


P R E V I O U S L Y I S S U E D N U M B E R S O F 
B R O E L & K J / E R T E C H N I C A L R E V I E W 

3-1974 Acoustical Investigation of an Impact Drill. 
Measurement of the Dynamic Mass of the Hand-arm 
System. 

2-1974 On Signal/Noise Ratio of Tape Recorders. 
On the Operating Performance of the Tape Recorder 
Type 7003 in a Vibrating Environment. 

1-1974 Measurements of averaging times of Level Recorders 
Types 2305 and 2307. 
A simple Equipment for direct Measurement of Reverbe­
ration Time using Level Recorder Type 2305. 
Influence of Sunbeams striking the Diaphragms of Mea­
suring Microphones. 

4-1973 Laboratory tests of the Dynamic Performance 
of a Turbocharger Rotor-Bearing System. 
Measurements on the Resonance Frequencies of 
a Turbocharger Rotor. 

3-1973 Sources of Error in Noise Dose Measurements. 
Infrasonic Measurements. 
Determination of Resonance Frequencies of Blades and 
Disc of a Compressor Impeller. 

2-1973 High Speed Narrow Band Analysis using the Digital 
Event Recorder Type 7502. 
Calibration Problems in Bone Vibration with reference 
to IEC R373 and ANSI S3. 13-1972. 
An Investigation of the Near Field Screen Efficiency for 
Noise Attenuation. 

1-1973 Calibration of Hydrophones. 
The Measurement of Reverberation Characteristics. 
Adaptation of Frequency Analyzer Type 2107 to 
Automated 1/12 Octave Spectrum Analysis in Musical 
Acoustics. 
Bekesy Audiometry with Standard Equipment. 

4-1972 Measurement of Elastic Modulus and 
Loss Factor of Asphalt. 
The Digital Event Recorder Type 7502. 
Determination of the Radii of Nodal Circles 
on a Circular Metal Plate. 
New Protractor for Reverberation Time Measurements. 

3-1972 Thermal Noise in Microphones and Preamplifiers. 
High Frequency Response of Force Transducers. 
Measurement of Low Level Vibrations in Buildings. 
Measurement of Damping Factor Using the Resonance 
Method, 

(Continued on cover page 3) 



TECHNICAL REVIEW 

No. 4—1974 



Contents 

Underwater Impulse Measurements 
by P. Levin 3 

A Comparison of ISO and O S H A Noise Dose Measurements 
by L. S. Christensen 1 4 

Sound Radiation from Loudspeaker System with the 
Symmetry of the Platonic Solids 

by V. Tarnow 23 

News from the Factory 32 



Underwater 
Impulse Measurements 

by 

Peter A. Levin, M. Sc. 

ABSTRACT 
This article investigates the ability of hydrophones to measure shock waves in water gener­
ated by explosives. The peak pressures and decay rates obtained from t ime histories of 
shock waves registered on the oscilloscope from the hydrophones are used to compute the 
energy flux density and impulse per unit area. The results obtained are found to be in good 
agreement w i th those obtained from a tourmal ine transducer normally used for shock meas­
urements. 

S O M M A I R E 
Cet article etudie I'aptitude des hydrophones a mesurer les ondes de choc sous-marines pro­
duces par les explosifs. Les pressions de crete et temps de descente obtenus a partir du 
trace sur oscilloscope des ondes de choc recueil l ies par des hydrophones ont servi a calculer 
la densite de flux d'energie et I ' impulsion par unite de surface. Les resultats se sont averes 
en bon accord avec ceux obtenus a I'aide d'un capteur a tourmal ine, d'emploi normal pour 
les mesures de choc. 

Z U S A M M E N F A S S U N G 
Der Verfasser untersucht die Mogl ichkeit , mit Hilfe von B & K-Hydrophonen Explosions-
Schockwel len unter Wasser zu messen. Hierbei wurde der zeitliche Schockwel lenverlauf auf 
emem Oszilloskop dargestellt und fotografiert. Anhand der daraus gewonnenen Schalldruck-
spitzen und Abfallzeiten wurde dann die flachenbezogene Energie und der f lachenbezogene 
Impuls berechnet. Die so erhaltenen Resultate sind in guter Ubereinst immung mit den uber 
einen Turmal in-Wandler gewonnenen, wie sie normalerweise fur Schockmessungen unter 
Wasser benutzt werden. 

Introduction 
The purpose of this research was to investigate, whether commercia l 
underwater t ransducers — pr imari ly intended for other appl icat ions — 
can be used for measurements of shock waves in water generated by 
explosives. 

A tourmal ine pressure transducer is widely used for recording of main 
parameters of interest e . g . peak pressure and decay constants, f rom 
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wh ich all the other parameters such as energy f lux density and impulse 
per unit area are der ived. 

However, the high cost of tourmal ine as a natural crystal may not 
make its use economical ly feasible. Another possible draw-back of tour­
mal ine is that its sensit ivi ty is very low compared to piezo-electric cer­
amic t ransducers. The lower capacitance of the tourmal ine may also 
restrict its low frequency response. 

