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1. INTRODUCTION

The most commonly measured characteristic of a point in a sound field is the

acoustic pressure. A microphone or hydrophone placed in a sound field will

produce an electrical signal proportional to the local instantaneous pressure

which can then be processed to extract a limited amount or information about that

sound field. other acoustic quantities can be derived from measurements of

acoustic pressure but require some ideal acoustic condition to prevail. A

particular example of this is the determination of sound powerradiated by a

noise source: measurements of acoustic pressure at a point in a free field

environment. away from the near-field of the source. can be directly related to

the magnitude of the sound intensity vector at that point. and sound intensity

integrated over a closed surface enclosing a source will give the total sound

power radiated by thatsource. Alternatively. sound power can be calculated

from measurements of sound pressure due to a noise source radiating into a highly

reveroerant environment. I! sound intensity could be measured directly then the

dependence upon idealised acoustic environments would be greatly reduced.

Pressure measurements made in the near field of a complex noise source can

only yield a limited amount of information about that source. particularly as

regards the flow of acoustic energy away from or into a particular region of the

source: simple pressure measurements will not distinguish between radiation or

absorption. Direct measurement of sound intensity in the near field of a complex

source would enable the source to be investigated and characterised in terms of

the flow of acoustic energy out of and into that source.

The ability to measure sound intensity has been identified as a useful tool

in the study of noise radiation from ships with regard to total sound power

radiated into air and water. andwith regard to the ship's hull as a complex

noise source. This paper discusses the design criteria. errors and calibration

of the "two microphone (hydrophone)" method of sound intensity measurement for

these applications. with particular reference to the "in—water" case using

available instrumentation (i.e. 35K 8103 hydrophones and 2626 charge amplifiers).

2. MEASUREMENT PRINCIPLES

The instantaneous sound intensity is defined to be the product of the

instantaneous sound pressure and the instantaneous particle velocity. The

instantaneous particle velocity is a vector, therefore intensity is also a

vector. Intensity is a measure of the magnitude and direction of the sound

energy flux at a point in a sound field at a particular instant in time: the

,time average of this quantity is a measure of the net sound energy (per unit area)

trensported.through that point.
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To measure sound intensity instantaneous sound pressure and instantaneous

particle velocity need to be measured with preservation of their relative phase.

The pressure can be simply measured with a hydrophone but measuring the particle

velocity satisfactorily is a problem. One solution to this problem (l)'le to

use the signals from.twoclpsely spaced hydrophanes from which one can derive:

instantaneous pressure and particle velocity at a notional point mid—way between

the two transducers. In the frequency domain it can be shown that time-ayeraged

sound intensity as a function of frequency is.related to the imaginary part oi

the cross—spectrum of two hydrophone signals (2).

012(f)

Ie(f) = as h
(2.1)

Where 012(f) imaginary part of X—spectrum between P1 and P2

9 density of medium
h hydrophone spacing

u angular frequency

Ie(fJ time averaged estimate of intensity for frequency f

This relationship is very convenient as it indicates that measurements of sound

intensity can be made with the use of two hydrophones (or microphones) and a

suitable two-channel frequency analyser. -

The advantages of the above techniques are apparent simplicity and that they

rely entirely upon pressure measurements. so once the system is calibrated for

pressure response (sensitivity and phase) then it is calibrated for intensity

(provided the density of the medium and the hydrophone spacing are known). ,

There are also a number of disadvantages and inherent errors and these will be

reviewed in the next section.

3. REVIEW OF ERRORS

3.1. Introduction It is very difficult to write about errors for the general

cas . In order to derive analytical formulae to describe errors then some

specific type of field must be assumed. The simplest field will be that due to

a propagating plane wave. sothis is the case used for most of the examples

'presented below. Derivations and more detailed discussion of these errors can

be found in the references indicated after each sub-title.

