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Underwater Acoustic Noise Measurelne11t 
in Test Tanks 

N. Cochard, J. L. Lacoume, P. Arzeliès, and Y. Gabillet 

flbstract-The range capability of underwater acoustic equip­
mcnt installed onboard underwatcr vehicIes is limited by the 
noisc gcnerated by propellers, hydraulic pumps ... , Measuring 
this noise at sca is quitc expcnsive. Here is dcscribed a procedure 
allowing the mcasurcment of the radiatcd noise in test tanks. This 
method is derived from techniques prcviously developed in aerial 
acoustics and in electromagnetism. 

Index Tenlls-Noise level measurement, reverberation, under­
water acoustics. 

I. INTRODUCTION 

T HE measurement of the level of underwater acoustic noise 
sources is generally made in two principal ways. The most 

direct way consists of measurements in the open sea. This oper­
ation is expensive in time and in operation means. Noise mea­
surement of a source in a test tank is a suitable alternative al­
lowing developement of easy measurements. 

Level measurement methods exist in an enclosed medium in 
aerial acoustics [7], [8], for electromagnetic sources [4] and in 
underwater acoustics [6]. The sound intensity technique devel­
oped in aerial acoustics can be applied to underwater acoustics 
for the measurement of a source power in test tanks [5, pp. 198]. 
Some reslllts in underwater acoustics are presented in [3]. Hov­
ewer, this technique cannot succeed when measuring propeller 
noise. In this measurement the propeller gives rise to water cur­
rents. It is shown in [2] that, in this situation, the measument 
has to take into account the speed of the currents. This shows 
that this technique would be very difficult, if not impossible, to 
implement for the measurement of propeller noise. 

Here we introduce an operational method for the measure­
ment of underwater acoustic noise sources level in test tanks. 
We give the basic principles of the measurement and the exper­
imental procedure. Then we present the results obtained with 
wideband sources and pure frequencies and we characterize the 
precision experimentally. 

The paper is organized as follows. In Section II, we give the 
principles of the method. Section III describes the methodology. 
In Section IV we present experimental results obtained with a 
calibrated source and with an operational device. 
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II. MEASUREMENT METHOD 

When an acoustic source emits in a test tank, acoustic waves 
are reflected by the walls, the surface, and the boltom. The mul­
tiple reflections give rise to a reverberated field. The balance is 
reached when the los ses issuing from reflections on the walls 
compensate the acoustic power driven by the source. Then, the 
acoustic energy in the tank depends on the power of the source 
and on the losses on the walls. In order to get the power of the 
source, we have to measure the acoustic energy in the reverber­
ated field and to determine the relation between this energy and 
the source power. 

A. The Acoustic Field in the Tank 

Following the classical approach developed in aerial acous­
tics [7], [8] we assume that the acoustic field in the tank con­
tains two parts: the direct field, with an acollstic energy density 
H7d identical to the source acoustic energy density in an open 
medium, and the reverberated field, with an acoustic energy den­
sity H7r issuing fi"om the multiple ref1ections on the walls. 

1) The Direct Field: The acoustic energy density of the di­
rect field depends on the distance '1' to the source by 

P, vFd ('/') = -'-
L17rcT2 (1) 

where Ps is the power of the source and c the sound velocity. 
This assumes an omnidirectional source. If the source is di­

rectional the direct field depends on the direction. The method 
presented here cannot determine the directional properties of the 
source. In this case we associate to the source an omnidirectional 
one which emits the same acollstic power. 

2) The Reverberated Field: The reverberated field is 
assllmed homogeneous in space and isotropic [8], [10]. The 
homogeneity and the isotropy of the reverberated field depend 
on the transmitted signal and on the measurement bandwidth. 
The spatial homogeneity of the reverberated field will be 
checked using measurements taken in different locations. The 
case of pure frequency tones that do not fullfill the condition of 
mode mixing will also be considered. 