Pressure transducers based upon quartz have also been used for meas­
urements of underwater explosions, but due to the lack of abil ity of 
quartz to measure hydrostatic pressure in one direct ion w i thou t protec­
t ion in the two other mutual ly perpendicular d i rect ions, a rather l imited 
use of this material has been made. 

Theory 
The theory of underwater shock wave propagation is general ly known . 
According to Cole (1) the investigated shock wave can be represented 
by the fo l lowing expression: 

- t / 9 (W,R) 
P = Pm (W,R)e t^o [bar] (1) 

where P m is the peak pressure and d is the t ime constant of the expo­
nent ial pressure decay. W is explosive charge we igh t in kg and R is the 
distance f rom the explosion in m. 

In measur ing shock waves f rom underwater explosions it is usually de­
sired to determine four basic quant i t ies: peak pressure P m , decay t ime 
constant 9, impulse I per unit area, and energy f lux density E, where I 
and E can be approximated as fo l lows: 

T N I 
I = J P(W,R) dt - 2

S (2) 
o [ m 

E = 1/pC J P2 (W,R) dt f ^ ^ l . . . . . (3) 
o [ m 

where p is the density of water and C is the velocity of sound in water . 

It can be shown that all parameters in connect ion w i th shock waves 
can be expressed by means of the formulae given in Table 1 establ ished 
on empir ical basis 
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Table 7. 

where K-] . . . . K 4 and a, / j , y, 6 are empir ical ly establ ished constants 
listed in Table 3. 

W h e n using a piezoelectric t ransducer for shock measurements two par-
ameters are especially important: 

a) t ransducer size 
b) the low l imi t ing frequency (LLF) of the measur ing set-up 

In the first case the result of integrat ion w i l l introduce errors in the re­
cording of high f requency components and thus distort the leading edge 
of the shock wave. In the second case there wi l l be an incorrect repres­
entat ion of the low frequency components , (and thus a distort ion of the 
tail of the shock wave) and the zero crossing w i l l occur earlier than for 
a true peak-pressure trace. 

A low leakage resistance has no inf luence on the recorded rise t ime 
and peak pressure of the shock waves. On the other hand the inf luence 
of the recorded pressure decay after the leading edge can be quite con­
siderable, thus causing errors in determin ing the impulse and energy 
f lux density of the shock. 

During the exper iment , however, a high input impedance ampli f ier was 
used so that the effect of lower l imi t ing f requency could be vir tual ly 
e l iminated. 

Measurement Procedure 
The experiments were carried out in a small water tank w i th d imensions 
of 2 > < 3 x 2 m . The detonators employed consisted of a pr imary charge 
of 0 ,25 g w i th 7 0 % azide and 3 0 % lead t r in i t roresorc inate, and a base 
charge of 0 ,55 g tetry l . 

The detonators were ignited electr ical ly, and the shock waves produced 
were measured by means of two Bruel & Kjaer product ion hydro-
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Fig. 7. Schematic drawing, frequency response and directional charac­
teristics of Hydrophone Type 8100 

phones Type 8 1 0 0 w i t h a sensi t iv i ty of —205 dB re 1 \I/pPa and Type 
8 1 0 3 w i t h a sensi t iv i ty of — 2 1 0 d B re 1 V / / ;Pa . 

The f requency response curves, direct iv i ty pat terns and physical d imen ­
sions of the hydrophones are shown in Figs. 1 and 2. 
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Fig.2. Schematic drawing, frequency response and directional charac­
teristics of Hydrophone Type 8103 

The transducer output signals were recorded direct ly on a Tektronix 
5 5 5 osci l loscope w i t h an upper f requency l imit of 3 0 MHz to ensure 
that the t rasducers were the only components in the set-up that l imi ted 
the f requency response. 
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Fig. 3. Position of transducers in water tank 

The oscilloscope sweep was tr iggered by a signal f rom a small t ransdu­
cer placed a short distance in front of the measuring transducers, see 
Fig.3. The pressure-t ime curves were taken by a Polaroid camera. The 
transducers were oriented in the horizontal plane (X-Y plane). 

Fig.4 shows some typical measurements of the pressure-t ime varia­
t ions. 

These curves have a characteristic form for shock waves — a steep 
front fol lowed by an exponential pressure decay to approx. 30% of Peak 
pressure fol lowed by another exponential decay. 

The inf luence of the transducer's f ini te dimensions can easily be seen. 
According to Osborne (6), the rise t ime of the shock wave is considera­
bly less than 1 ̂ s . However, the rise t ime according to the results 
shown in Fig.4 is approximately 2,5/ iS for the 8 1 0 3 hydrophone and 
the tourmal ine gauge and approximately 5/iS for the 81 0 0 hydrophone. 

These results are in good agreement w i th the resonance frequencies of 
the respective transducers (55kHz for Type 8 1 0 0 , 110kHz for Type 
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Fig. 4. Time history recordings of shock waves 

8 1 0 3 ) or the integrat ion t ime (the passage t ime for the shock wave 
across the transducers diameter) of the tourmal ine gauge. 

The Fourier energy-spectra, Fig.5 wh ich were calculated by means of a 
digital computer, based upon the pressure-t ime traces measured by the 
Bruel & Kjser hydrophones, conf i rm the existence of these resonance 
frequency components. 