3.2. Finite Approximation Error (3.4)

The error in intensity estimation is:

e = sin (kh)

:t (kn)
Where: It = true intensity

k = wavenumber

This implies an increasing under-estimation ofintensity with increasing
frequency. For a known maximum acceptable error and upper frequency limit. an
optimum transducer spacing can be calculated. It must be remembered that
Equation 3.1. only applies to a plane wave and is therefore not strictly
indicative of the error in other field types.

3.3. Proximity Effect (3,4) Although included here under a separate heading

this error is essentially the finite approximation error derived for specific
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fields other than a plane rave. viz. the near field of monopole. dipole and

quadrupole sources. In these cases. the phase angle betveen the two hydrophone

signals will hethe same as flat in a plane nave. but the magnitude of'the

pressure varies viii: distance from the centre of the point source.

3.4. Phase His-Match Error (3,4) the mean-ement of sound intensity by this

technique depends upon uwately sensing the phase between the pressures

exciting the two transducers. If were is any difference in the sensing

daaracteristlcs of file measurement channels vhich resultsin a distortion of the
phase angle an error will result. For a plane rave and small angles:

Ie a 1 2 _° (3.2)
I: m:

Ilhere o I phase his-match between measurent channels

From £115. for constant 0. the error Hill increasingly over or under estimate

intity for decreasing frequency and till imply a lo- frequency limit for
memnt for a 1mm maximum acceptable error.

more usuaally a will be some function of frequency and nil]. introduce some

error at all frequencies of interest. Houever. more will often be some low

frequency cut-off in the measurement channels (e.g. high pass filter in a MK
2626 charge amplifier) which till inmduce significant phase mis-match roughly

proportional to an individual channel phase shift and therefore a quite definite

loner limiting frequency. Equations 3.1 and 3.2 shoe that tvo—hydrophone

intensityzmeasuremente are inherently frequency band limited: changing the

transducer spacing nil]. simply move this hand up or downthe spectrum. later

sections of this paper describe methods of amending this frequency band by
means of calibrating out phase mis-match in the system.

3.5. Diffraction ‘55) At and above frequencies where wavelength is of a similar

magnitude to transducer dimensions. the acoustic field may be significantly

altered by the physical presence of the transducers. Reference (5) discusses V

filese effects for intensity measuremenu in air using half—inch microphones. In

eater wavelengths .are longer than in air for a wave of particular frequency and

the transdmers (Brae). md user 8103 Hydrophones) are less than half an inch in

diameter. Scaling the results of Reference (5) shots that significant diffraction
effects are not expected belov 20 kHz.

3.6. get-tan. singling $6) In general. We intensity of a sound field will vary
continuously through space. Practical measurements will consist of intensity
estkuted at discrete points in the field. Errors vill result if insufficient
meestu‘ement points one used to describe the spatial variation of the field. The
above two references discuss ho-me flyqulst sampling theorem can be applied to
spatial sampling with use of a spatial Fourier transform. The only way to
determine the minimum another of points required to describe a particular surface
in a field is to measure at many points and estimate hoe much reduction is .
possible. no spatial variation of the field will depend upon the name of the
some e.g. in file near field of vibrating plate the field will varywith the
wavelength in the plate. _

3.7. Rounding Error (4) For be closely spaced microphones the output signals

will usually be very nearly in phase implying that the real part of their cross
spectrum will be large compared to the imaginary part. This imaginary part will

usually be the result of calculating the difference between two much larger
numbers (from complex multiplication or division) and therefore is subject to

22 PlocJ.0.A. Vols M5 (1980)  
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rounding errors due to a finite number or significant figures imposed by digital

computer calculations. This is a particular hazard when using dedicated dual

channel FFT analysers {or this type measurement as often precision is sacrificed

in favour of a fast processing time.

3.5. Statistical Errors (7) For random signals an error dependent upon the

number of averages used to determine intensity and the coherence between the two

hydrophone signals is formulated as:

am =‘ 1 - Y2 x; (3.3)
Is any? 9

  

Where '2 = coherence
n = number of averages

e a phase angle between hydrophane signals

v = standard deviation

In general a will be small and 12 very close to 1.0 such that n is "reasonable"

(say. 50) for a tol rable error. Care must be taken with the use of equation

3.3 for values of 7 close to unity. small values 0! 0, signal types other than

Gaussian random and in the presence of bias errors.

