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Introduction 
Research and development engi- culating the acoustic field closer to the 2313 controls the measurement, per-

neers invest considerable time and ef- source than the measurement surface, forms calculations by means of Helm-
fort in performing tests on vehicles a technique known as Near-field holtz Integral Equation and transfers 
and engines in outdoor proving Acoustical Holography (NAH) is used. the measured data to a computer 
grounds in order to determine acousti- where the Extensive STSF program 
cal radiation patterns. As such tests A pract ica l S T S F s y s t e m enables Near-field Acoustical Holog-
are subject to the vagaries of the B & K can offer a complete STSF raphy and simulated source attenua-
weather, the engineers would ideally system based on a }/s octave intensity tion to be performed. The Extensive 
like to make measurements close to analyser Type 2134/WH 1493 which is STSF program is available for VAX 
the test object indoors in a test cell capable of measuring cross spectra [1]. and for HP 1000 computers. A resume 
and then calculate quantities such as A dedicated Application Package of the main specifications of the STSF 
the sound pressure level at some refer- BZ7007 used with the Graphic Printer system is given in Table 1. 
ence distance. Few test cells are big 
enough to permit a direct measure
ment at the usual reference distance I \~Z i .„ .. . TTT ; 

.. Frequency range 10 Hz to 5 kHz 
oi /,om. 

Array dimensions Flexible 
Engineers investigating means of 

noise reduct ion on engines would also For measurement on Simply extend scan area 
like to know where the main sources of large sources 
noise are and what the effect on the General 
sound f ie ld would be i f part of the Microphones High quality condenser microphones 
engine were damped. Spatial Trans- _. . , . . .... . ,. , ,. ., .... 
„ . r 0 , _. , , /nrr.nTi\ 1 Phase mismatch in Little influence because finite difference 
formation of Sound Fields (STSF) has microphones approximations to the particle velocity is 
been developed in cooperation w i th avoided and minimized by use of high quality 
motorcar manufacturers to deal w i th microphones and by spatial filtering 
these very problems. 

Data recording Digital cassette recorder 

W h a t is S T S F ? Radiation pattern Near-field and far-field 
Spatial Transformat ion of Sound 

Fields is a term introduced by B & K _n7 Active intensity 
to denote a powerful measurement 
and calculation technique. In the most Reactive intensity 
general sense STSF involves making 

±. , , A Sound power 
acoustical measurements near to a 
noise source and then transforming _____. . 
this sound f ie ld data to any other posi- Near-field investigation Near-field acoustical holography: 
t ion, both closer to and fur ther away . intensity, particle velocity, pressure 
from the noise source under test. Extensive 

STSF Resolution limitation Distance between microphones 

For calculating the acoustic field Simulation of source 
further from the source than the mea- attenuation 
surement surface, the Helmholtz' In- ' ' ' 
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tegral Equation is employed. For cal- Table. 1. Resume of main specifications of STSF system 
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1 Frequency range 10 Hz to 5 kHz 

Array dimensions Flexible 

General 

For measurement on 
large sources 

Microphones 

Simply extend scan area 

High quality condenser microphones 

Phase mismatch in 
microphones 

Little influence because finite difference 
approximations to the particle velocity is 
avoided and minimized by use of high qu; 
microphones and by spatial filtering 

ality 

Data recording Digital cassette recorder 

Radiation pattern Near-field and far-field 

BZ 7007 Active intensity 

Reactive intensity 

Sound power 

Extensive 
STSF 
Program 

Near-field investigation 

Resolution limitation 

Simulation of source 
attenuation 

Near-field acoustical holography: 
intensity, particle velocity, pressure 

Distance between microphones 
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Fig. 1. Instrumentation for STSF 

A typical STSF system is shown in 
Fig. 1. It consists basically of three 
parts: the microphones, the analyser 
and the controller/data storage/post
processing. A full description of the 
system is given in the Product Data 
Sheet for BZ7007, together with a 
brief outline of the theory behind the 
technique [1]. 

M e a s u r e m e n t s in a d i e se l eng ine 
t e s t cel l 

To demonstrate how the svstem 
performs in practice, B & K were invit
ed to the SAAB-SCANIA engine lab
oratory in Sodertalje, near Stockholm 
in Sweden. Measurements were per
formed in a semianechoic test cell on 
an 8 cylinder diesel supercharge 14 li
tre engine, with the engine running at 
1000 rpm under a constant load. For 
the measurements 4 reference micro
phones, 16 scan microphones and 19 
scan positions were used. This number 
of transducers required 3 multiplex
ers. The positions of the 4 reference 
microphones, and the measurement 
positions are shown in Fig. 2. Multiple Fig. 2. Position of the 4 reference microphones the measurement positions and the outline of 
traverses on the scan area are also al- the 8 cylinder diesel supercharge 14 litre engine seen in the xy plane 
lowed if fewer scan microphones are 
available. 