For an isotropic homogeneolls reverberated field the acollstic 
energy density vFr and the acollstic intensity 1

" 
are related by 

[7], [8], [10] 

H71' = 41,. 
e 

(2) 

The time derivative of the total acoustic power contained in 
the tank, Q = Wl' V (V beeing the volume of the water), is the 
difference between the acoustic power driven by the source P" 
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and the acoustic power clissipated on the walls by absorption or 
transmission al" 

(3) 

[n this relation a is the Sabine coei1ïcient [11] that characterizes 
the absorption and the transmission by the walls, 

When the balance is reached, (dqjdl) = 0 and 

ac ac. 
P, = -q = [;f',., 
'411 4 

(4) 

This is the relation between the source power (Ps ) and the 
acoustic energy density in the reverberate field (HI», 

In order to relate these two quantities, we must know the 
Sabine coe/1ïcient a, This coeftïcient is given by the reverbera­
tion lime, 

n, Tlze Reverberation Time 

A stationary source giving a total acoustic energy in the tank 
(Jo is switched off at lime t; = 0, For positive time the acoustic 

power is 

t> 0, 

The reverberation time T,. is the duration that the acoustic en­
ergy of the reverberated field takes to decrease 60 dB [8] 

24 1/ 1/ 
T,. = --- = 55,3-

log e ac ac 

from the reverberation time we get the Sabine coefficient 

24 1/ 1/ 
a. = ---- = 55,3-, (5) 

loge T,.c TTC 

In order to measure the Sabine coefficient, we have ta localize 
the direct field and the reverberated field in the tank. 

C. The Direct Field Zone 

As in [7] we propose to define the direct field zone as the 
part of the tank where the acoustic energy density of the direct 
field vlld( r) is greater than the acoustic energy density of the 
reverberated field W:,., minus 3 dB, 

From (1) and (4) 

Till,. 

WdCr) a 

Thus the direct field zone is the sphere of radius 

(
100,3a.) 1/2 _ 

'T'[ = [(j'if - O.2va, (6) 

It is important to verify, a key point for the applicability of the 
l1lethod, that this value does not exceecl the dimensions of the 
tank. We will see later that this condition is fullfilled in the sit­
uations considered. 

D. Spectral Leve/ (~f' tlze SOl/l'ce 

The spectrallevel of a source emitting, in an open medium, a 
spectral pressure Jid(f) al 1 mis [ll 

NsU) = 20 log Pd(./') 
1Jl'ef 

where Pl'cf is the reference spectral pressure, 
For a source emitting in an open medium an acoustic spectral 

power P8 U), the spectral pressure Pd(f) at l mis 

2 (J') _ pc P (J') Pd, - L17r s, 

where p is the mass density of the water contained in the tank. 
In the reverberated field, using (4) 

Thus, using (5) 

2 Llpc 
PrevU) = pC

2 Hf,. = -PsU)· 
a, 

PJU) a. 55,3 11 V 
--=-=--=11-
P;ev (./') 167r ] 6'if T,.c . Tl'c 

The spectrallevel [1] versus the spectral pressure PrevU) in the 
reverberated field is 

NsCf) = 20 log PrevU) + 10 log T1/ + OA, (9) 
Prel' TC 

This relation shows that, knowing the volume of water, we get 
the spectrallevel of the source from the measurement of rever­
beration time T" and of the spectral pressure in the reverberated 

tield PrevU). 

E. Homogeneity and lsotropy of the Reverberated Field 

This analysis is based on the homogeneity and the isotropy of 
the reverberated field, Considering acoustic modes, these con­
ditions are fullfilled if a sufficient number of modes are excited 
in the tank giving a mode mixing [9]. The mode mixing condi­
tion [12] depends on the bandwidth and on the mean frequency 
separation of the modes, 

1) Bandwidth of the Modes: The tank walls are not perfect 
reflectors, so the modes are attenuated. The reverberation time 
gives the attenuation, Each mode is a pure frequency tone at­
tenuated by an exponential term. One mode at the resonant fi'e­
quency fT' is proportional to 

exp( -3tjl~ log e) cos(2'iff,.t -/- tp). 