4. CALIBRATION TECHNIQUE

The only error discussed in Section 3 which can be reliably compensated for

in the general case is that due to phase mis-metch between the two measurement

channels (a). All other errors can only be minimised by canml equipment

selection and configuration. Figure 1 shows relevant parameters for describing

any mis—match between the two measurement channels and the effect upon

measurement. In general H1 and H2 cannot be easily determined individually

because a contribution by H1 and H2 will be made by the input amplifiers and

filters of the analyser. More easily measured is the ratio Fla/H1 as this is

simply the transfer function measured between the two electrical signals for a

common pressure exciting both transducers (i.e. P1 = P2).

For intensity measurements we can calculate e1 ea but we want to know P1 F5.

The two quantities can be related:

.
P1 95 = °! 22 . 23 (4.1)

lflalz H1

 

[HZIZ is simply a gain factor and Hz/Hl can be determined experimentally prior

to or after taking measurements.

There are_two principle methods of determining HZIHI. From Figure 1:

'_2 . “2P2 - (4.2)
61 "1P1

Method 1 relies upon being able to place the transducers in a field such that

P2 = P1 in which case Equation 4.2 reduces to: '

 

2 = 2 (4.3)

it is not very easy to produce such a field. in general Hall-I1 will have a
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magnitude very close to 1.0 and only well phase. The calibration field must he

more accurate than the differences to be determined.

An alternative approach is not he expect P = P2 but to rely won being able to

replace each transducer with the other such that the condition ehoun in Figure 2

ls'fulfilled. PM Figure 1:

In. - °_2 a 23:2 (4.5)
:1 HlPl

PM Figure 2-.

m - °_2 = :22 (4.5)

‘1 “1":
Containing Equations 4.4 and 4.5:

(-m . 172)" = “_2, (4.5)
c .- HI

Providing the two transducers are dimensionally identical and are momted such

that they can be interchanged seem-etch men Equation o.6 is a good basis for

a practical calibration method.

Equation 3.2 implies that if more is some phase nus-match then even Ihen P and

P are in phase (Le. no sown] intensity in the direction of measm-ement) than a

finite intensity Iill he registered. This therefore sate sane lower limit for

the namitude of intensity measurable to a particular accuracy in a field of

particular acoustic pressure. The true and spurious intensities will either add

or subtract depending on their relative orientation. this is a good way of

looking at the quality of an intensity measurement systen and a parameter can be

defined as the intensity registered at 90° to use direction of propagation of a

plane wave (i.e P1 = P2 and intensity should he zero) relative tn the true

intensity of the plane-raw; film: a Files}

upraseed in decibels this parameter could he called I'Xntensihiiuty" and can be

determined as a function of Frequency. Knowing intensihility. the spurious

intensity is Icnmm in any tield relative to the pressure of that field.

Comparing spurious intensity and measured intensity an estimate of the validity

or met endowment can he made (em. if a measured intenaiv approaches the

predicted spurious intensiw then the measuranent is very suspect). An ideal

system vould have an intanaihiliw of - d8: with current tranemers. equiment

and calibrationtechnique the practical loner limit is about 40 dB. lhether or

not a system atpartiwlar intensihllity is acceptable in application dependent.

Intensihility is conveniently related to the comma: mode transfer mnction

hetueen the two channels.

Intensihility - Lo loam [In 1_ l (4.7)
'5- ""

Iota mat thin in the intensibilitw of a system before applying a

calibration. After applying file calibration. tile intensihility is or better

i.e. (lesothenhefore) enduiumlyheyeatorm-Idnifflureareaw

diflenaoao in min-match hot-eon the current newt and the alihration tent

em. a helper-tune. letting or statistical effect). Also note flint immunity

is a functim of transducer spacing.
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Intensibility is a good measure of comparative quality between intensity

measurement systems. It is an effective indicator to measurement error in

circumstances where phaseerror is dominant over other sources of error.