The total measurement time includ
ing calibration of the microphones was measurement parameters in one of the surement of cross spectra between 
IV2 hours. If an automatic positioner 3 set-ups available in the Application each reference microphone and every 
had been available then the scan could Package BZ7007. This measurement other reference microphone, whereas 
have been performed entirely under set-up is then stored on the Digital the scan consists of measuring cross 
the control of the BZ 7007 which Cassette Recorder as documentation spectra from each scan microphone 
would have made the measurements for the measured data (Fig. 3) together position to each of the references in 
somewhat faster. Several automatic with a measurement number and an turn and of measuring the autospec-
postioners are commercially available. identifying text. trum (i.e. pressure) in each scan mi

crophone position. The source must be 
Defini t ion of the m e a s u r e m e n t A complete measurement consists of kept stationary during the measure-

The measurement conditions are a reference measurement and a scan. ment procedure in order to obtain a 
precisely described by a number of The reference measurement is a mea- good model of the sound field. 
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Val idi ty of data 
Before performing any calculations, 

the validity of the data should be 
checked by comparing the measured 
sound pressure level to the represent
ed sound pressure level at a suitably 
selected set of array microphone posi
tions. The represented sound pressure 
level is calculated from the measured 
cross spectra. An example taken from 
the diesel engine measurement is giv
en in Fig. 4. There will always be some 
discrepancies between the measured 
and calculated spectra at the scan mi
crophone positions. In general at low 
frequency this deviation will be main
ly due to too short an averaging time, 
and the high frequency deviation will 
be mainlv due to an insufficient num-
ber of references or to a poor position
ing of the references. The deviation 
will be smallest in regions close to the 
references. 

For the rather large diesel engine 
measurement discussed here, the vali
dation procedure shows that 4 refer
ences are sufficient at frequencies up 
to about 500 Hz, see Fig. 4. To obtain 
good data at higher frequencies, a 
larger number of references would be 
necessary. 

In practice the validation procedure 
should be carried through before a 
complete scan is made. This can be 

Fig. 3. Measurement set-up as stored on Digital Cassette Recorder 

accomplished by initially taking mea- uncorrelated background noise by po-
surements only in the set of array po- sitioning the references very close to 
sitions where the measured and the the source. By doing so the cross spec-
represented pressure levels are to be tra and thus all STSF calculations will 
compared. By doing so, one avoids be unaffected by the background 
spending time taking complete mea- noise. Since, however, the measured 
surements only to obtain bad data. autospectra (pressure) will be affect

ed, the above validation procedure 
Good measurements may be ob- does not apply. 

tained in environments with severe 

Fig. 4. Comparison of measured to represented sound pressure level at four different scan microphone positions. There is good agreement 
between measured and calculated values up to 500 Hz 
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Fig. 7. Sound pressure level at 7,5m distance, lm above ground, Fig. 8. Sound pressure level spectrum at 7,5m distance, 1m above 
with and without source model for frequencies up to 160Hz ground, with and without residual correction 

Fig. 5. Sound pressure level at 7,5m distance with and without a Fig. 6. Sound pressure level spectrum at 7,5m distance, lm above 
reflecting ground plane for the 1/3-octave band at 400Hz ground, with and without reflective ground 



Resul t s on the line at 7,5 m distance for the In the Extensive Program up to 9 
All of the results to be presented are cases of no ground reflection and of a monopoles may be employed for 

for the V3-octave band at 400 Hz, al- perfectly reflecting ground plane. The source modelling. 
lowing the various plots to be com- values at 400 Hz in Fig. 6 can be found 
Pared. in Fig. 5 at the on-axis position. The The use of a small number of refer-

ground reflection is seen to increase ences means an incomplete represen-
Calculation of SPL along a line using the SPL at that point for almost all of tation of the sound field at the higher 
BZ7007 the ^-octave frequency bands consid- frequencies, as explained in connec-