A straightforward calculation gives then the 3-clB bandwidth, 
B3 dB, of the modes versus the reverberation time TI' 

6 
B3 dB = ---:---=­

'if log e ' T" 
LIA 

TT' 

2) Mean Frequency Separation of2 Modes: In the three-cli­
mensional (k1 , k2 , k3 ) wave number space, the modes are on a 
cubic grid. The volume of the wave number space cubes is 

(2'if )3 
klk2 k 3 = V-

with Il being the volume of the tank. 
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The moclulus of the modes wave Ilumbers in the frequency 
band [I, J + D.fl are in the spherical shell of the wave number 
space 

The volume ofthis spherical shell is (27r)3(47rPD..l,/c3
). 

The number of modes contained in the frequency band LI, f + 
D.fl is thus 

Giving the mean frequency separation between two modes 

c3 

D./Illeall = 47rf211' (10) 

3) The iV/ode Mixil/g Conditiol/: In [12] Schroeder postu­
lates that the reverberated field is isotropic and homogeneous 
if at least 20 modes are contained in the 3-dB bandwidth of one 
mode. With the preceeding results this condition implies that 

c3 6 
20-- < . 

47rpl1 - 7r log c . TI' 

This condition is fullfilled if the frequency is greater than 

( 5(IOg'C)C3T.)~ .JC3T. 
f·. - '1 =06 --' 
.llllll- 611 . 11' 

In our case, 11 = 900111 3 and T,. = OA s give fmill = 740 Hz. 
So the mode mixing condition is fullfilled in our band of interest 
1 kHz-20 kHz. 

F SU/Ilmary 

The preceeding results contain the principles of the measure­
ment. With a sensor in the reverberated field, that is to sayat 
a suificient distance l'rom the source, we determine the spectral 
pressure in the reverberated field Prev (1'). This spectral pressure 
is related to the spectral level of the source by (9). This relation 
depends on the reverberation time that can be determined by a 
preliminary measurement. This model assumes that the rever­
berated field is homogeneous and isotropic. This condition is 
fullfïlled when the mode mixing condition holds, that is to say 
when the frequency is greater than fl1lill given by (10). 

We now describe the measurement procedure. 

III. MEASUREMENT PROCEDURE 

The measurement procedure is divided in two steps. First, we 
put the source to be controlled in the tank. With a noise source 
switched off at t; = 0, we calibrate the tank by the determination 
of the reverberation time and of the direct field extension. Then, 
we activate the source under control and we measure the spectral 
pressure in one or in some randomly distributed positions in the 
reverberated field. Equation (9) then gives then the source level. 

A. Reverberatiol/ Time 

This measurement is made using a transducer of known char­
acteristics as source and a hydrophone as receiver. The sensor 
output voltage v(/;) is proportional to the acoustic pressure at the 
point of meaSl1rement. 
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Fig. 1. The cxperimcI11al sclup. 

Hydrophone 
SIOO 

The transducer is driven by a white noise covering the fre­
quency band of interest. At time t = 0 the transducer is swiched 
off and we measure the evolution of the hydrophone output 
voltage v( t). In order to get the slope of the mean square value 
decrease we have to square v(t) and to integrate. These oper­
ations are done numerically using the sampled output voltage 
v(n) with a sampling frequency (VE) of 48 kHz. The integra­
tion is given by 

P(O) = '0
2 (0) P(n) = v2(n) + aP(n - 1), n> O. 

The impulse response of this integrator is 

where (TE) is the sampling period and (/JE) the sampling 
frequency. The time of integration: Ti = - (1/ /JE Loga) is 
choosen in order to average the signal and to not bias the 
decrease slope. 