5. A PRACTICAL CALIBRATION SYSTEM AND SOME MEASUREMENTS

Figure 3 is a line drawing of a device for pressure excitation of two

hydrophones over a wide frequency range. The two hydrophones are each held in

a sleeve which enables a reasonable acoustic seal in the cavity yet an ease and

accuracy in interchanging their positions to follow the calibration method

explained in Section 4. The upper water chamber enables "wetting" of the

hydrophones to be continuous even during position changing.

Two different sources are used for different frequency ranges. .The piston source

is good from 20 Hz to 5 kHz and—the hydrophone source is good from 5 kHz to

25 kHz (and higher if required).

Inevitably the cavity does have acoustic resonances and at the minima in response

between these resonances the acoustic pressure is too low to provide good

coherent results, so certain frequency ranges in results need "interpolation".

This situation would be improved if some damping could be introduced into the

cavity.

Figure 4 shows HZIH for a pair of BiK 5103 hydrophones connected through a pair

of MK 2626 charge amplifiers to a Hewlett Packard 5420 signal analyser.

Measurements below about 5 kHz are unreliable as below this frequency the

hydrophone source is very inefficient and the coherence between the signals from

the two hydrophones under test is not good. Figure 5 shows the intensibility'

calculated from this transfer function and shows that. without any phase

calibration, the system is less than -15 dB intenslbility over the range 5 kHz

to 25 kHz for en 18mm separation in water. lrregularities- in Figure l are most

likely due to imperfections in.the calibration technique rather than real

channel differences.

6. DISCUSSION AND CONCLUSIONS

Section 3 of this paper highlights some of the many sources of error to

which two—hydrophona intensity measurements are prone and indicates how these

errors affect the choice of configuration for a particular measurement system.

This section is a review and greater detail about the errors can be found in the

texts indicated.

Sections 4 end 5 introduce a method by which any phase mis-match error can be

calibrated out of a system and presents some example results. The piezoelectric

hydrophones have a low frequency cut-off imposed electrically by the inherent -

capacitance endfinite resistance. This cut-off frequency is ' 0.02 Hz which

implies good phase matching down to about 20 Hz: the lowest frequency of interest

for machinery noise measurements.

A worthwhile exercise would be to experimentally prove that the hydrophones

contribute insignificant phase mls-match. This would simplify calibration

procedures and increase the accuracy of calibration. Such an experiment would

he a direct comparison between common mode transfer function for the pressure

driven. transducers and measurement channels. and the electrically driven

measurement channels alone: the pressure calibration will be subject to greater

Proel.O.A. vets Part5 new 
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systematic errors than an electrical calibration.

sensitive preamplifiers are used. which are insensitive to transducer and cable

capacitance.
typically l0 Hz to 20 Hz when used withcapacitative transducers, and therefore

cannot be electrically driven in an accurately representative manner (because

the response is dependent upon all of the transducersI electrical properties).
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SYNOPS IS

The need to simulate free field conditions in tanks and other confined
spaces is introduced and the technique of using short pulses to achieve this
is briefly discussed. his problans inherent in making actual measuranents of
these pulses are described.

The principles of the Prony (Coherent Sampling) system are explained and
the techniques of oversampling, underesmpling and compound sampling are
described. The Prony systen developed by Brown & Luckey of 0539 is briefly
described and the figures for the accuracy of the systen. as measured by them.
are quoted.

The limitations at the Prony Systen are explored, in particular the
difficulties in measuring pulses from integrated systems, due to the need
to synchronise the sapling device with the trenanitted signal.

The principles of the Nyquist (Pentium Sampling) technique are explainedand the relationships between sapling frequency, signal frequency, pulse length
and eccurscy are explored.

Some comureially available equipnent is described with the relevant
mnufacturers' specifications.

a possible calibration systen based on one of these devices is briefly
described. ‘

The conclusion is drawn that the very fast random sampling devices new
available make the increased complexity of the Prony systen largely redundant,
except for certain specialised applications.
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