The max imum pressure measured was about 1 0 — 15% higher than 
could be expected f rom the theoret ical calculat ions. However, this fact 
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Fig.5. Energy Spectra of shock waves recorded by Hydrophones 
Types 8100 and 8103 

can readily be explained w h e n looking at the frequency response 
curves of the hydrophones in f igures 1 and 2. They have a Q factor of 
approximately 1 — 2, wh ich directly leads to the 1 0 — 15% peak devia­
t ions. 

The measured parameters for shock waves corrected for the hydro­
phones' Q factor are listed in Table 2. The results obtained for Types 
8 1 0 0 and 8 1 0 3 hydrophones are in good agreement w i th the results 
obtained f rom a tourmal ine transducer. 

Fig.6 shows a graph of peak pressure Pm as funct ion of distance f rom 
the explosion for a fixed charge weight as measured by the Hydro­
phones Types 81 0 0 and 81 0 3 . 

R[m] P m [ b a r ] e[ps] 

. r _ _ _ _ , 

8 1 0 0 8103 Tourmaline 8 1 0 0 8103 ; Tourmaline 
1 . L _ _ . j ;_ 

0,80 47,8 47,7 47,3 1 3,41 j 13,30 1 3,2 6 

0,90 41,7 I 41,3 j 42,3 13,72 | 13,69 13,70 
I 

1,00 36,1 3 5,8 36,6 14,05 j 13,96 13,78 

1,10 26,7 26,3 26,8 14,17 14,10 13,92 

1,20 22,2 | 21,7 2 2,3 14,32 j 14,26 14,1 1 

1,30 18,5 18,3 18,4 

1,40 16,1 ! 15,8 1 5,9 ! 
I . L . I 1 J l_ . 

Table 2. 
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Fig.6. Peak Pressure, Impulse and Energy Flux Density as functions 
of Distance from Explosion 

From equations (2) and (3) it can be seen that the area under the pres­
sure-t ime curve and the pressure2-t ime curve gives the impulse I per 
unit area and energy flux density E respectively. For each of the dis­
tances, I and E were thus evaluated and plotted against distance as 
shown in Fig.6. 

These curves when made to fit equations given in Table I would yield 
constants Ki K3 K4 and a, y, 6. One of the methods of obtaining the 
constants is by plotting the measured data on a log-log paper. How-
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ever, w h e n f i t t ing the best line through the measured points emphasis 
should be placed on data obtained at smal l distances since inaccuracies 
occur in measured data at larger distances. The constants evaluated 
are given in Table 3, and are found to be in reasonably good agreement 
w i t h those publ ished by other authors. 

Conclusion 
It has been shown that Bri iel & Kjser hydrophones, though not pr imar­
ily intended for shock wave invest igat ions, can be used for this pur­
pose. The reproducibi l i ty of the experimental data was found to be satis­
factory and in good agreement w i th results obtained by Cole, Bj0rn0 & 
Poche, (1), (5), (2). 

By ut i l is ing an ampl i f ier w i th high input impedance the effect of lower 
l imit ing frequency was e l iminated. Deviation of measured results 
caused by transducer f requency response are easy to predict and may 
for instance be graphical ly removed. 

The high sensit ivi ty of hydrophones and capabil i ty to w i ths tand rela­
tively high pressures, permit use of the same transducer for measure­
ments at distances f rom the explosion of 5 0 — 1 0 0 t imes the charge ra­
dius. 

Further experiments are in progress to determine the inf luence of the 
or ientat ion of the transducer and of explosive charge. 
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A Comparison of 
ISO and OSHA 

Noise Dose Measurements 

by 

Le/fS. Christenscn 

A B S T R A C T 
The equivalent cont inuous noise level Leq represents an important step towards a unified 
measurement principle for occupational noise exposure. However, the Sound Level 'expo­
sure t ime exchange rate q is still in dispute, and the consequences for measurements in 
practice are evaluated. 

S O M M A I R E 
Le niveau de bruit equivalent Leq represente un pas important vers un principe unique de 
mesure pour evaluer I'exposition au bruit pendant le travai l . Cependant, le parametre q, re­
liant le niveau sonore au temps d'exposit ion, est encore matiere a discussion, et les con­
sequences qui en resultent en pratique pour les mesures sont evaluees dans cet art icle. 

Z U S A M M E N F A S S U N G 
Der aquivalente Dauerschallpegel Leq -■ bzw. die mit ihm uber die Zeitdauer verwandte 
Larmdosis — stellt einen wicht igen Schritt in Richtung auf ein einheit l iches Meftprinzip fur 
die Beurtei lung der Larmeinwirkung auf den Menschen hinsichtl ich der Gefahr einer Gehbr-
schadigung dar. Der Zahlenwert von Leq bzw. der Larmdosis hangt jedoch wesent l ich von 
der Festlegung des sogenannten Halbierungsparameters q ab, der angibt, welche Pegelerho-
hung in dB durch eine Halbierung der Einwirkdauer kompensiert w i rd . In ISO wi rd q = 3 an-
gegeben, wahrend OSHA q - 5 empfiehlt . Der Art ikel zeigt den Einflufc der unterschiedl i-
chen Halbierungsparameter auf den Wert L e q anhand von Berechnungen und praktischen 
Messungen auf. 