Then by a linear regression on the linear part of the plot of 
P(n) we determine the reverberation time. In this m,!".asure­
ment we have to be sure that the source power is wéll above 
the acoustic ambient noise present in the tank. 

B. Measurement of the Source Spectral Level 

We activate the source under control and we measure 
the spectral voltage given by the output of one or several 
hydrophones located in the reverberated field. The spectral 
voltage v(f) is related to the spectral pressure PrevU) through 
the receiving sensitivity of the hydrophone Sh (dB retV/p,Pa) 

20 log Pre v (1') --cc 20 log v(f) - S". 

From (9), the source spectrallevel for a reference spectral pres­
sure of l p,Pa/ v'Hz is 

11 
Ns (f) = 20 log v(f) - Sh -1- 10 log T/,c + OA. 

C. Accuracy 

The causes of uncertainties are: 

a) the hypothesis of homogeneity and isotropy of the rever­
berated field; 
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Fig. 2. Measuremcnt of the reverberalion lime: (a) observed signal and (b) inlegraled signal power. 

b) the calibration of the receiver (B,,); 
c) the measurement of the reverberation time; 
d) the measurement of the me an square voltage. 
In order to minimize the uncertainties a) we have to average 

the measurement on a sufficient number of modes. The number 
of modes averaged for the spectral pressure measurement is 

;.:,.// 

N m =;.:,. , 
j rnean 

where ;.:,.// is the frequency resolution of the spectral pressure 
and ;':"/IJleall the mean frequency separation between two modes 
given in (10). 

The measured spectral pressure is 

where Prey (J') is the expected value and ;':"Prey (f) the uncer­
tainly. For the spectral pressure in dB 

10 log [J3rey U')] = 10 10g[Prcy (f) + ;':"Prey(f)] 

. [ . (')] ;':"Prcy (f) 
:::::0 10 log Prey.f + 10 log e ( ') . 

Prey ./ 

The relative standard deviation is 

;':"Prcy(f) 

PreyCn 

giving, in decibels, a standard deviation less than 

1 V2S 
10 log (0-- = 10 log (0 , 

J N'II / V'l7r 11;':"// 

In the experiment 11 = 900 m3 and ;.:,.// is greater than 100 Hz. 
Finally the standard deviation of the spectral pressure in decibels 
is less than 237 If. Our freqllency of interest is greater than 2 
Khz. The llI1certainties introdllced by the interferences between 
the modes are thus less th an 0.12 dB. 

The "b" error is given by the caracteristics of the sensor. We 
use an omnidirectional standard hydrophone whose sensitivity 
does not depend on the acoustic wave field geometry. 

The error "c" and "d" are statislical errors clue to the integra­
tion flnite time. Their values are tixed by the time-bandwidth 
product of the measurel11ent. 

The experil11ental reslllts presented hereafter give a practical 
analysis of the accuracy. 

IV. EXPERIMENTAL STUDY 

The experimental stlldy has been done al IFREMER (Centre 
cle Toulon-La Seyne) in a sea water tank of 10 111 'l' 15111 * 6 111. 

A schel11atic presentation of the experimental device is given 
in Fig. 1. The receiver is a Bruel&Kjaer standard hydrophone 
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(model 81(0). T'his sensor is o111niclireclional. An !TC 3013 pro­
jector is usecl for reverberation lime measurement in orcier lo 
have high source level to ensure the 60-clB clynamic giving a 
greater accuracy. 

We first measure the reverberalion time in clifferent conclitions 
ancl we estimate the direct field zone spreading. Then, using 
our procedure, we measure the source level of a calibratecl 
source, in orcier to check the accuracy of our technique. 
Finally we measure the spectral level of the unclerwater vehicle 
Sirene. 

A. Reverberation Til1le Measurement 

"IVe have conductecl measurements on the complete band­
width [1 kHz-20 kHz] and S0111e measurements on narrower 
bandwidths. 

