basing on
the measured pressure and the pIane wave
approximation. The results of measurements of the
dominant components of the bread-band noise
spectrum confirmed the validity of the method as
weII. The amplitude of the measured sound velocity
was close to that obtained basing on the pIane wave
approximation although me received signal contained
reflections from the boundaries of the water medium.
The measurements of the sound veIocity in case of a
moving ship can give the inforrnation about the
source of underwater disturbances. Despite the fact
that the measurements were carried out in the
nearfield of the ship the pIane wave approximation
was still valid. This may suggest that me real source
of these disturbances is of much smaller size.
However, it must be underIined that the results were
averaged over the period of one record of sampIes.
Therefore the inforrnation about the fine structure of
the nearfield was lost to some extent.
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