Introduction 
Many workers in industry are exposed to harmful noise levels. 10 — 
2 0 % of the employees work in noise level above 8 5 — 90dB(A) that is, 
their hearing may be permanent ly damaged after a certain period of 
t ime (1 & 2). The hearing impairment is often not detected in t ime to 
prevent it and may only be partial ly compensated for by hearing aids (3). 

Therefore, it is important to be able to determine whether the noise le-
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vels at a given workplace are potential ly harmfu l , and for this purpose 
the Equivalent Cont inuous Sound Level is used: 

r r- i 20log1 02 . 

where T is the measurement t ime, 

p(t) represents the t ime-vary ing noise pressure, 
q indicates the number of dB(A)'s corresponding to halving or dou­

bling the measurement t ime (for a constant L e q ) . 

p is the reference sound pressure 20/^Pa. 

Noise Dose Meters for measurement of Leq according to equat ion (1) 
are now commercial ly available and a typical block diagram is shown in 
Fig. 1 . 

Referring to equat ion (1), the microphone registers p(t) wh i le q corre­
sponds to the combined effect of the squaring and exponent c i rcui ts. 

Fig. 7. Typical Noise Dose Meter Diagram 

Standards for Noise Dose 
Equation (1) al lows for averaging a t ime-vary ing noise level, but does 
not establish a l imit for acceptable noise exposure. The circles in Fig.2 
show how the l imit in most countr ies is set at Leq - 90dB(A) for an 8 
hour workday (40 hour week). Only in Sweden , Austr ia and South 
Afr ica is the l imit 85 dB(A). 

Besides the Leq l imit , a choice of q must be made, and the At lant ic 
here divides the proponents of q -- 3 (ISO Recommendat ion, (4)) and q 
= 5 (OSHA, (5)). In Fig.2, q determines the slope of the line through 
the 8 hour circle. Levels below 90dB(A) are presently ignored accord­
ing to OSHA as indicated by the horizontal l ine at 90dB(A) . 

Lowering this cut-off to 85dB(A) has been proposed by NIOSH (6). In 
the ISO countr ies, the cut-off is general ly 1 0 d B below the 8 hour 
level. 
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Fig.2. Noise Dose limits in various countries 

The effect of q on Noise Dose 
Since a person's ears must be assumed to be equally susceptible to 
damage no matter where he lives, it wou ld be of interest to see wha t 
di f ferences, if any, are found w h e n measur ing noise dose using the 
two dif ferent values of q. Noise doses are therefore evaluated using the 
OSHA curve and the upper ISO curve of Fig.2 for various types of 
noise. The effect of various parameters of the noise are also consid­
ered. 

a) Constant Level Noise 
For a given durat ion, Fig.2 gives the permit ted level. At points above 
the ISO/OSHA intersect ion, the permit ted level is greater for q = 5 
w i t h a max imum difference of 1QdB(A). 

b) Two alternating levels 
This is the simplest model of level var iat ion. Fig.3 shows the difference 
in calculated Leq as a funct ion of level dif ference and duty cycle. 

it can be seen that q = 5 gives lower Leq and that the max imum differ­
ence depends on the Level Ratio. At 2 0 dB level ratio the max imum dif­
ference is about 4 d B . 
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Fig.3. Leq difference for two alternating levels as a function of level 
ratio and duty cycle. ("On" corresponds to the higher of the 
two levels) 

c) Gaussian level distribution 
Using an expression given by Hesselmann (7), 

Leq = L m -+ 0 , 0 8 6 3 x (2a) V q (2) 

where l_m is the mean value and 
a is the standard deviat ion. 

Fig. 4. Leq difference for Gaussian Level distribution 
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Fig.4 shows the calculated dif ference in Leq . For q = 5 we again get 
the lower value; for example, at 2a = 2 0 dB the difference is about 
4 d B . 

dj Fast level changes 
Up to now, we have disregarded the inf luence of the RC averaging cir­
cuit in Fig. 1 . In the case of q = 3 it can be shown to be of no inf luence 
on the measured noise dose (8). For q ~ 5 this is not so. If the level var­
iations become fast enough to let the RC circuit reduce t hem, the 
ISO/OSHA dif ference wi l l also be reduced. To demonstrate this depen­
dence, two Bruel & Kjaer Noise Dose Meters of identical design apart 
f rom q value (Types 4 4 2 4 and 4 4 2 5 ) were exposed to s imulated rever­
berat ion decay signals. The pulse repeti t ion period (PRP) and exponen-

Fig.5. Leq difference for rapid level variations with "Slow" meter 
time constant 

Fig.6. Leq difference for rapid level variations with "Fast" meter time 
constant 
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t ial decay t ime (Reverberation Time RT) were variable. Keeping the ratio 
of RT/PRP constant at 3 , 1 6 , 1 and 0 , 3 1 6 , the dif ference between the 
ISO and OSHA criteria were measured for di f ferent values of PRP. 

Figs.5 and 6 show the result: w h e n the pulse repeti t ion period is re­
duced, the Leq di f ference disappears. Going towards greater values of 
PRP, we approach a dif ference of about 4 d B for the case where PRP = 
RT. These two f igures wh ich are obtained for " S l o w " and "Fas t " meter 
t ime constants respectively, show at wh ich PRP the dif ference becomes 
signif icant. 