1) Bmad-Band Reverberation Time: The transducer is 
driven with white noise in the frequency band [1 kHz-20 kHz]. 
Fig. 2 shows the different steps of measurement: 

the received signal after the switch off; 
the evolution of the received signal power measured 
with the integrator described in 3.1 with n = 0.999 
giving an integration time of 48 ms. 

The values obtained for the reverberation time in difTerent lo­
cations are given in Table I. We have quoted the standard devi­
ation giving an experimental estimation of the precision. 

The measurements in the tank give a value of 83.2 m2 for the 
Sabine coefficient. The surface of the reflective walls, excluding 
the air/water surface, is approximately 450 m2 , giving a mean 
value of 0.82 for the reflexion coefficient of the walls. 

The reverberation lime varies when a device of great dimen­
sions is im!11ergecl in the tank. The values of the reverberation 
time in presence of Sirene are given in Table II in cliff'erent con­
clitions of experimenl. In the presence of Sirene, the Sabine co­
efficients has a mean value of 98.2 m2 . 

2) Reverberation in NWToHJer Bands: We have measurecl 
the reverberation time in frequency bancls of 2 kHz centered on 
8, la, ancl 16 kHz. These measurements cio not show a signif­
icant variation of the reverberation time with respect to central 
frequency. 

B. The Direct and the Reverberated Fields 

In orcier to determine experimentally the direct field zone 
and to verify the hO!11ogeneity of the reverberatecl field, we 
have macle a spatial analysis of the acoustic field in the tank. 
Using a permanent emitting signal (wide-band, white noise), 
the acoustic energy density is plolled versus the distance to the 
source on a straight line originating at the emitter (Fig. 3). 

In Fig. 3 we clearly see the direct field zone where the 
acoutic energy densily quadratically decreases with distance 
and the reverberated field where the acoutic energy density is 
constant. This experiment gives two results. First, we estimate 
the direct field zone at 2.7 m and check that, thanks to the 
indetermination on the caIculation of the direct field, it is 
coherent with the theoretical value (1.8 111) given by (6) and 
the measured value of TI" Then, we check the hOl11ogeneity 
of the reverberated field. 
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TABLE 1 
REVERBERATION TIMES IN WIDE-BAND \VITH A WHITE NOISE 

Spectral band 1KHz - 20 kHz. 
Volume of the tank: 900 m3 
Position Reverberation lime 

l 406 ms 
2 397 ms 
3 396 ms 
il 405 ms 
5 397 ms 
6 394 ms 
7 tlO1 ms 
8 401 ms 
9 393 ms 

Mean value 399 ms 
Sd-devia tion 4.6 ms 
Precision 

TABLE Il 
REVERBERATION TIMES IN WIDE-BAND WITH SIRENE 

Reverberation time with SIRENE in the tank 

Spectral band: 1 kHz-18 Spectral band: lOkHz-12 kHz 
kHz 
Position Reverbera tion Position Reverberation time 

time 
1 346 ms l 346 ms 
2 336 ms 2 330 ms 
3 337 ms 3 339 ms 
4 345 ms 4 343 ms 
5 341 ms 5 336 mis 
6 332 ms 6 327 ms 
7 329 ms 7 324 ms 
8 335 ms 8 331 ms 

lnean 338 ms lllean 335 ms 
sd-dev 6 ms st-dev 7 ms 
precision 2% precision 2°/" 

We can now proceedto the measurement of the spectrallevel. 1 

First, we use a calibrated source with a known spectrallevel; this "j 
validates the method. Then we measure the spectral level of an 1 

operalional source. 

C. Level of the Calibrated Source 

The source is an omniclirectional transducer B&K 8105. The 
receiver is the B&K 8100 hydrophone used previollsly. The dis­
tance (5 111) between the source and the hydrophone is greater 
them the limit of the direct field zone; we are in the reverberated 
field. We have conducted a series of experiments in widebancl 
aIIowing, by lïItering, to treat clifferenL kiwis ofbanclwiclth. Then 
we have used pure tones with several positions of the sensor, in 
orcler to verify the validity of the spatial averaging. 