Fig.7 shows similar curves for tone burst signals. 

As the PRP increases, the two curves approach a level dif ference of 
about 2 and 7 d B , corresponding to two points ( 50% and 10% duty cy­
cle) on the ^ 6 0 d B line in Fig.3. 

Fig. 7. Leq difference for tone hurst signals 

e) Measurements of industrial noise 
Finally, a series of measurements were performed of noise in industry, 
using the two Noise Dose Meters and their readings were compared. A 
variety of noise signatures were covered, and typical sample level re­
cordings are shown in f igures 8 , 9 , 10 and 1 1 . From the results the fo l ­
lowing remarks can be concluded: w h e n measur ing fair ly constant 
noise levels, ( i . e . s lowly varying levels w i th in a few dB) or rapidly re­
peated noise bursts (PRP less than 1 s) ISO and OSHA measurements 
show little di f ferences, as i l lustrated in Figs.8 and 9. Noise bursts re­
peated at greater intervals exhibit a noticeably lower reading for the 
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Fig. 8. Noise from a boiler room 

Fig. 9. Noise from a wire stripper 

OSHA Dose Meter ( 3 d B in F ig.10) , wh i l e large burst intervals com­
bined w i t h great level var iat ions give a st i l l lower OSHA reading 
(6 ,5 dB in F ig.11) . These resul ts are comparable to those obta ined by 
other authors (9). 
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Fig. 10. Noise from a fast punch press 

Fig, 7 7. Noise from a riveting process 

Conclusion 
It wou ld have been desirable that the various standards for noise dose 
measurements wou ld lead to similar results in practice. However, meas­
urements according to OSHA may give an Leq 5 — 1 0 d B lower than 
those according to ISO, and there may for a given exposure t ime be up 
to 1 0 d B difference in permit ted level. 
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Sound Radiation from Loudspeaker System 
w i th the Symmetry of the Platonic Solids 

by 

Viggo Tar now 

ABSTRACT 
Isotropic radiation from a sound source is often achieved by mount ing small loudspeakers on 
the surface of a regular solid. In this article the theoretical l imit for isotropic range of some 
loudspeaker systems has been calculated. In the case of the dodecahedron the theoretical in­
tensity is compared w i th experimental results for various direct ions. 

S O M M A I R E 
La radiation isotrope d'une source sonore s'obtient souvent en montant de petits haut-par-
leurs sur la surface d'un solide regulier. Dans cet art icle, on calcule la l imite theorique de la 
gamme isotrope de certains systemes de haut-par leurs. Dans le cas d'un dodecaedre, I' inten-
site theorique est comparee aux resultats expenmentaux dans differentes direct ions. 

Z U S A M M E N F A S S U N G 
Eine ungerichtete (kugelfdrmige) Schal labstrahlung wi rd haufig durch die Montage kleiner 
Lautsprecher an der Oberflache eines regelmafcigen Polyeders erreicht. In diesem Art ikel 
w i rd die theoretische Grenze fur die kugelformige Charakteristik einiger Lautsprecheranord-
nungen berechnet. Fur den Fall des Dodekaeders wi rd der berechnete Schalldruck mit expe-
rimentel l gewonnenen Resultaten fur verschiedene Richtungen vergl ichen. 

Introduction 
Sound sources may be build in many ways by combining a number of 
loudspeaker uni ts. However, equal radiat ion of sound in all direct ions 
can only be obtained at low frequencies. The precise meaning of " l o w 
f requenc ies" depends on the size and shape of the loudspeaker system. 
In general small systems have a high upper l imit for isotropic radiat ion 
but often there is a practical lower l imit for the size of the system, de­
termined by the required power handl ing capacity. Also a physically 
small system wou ld not be able to radiate low frequency sound. 

To obtain isotropic radiation loudspeaker units are often placed in a 
symmetr ical way on a regular sol id. 
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In this article the l imit of the isotropic range for some loudspeaker sys­
tems has been calculated. The wave equat ion for the sound pressure is 
solved by the usual expansion in spherical harmonics. This is simpl i f ied 
by the use of group representat ion theory. Only smal l deviat ions f rom 
isotropy was considered, because the idealizations used for the compu­
tat ion are only valid for th is case. The idealizations are: 

1) The vibrat ion pattern of the loudspeaker membranes do not violate 
symmetry. 

2) The solids are replaced by spheres. 

A less necessary assumpt ion is that the loudspeaker uni ts are regarded 
as point sources. This may give a little too high a value of the deviat ion 
f rom isotropy if a large f ract ion of the solids is covered by the mem­
branes of the loudspeakers. 

The computed values of the sound intensity have been compared w i t h 
some experimental data for the dodecahedron. The agreement is w i th in 
a few decibels. 

Theory 
The wave equation 
The sound pressure outside the source is given by the formula: 

GO | 

p(r,0/pfk) = i p c ^ I h,(kr) £ ulmY|m(0,*) 
I = 0 m - - I 

This formula may be found in the book by Morse and Ingard (1). p is 
the density of air, c the velocity of sound, h | is the spherical Hankel 
func t ion . U|m are constants depending on f requency. Y ] m are the usual 
spherical harmonics. 

The value of u i m is found f rom the boundary condi t ion, wh i ch ex­
presses the cont inui ty of the velocity normal to the surface of the 
source. 

1 _ _9p_ 
ikpc 9n 

Symmetry 
Any sound source of f in i te extension has symmetr ic propert ies belong-
ing to one of the f ini te subgroups of the 3-dimensional orthogonal 
group. 
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If subgroups w i th a principal axis of rotat ion are neglected, only 3 
groups remain, the groups of the te t rahedron, the octahedron and the 
icosahedron. The cube belongs to the octahedron group wh i le the dode­
cahedron to the icosahedron group. 

The symmetry of the source determines in part the values of the coeff i­
cients of the spherical harmonics, U | m . For a given value of I it may 
happen that all constants are zero i. e. U|m = 0, or a part icular l inear re­
lationship may exist between them. 

Another way to look at this is to f ind the independent invariant harmon­
ics for a given I. The number of invariant harmonics is given by the 
characters of group representat ion theory, see Appendix A. 

The invariant harmonics are given in the paper by Bell (3) for the te­
t rahedron and the octahedron. The lowest order nontr iv ial funct ion for 
the icosahedron group has been computed for this paper. It is given in 
Appendix B. 

The Sound Intensity 
The sound pressure formula (1) may be rewr i t ten as 

1 ^ 
p = ' P C T " Z , h| (kr) V| Z | (0 , </>) 

771 - 0 
w i th new constants, V| , and the invariant harmonics Z\ . There is only 
one harmonic for each I, for the values of I actual ly used for the numer i ­
cal calculat ions. 

In order to determine the coeff icient V| it is assumed that the sound 
source is a sphere of wh ich a part is v ibrat ing. The coeff icient V[ may 
now be found in the usual way by using the orthogonal i ty of the har­
monics and the boundary value on the sphere. 

In the far f ield the sound pressure is given by the formula 

e i k r 
P = {PC iUr A-rr ^ ' " ' V| Z , ( 0 , </>) 

i k r ■ 477 - = Q 

From this formula the variat ion of the intensity w i th direct ion may be 
found for all the solids and is shown in Fig. 1 . The loudspeakers were 
assumed to be point sources and posit ioned on the surface of the sol-
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Fig.l. The curves indicate the deviation from isotropic radiation. The 
loudspeakers are placed on the faces of the so/ids 

ids. The ordinate is the root mean square of the intensity over all direc­
t ions divided by the mean intensity and represents the deviat ion f rom 
isotropic radiat ion. The abscissa is equal to the wave number k, ( i . e . 
2rri/c) t imes the radius of the sphere " a " . The f igure shows how the in­
tensity varies as the frequency is increased for a f ixed radius of the 
sol id. It can also be seen that for regular solids w i t h greater number of 
surfaces the var iat ion in intensity gets signif icant at higher f requencies 
than for solids w i t h less number of surfaces. 

Measurement Results 
To check the theoret ical results w i th practical measurements , the inten­
sity of the dodecahedron was studied in more detai l . The theoret ical var-

Fig.2. Dodecahedral Sound Source 
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iation of intensity around di f ferent latitudes was calculated and com­
pared w i th exper imental results obtained f rom measurements around a 
dodecahedral sound source shown in Fig.2. In Fig.3 a three fold 
symmetry axis of the dodecahedron is used as the polar axis wh i le the 
longitude is calculated f rom one of the three edges at the north pole. 
(An n-fold symmetry axis is def ined as the axis around wh i ch the body 
maps into itself n t imes per revolut ion i .e . the rotated body is indist in­
guishable f rom the unrotated after 1 /n th of a revolut ion.) 

Fig. 3. Theoretical and experimentally measured intensity at different 
angles around the equatorial plane for a dodecahedron. Co-lati­
tude 90° 

The curve shows variat ion of intensity in the equatorial lati tude plane 
(co-latitude of 90°) . The theoret ical as wel l as practical results were ob­
tained for the condit ion ka = 4 . The mean radius of the dodecahedral 
sound source, 1 1 ,5 cms was used for the value of " a " to calculate the 
theoretical curve. For the experimental results the frequency of excita­
t ion of the sound source was calculated f rom 

O -f O f 
= 4 where = k wave number 

c c 

and was found to be 1 9 3 0 Hz. it is obvious that the experimental inten­
sity does not have exactly the six-fold symmetry expected. The six-fold 
symmetry is a consequence of the symmetry of the dodecahedron, if 
the vibrat ion pattern of the loudspeakers does not violate the symmetry. 
Consequently the deviat ions are caused by the dif ferences in the loud­
speakers. 