J) Wideballd Measurel71ent: The transducer is clriven with 
a wiclebancl white noise and the measurements are macle versus 
frequency with a bandwidth of 100 Hz. The spectra are averagecl 
over N segments of the signal. The relative standard deviation 
on the measurecl spectra is 1/ VN. For the spectra measured, in 
decibels, the standard deviation is, lIsing the same caIculation 
as in 3.3, 101oge/VN dB. We average the spectra on 64 seg­
ments the relative standard deviation of the measurecJ spectra 

1 
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(in clecibels) is thus 0,5 clB, The preclictecl values of the spectral 
level ancl the measurecl values are given on Fig. 4. In this figure, 
we have plOUec! the clifference between the preclictecl spectral 
levels anc! the measurecl ones. This experiment shows that, l'or 
this source, wc can reach a precision of ±l.G clB in the measure­
ment or the spectral level. 

2) Measure1l1ent with Pure Freqllencies: Using the trans­
clucer B&K 8105 we have emittecl pure frequencies. With pure 
freqllencies therc is no mode mixing and the acoustic fielcl is 
not constant in the revcrberated fielcl zone. The acoustic fielcl 
oscillates around the reverberatecl field value. 

We give in Table III the maximum, thc minimum, and the 
i1lean value of the spatial acollstic field obtaincd at clirrerent 
frequencies. The mean values are in accorclance with prcdicled 
Values at 10kHz and 12 kHz, there is an unexplainec1 cliscrep­
ancy at 15kHz. 

V. MEASUREMENT OF SIRENE NOISE LEVa 

Sirene is an experimental untetherecl unmannecl unclerwater 
vehicle cliving up to 6000 meter-c!epths connectecl by an acoustic 
link 10 the surface (Fig. 5). The I11casurement orthe vehicle noise 
level has been clone in thc tank. The standard deviation, obtained 
in 44 experiments, is of 1 dB. 

We wcre not able to concluct an experiment on open sea using 
Sirene. Moreover, knowing [hat thc experiments conc1uctecl on a 
calibratec1 source give a precision of 1.5 dB we can expect that 
this measurement technique shoulcl be able to give the level of 
an operational c!evice with a precision of about 1.5 dB. 

VI. CONCLUSION 

Bere we have given an expcrimcntal procedure for the mea­
surement of the spectral level of a submarine acoustic source 
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TABLE III 
M,.\x Ill'Il lM, MINIMUM AND rVII,AN VAI.UE OF l'III, LEVEI. OF A 

PURE FRE<)UENCY SOURn: 

freqllency m<lximum minimum mCJl1 mcan mcas\lred mcaI1 prcdicll'c1 

dB V dB V dB V speclral level spectral lcvcl 
10 kHz -70,9 -80,:' -75,2 135,1 135 

12 kHz -68,:1 -BI,2 -74,5 135,B 135,5 

15 kllz -62,4 -82,7 -72,6 138,7 144,5 

Fig. S. Sirene schematic vieil'. 

in a tank. Although this procedure cannat give the directional 
properties of the source, it permits a measurement of the spatial 
l11ean spectral level with an accuracy experil11enlally evaluated 
at ±1.5 dB using the transclucer B&K 81 OS as source. In orcier 
ta conclucle clefïnitively on the precision, experil11ents have ta be 
clone in orcier ta compare the results given by our l11ethocl and 
the results obtainecl in open sea for different sources. 

Moreover, we think that this methocl of l11easurel11ent, 
aclaptecl l'rom existing results in aerial acollstics ancl in eJec­
trol11agnetisl11, gives a useful tool for the characterization of 
the acoustic emission of the numerous clevices operating 1I1 

llnderwater environl11ent. 
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