In Figs.4 and 5 variat ion of intensity in other lati tude planes (co-lat i­
tudes 60 ° & 30 ° respectively) is shown. In all the three f igures ka 4 
(wavenumber t imes radius of sphere). 
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Fig. 4. Theoretical and experimentally measured intensity at different 
angles around a latitude plane. Co-latitude 60° 

Fig. 5. Theoretical and experimentally measured intensity at different 
angles around a latitude plane. Co-latitude 30° 

In order to give a view of the intensity distr ibut ion over the direction 
sphere, Fig.6 has been sketched. It shows a pictorial view of the the­
oretical intensity at the frequency corresponding to ka - 4. The fivefold 
axes are directions of maxima, and the three-fold of min ima. The two­
fold axes are directions of saddle-points. The values of the relative in­
tensity of the corresponding points are 8,8 dB, OdB & 1,9dB respec­
tively. 
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Fig.6. Drawing of a 3-dimensional surface, describing the theoretical 
intensity of sound waves from the dodecahedron 
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Appendix A 

The number of invariant harmonics 
The symmetry group may be represented by the spherical harmonics. 
The character of this representat ion is easily found. In Table A 1 is given 
the mean value of the character over the symmetry group. This is equal 
to the number of invariant spherical harmonics. The mirror plane of 
the tet rahedron, and the inversion centre of the two other groups have 
been considered. 

1 0 1 2 3 4 5 6 7 8 9 1 0 
M ^ ^ I ^ I ^ B ■ ■ — l l i n i , T l B I I H B I | | - - - MM M ' I B M I I I I .■■-■■■■ ■ ,hrf» fc J I I I Jhl I I I IF M L ! 1 II — — ■ ^ M - H r i — f c ^ — * 

Tetrahedron 1 0 0 1 1 0 1 1 1 1 1 
Octahedron, Cube 1 0 0 0 1 0 1 0 1 0 1 
Icosahedron, Dodecahedron 1 0 0 0 0 0 1 0 0 0 1 

Table A 1 

This means that u 2 m - 0 in all cases. More details on group represen­
tat ion is given in the book by Tinkham (2). 

Appendix B 

The invariant ha rmon ic of the dodecahedron and icosahedron 
The lowest order nontr iv ial harmonic of the icosahedron group is given 
by 

^ - ^ — ^ - 1 231 z6 - 3 1 5 z 4 + 105z2 - 5 - 4 2 z ( 5 x 4 y - 1 0 x 2 y 3 + y 5 ) I 
5 - 1 8 l J 

The harmonic is normalized to 4TJ on the sphere, x, y, z are direct ional 
cosines (x x / r etc.). The z-axis is here a f ive-fold axis of the dodecahe­
dron, and the x-axis is a two- fo ld axis. The choice of the coordinates 
is shown in Fig.B1 . 

3 0 



Fig.Bl. The axes of the coordinate system for the harmonic 

The harmonic may be wr i t ten as a l inear combinat ion of the usual 
spherical harmonics. The sum wi l l only contain the harmonics Y 6 0 , 
^ 6 5 ' ^6-5 ' because a f ive-fold axis is used as polar axis. These har­
monics are computed w i th the usual formula for Legendre funct ions. 
The direct ional cosine is subst i tuted in the formula instead of the 
angles. 

it is seen that only one value is not immediately found. This is the ratio 
between the coeff icient of Y 6 0 and Y 6 5 ■+ Y6_5 . The ratio may be 
found f rom the requirement that the harmonic should be invar iant, if 
any symmetry t ransformat ion is per formed. A suitable t ransformat ion is 
a rotation about the x-axis, wh ich makes the top pentagon-plane cover 
the nearest pentagon plane, fo l lowed by a rotat ion of rr about an axis 
normal to this plane. The result ing rotat ion is expressed in a transfor­
mation of the direct ional cosine, and this is subst i tuted in the expres­
sion for the spherical harmonic. The coeff icient of ye has to be 0. This 
condit ion determines the required number. It should be noted that the 
variable x should be e l iminated f rom the fo rmula , because the variables 
must be independent. The rest is obtained by the normal izat ion of the 
harmonic on the sphere. 
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News from the Factory 

Personal Noise Dose Meter Types 4 4 2 4 & 4 4 2 5 

The personal Noise Dose Meters Types 4 4 2 4 and 4 4 2 5 are completely 
self-contained pocket-size units wh ich measure the true accumulated 
noise exposure according to ISO Recommendation R 1 9 9 9 and OSHA 
requirements respectively. A digital display gives continuous reading of 
the percentage of the allowable noise exposure to wh ich the wearer 
has been subjected. 

As standard a half inch microphone Type 4 1 2 5 is mounted directly 
on the Noise Dose Meters, but as an option it can be mounted on a Mi ­
crophone Preamplifier ZE 01 32 for c l ip-mount ing near the wearer 's ear. 
Low level detectors are incorporated to inhibit measurements below 
80dB(A) for Type 4 4 2 4 and 89dB(A) for Type 4 4 2 5 . High level detec­
tors indicate exceedance of 1 1 5 dB(A) required by OSHA standard. The 
upper measurement l imits are 1 20dB(A) for Type 4 4 2 4 and 1 1 5 dB(A) 
for Type 4 4 2 5 whi le instantaneous levels in excess of 130dB(A) and 
1 25 dB(A) can be handled by Types 4 4 2 4 and 4 4 2 5 respectively. 

Wi th the "accelerated measurement mode" providing more than 1 0 0 
times faster indication, measurement of less than 5 minutes noise dura­
tion can be made. A conversion table is supplied to ease the derivation 
of Le q for measurement periods of 5 min , 1 5 m i n , 1 h, 2 h, 4 h and 
8 h . 

Finally, a very simple and accurate calibration can be performed using 
the Sound Level Calibrator Type 4 2 3 0 . 
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Sine Random Generator Type 1 0 2 7 

The Sine Random Generator Type 1 0 2 7 is a high accuracy, high stabi l ­
ity signal source covering a f requency range of 2 Hz and 2 0 0 kHz. The 
four types of output waveforms available for various applications are: 

1) Sinusoidal 
2) Narrow band random noise 
3) Whi te noise (wide band random noise) 
4) Pink noise (wide band random noise — 3 dB/octave) 

Six bandwidths of 3 , 1 6 H z , 10 Hz, 3 1 , 6 H z , 1 0 0 Hz, 3 1 6 H z and 
1 0 0 0 Hz are avai lable, the centre f requency of wh ich can be varied 
over the who le frequency range. The frequency of the generator can be 
selected w i th in a fract ion of a Hz w i th the aid of the bui l t - in f requency 
counter and a 6 digit f requency display. Linear or logari thmic f requency 
sweeps can be carried out either manual ly or remotely by a mechanical 
drive or electrical s ignal . 

The wide band random noise has a true symmetr ical Gaussian ampl i ­
tude distr ibut ion up to 4 ,5 a . W i th the appropriate selection of high and 
low pass f i l ters of slopes 1 8 dB/oc tave , w ide band random noise or pink 
noise may be generated in the five ranges 2 H z — 2 kHz; 2 Hz — 
20 kHz; 2 H z — 2 0 0 kHz; 2 0 H z - 2 0 kHz and 2 0 0 H z — 2 0 0 kHz. 

A bui l t - in compressor faci l i ty works in all modes w i th a dynamic range 
up to 9 0 dB (for sinusoidal mode) and OdB static error for mainta in ing 
a constant output level, for example on a loudspeaker or a vibrat ion ex­
citer. 

Either the output voltage, compressor input voltage or the amount of 
compression can be moni tored on a bu i l t - in , electronic vol tmeter wh i ch 
has 7 averaging t imes f rom 0,1 to 1 0 0 s. Facil it ies for connect ion to ex-
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ternal f i l ters (e .g . 1 /3 octave or 1/1 octave fi l ter sets) is available as 
wel l as tuning signals for Bruel & Kjaer Heterodyne Slave Filters. 

This universal precision generator is wel l suited (as can be seen from 
the facilities) for accurate measurements in the fields of acoustics, elec-
troacoustics, mechanical dynamics and electronic research. 

Charge Amplifier Type 2 6 3 4 

Charge Ampl i f ier Type 2 6 3 4 is a compact two stage amplif ier primari ly 
intended for measurements in industrial environments. On account of 
its rugged construct ion it can be mounted in condit ions alien to normal 
electronic inst rumentat ion. It is therefore ideal for use in condit ions 
where the preamplif ier must be mounted close to the accelerometer to 
avoid noise p i ckups in long transducer cables due to electro-magnetic 
noise and tribo-electric noise. 

The lower l imit ing frequency of the amplif ier is 1 Hz whi le the fall-off 
slope between 1 Hz and 0,1 Hz is 1 2 dB/octave to el iminate the inf lu­
ence of pyroelectric effects of some transducers. The ampli f icat ion of 
the amplif ier can be adjusted between 0 — 20 dB by means of a 1 0 
turn potentiometer. The back plate of the amplif ier, wh ich is removable 
for access to this potentiometer, is f i t ted w i th a rubber seal to prevent 
ingress of dirt, oil etc. 

The amplif ier can be powered by single polarity supply between + 1 2 V 
and ■+■ 2 8 V or dual polarity supply between ± 6 V a n d ± 2 4 V . 

Reference Sound Source Type 4 2 0 4 

For determinat ion of sound power output of equipment by the subst i tu­
t ion method a calibrated reference sound source is required. Such a 
sound source has been developed by Bruel & Kjaer that ful f i ls the re-
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qui rements stated in iSO Draft 2 8 8 0 Annex B and ASHRAE Standard 
3 6 - 6 2 section 3 except for the directivity index values in the frequency 
range 3 kHz— 10 kHz. 

The Sound Source consists essential ly of a centr i fugal fan driven by a 
powerfu l synchronous motor. On account of the high moment of inertia 
of the rotor, a very stable speed of rotat ion is achieved. The motor is 
mounted on a cast a lumin ium base, shaped to minimize ref lect ions,and 
the whole assembly (motor and fan) are covered w i th a cyl indrical 
safety grid f i t ted w i th carrying handles. 

The frequency range of the Reference Source is f rom 1 0 0 Hz to 10 kHz 
and the acoustic power output is greater than 7 0 d B (re. 10 ~ 1 2 W) in 
any 1 /3 octave band. The A weighted power output is typically 92 dB 
and 96 dB for 5 0 Hz and 6 0 Hz line frequencies respectively. 

In 1 /3 octave bands, the direct ional character ist ics of the sound source 
varies less than 6 dB and ± 0 , 2 d B in the vertical and horizontal planes 
respectively. 

Each sound source is individually cal ibrated and a cal ibrat ion chart is 
suppl ied. 
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