Fig.5 shows the calculated Sound ered. tion with Fig. 4. This means that the 
Pressure Level (SPL) along a line situ- sound pressure level at higher tre
ated 7,5 m from the measurement Fig. 7 depicts the calculated SPL quencies tends to be under estimated. 
plane, l m above the ground plane. spectrum in the same point for the The effect of this incomplete repre-
The SPL is calculated both with and case of no ground reflection but with- sentation can be investigated by appli-
without a perfectly reflecting ground out and with the use of a low-frequen- cation of the residual correction fea-
plane. Apparently the SPL has a pro- cy source modelling technique up to ture in the BZ7007. Fig. 8 shows the 
nounced maximum level in the region 160 Hz. In the application package calculated SPL spectrum for the posi-
x > 2 , 5 m when reflections from the BZ 7007, the source model consists of a tion considered in Figs. 6 and 7 with 
ground plane are not considered. The single monopole. In the present calcu- and without the use of the residual 
variation along the line is due to the lations, the monopole is positioned correction. Clearly the use of only four 
constructive and destructive interfer- 0,9 m behind the scan area and 0,95 m references implies a rather large un-
ence of the various sources. The great- above the floor. The application of the certaincy above 500 Hz. 
er radiation in the positive x-direction source model is based on the assump-
is also shown in Fig. 9 and Fig. 16. tion that the effect of the finite mea- Practical experience shows that pro-

surement area on the calculated SPL vided more than 8 references are ap-
Fig.6 shows the calculated SPL is the same for the actual sound source plied in a measurement of the kind 

spectrum at the centre position x = 0 as it is for the monopole source. considered here, then the use of the 

Fig. 9. Plots of intensity vectors in the plane z ~ 0,1 m for the 400Hz !/s-octave band produced by 2313/BZ7007 
a) Active intensity. Strong radiation from the right cylinder bank 
b) Reactive intensity. Reveals regions of high pressure above both cylinder banks and around the crankshaft torsional damper 
A threshold level equal to 80dB has been applied. The scaling is indicated on the plot 
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residual correction leads to a better Fig. 9 shows projections of the active mean square pressure, pc is the im-
estimate of the far-field SPL at the and reactive intensity vectors onto the pedance of the medium which is the 
higher frequencies. It should be noted plane z = 0,1m which is 10 cm in front product of the density of the medium 
that, the residual correction applies of the scan plane. The scan micro- p and the speed of sound in the medi-
only in far-field estimation, and it phone positions with 10 cm in between um c and k is the wave number. 
does not apply with the presence of are indicated by ticks on the frames 
severe background noise. around the plots. The intensity vec- Another useful quantity of the 

tors have a length proportional to the sound field closely associated with the 
Plots of Vector Intensity using level in dB for levels exceeding 80dB. active intensity is the reactive intensi-
BZ7007 ty denoted by the symbol Q. The reac-

As an STSF measurement results in To help in the interpretation of the tive intensity is related to the ampli-
a complete description of the sound plots, a brief explanation of the mean- tude gradient in the sound field and 
field in a certain solid angle, one can ing of active and reactive intensity is can be expressed mathematically as: 
arguably call the measured data an given below. The active intensity vec- ^p2 
acoustical hologram. From this data tor represents the time average energy Qr = —'- (2) 
one can then calculate other acoustical flow at the particular point. For the 
parameters within the given solid an- case of a monochromatic sound field where Qr is the reactive intensity vec-
gle. the active intensity vector component tor component in direction r. An obvi-

denoted by the symbol Ir is related ous question to ask is how will this 
The application package BZ7007 mathematically to the phase gradient extra information help an engineer to 

enables the active and reactive inten- by: deal with a noise control problem. It 
sity vectors to be plotted in sections of -v'1 36 should be borne in mind that all the 
a box shaped volume in front of the Ir = — ^ — (1) acoustical quantities that could be 
scan area. These sections must be or- p e r measured are complementary. Sound 
thogonal to either the y-, the x- or the u d(p . ^u pressure measurements can be used to b. J where -— is the phase gradient or the , , ,. , , . c,, . , , z-axis. dr establish the size or the noise problem, 

sound field in direction r, pr
2

m, is the active intensity can be used to deter-

Fig. 10. Plots of intensity vectors in the plane y = 0,25m for the 400Hz 1i:i-octave band. 
a) Active intensity 
b) Reactive intensity 
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mine the sound power of the noise The active intensity plots in high pressure or high potential energy. 
source in situ while reactive intensity Fig. 9(a) shows a high radiation from Each of the two cylinder banks pro-
can yield information about the struc- the right cylinder bank. Either the two duces a region of high pressure, the 
ture of the sound field close to the large tubes to the left reflects the radi- radiation from the right bank being 
source. Reactive intensity is related to ated sound or various sources on the split by the two air intake tubes. 
the gradient of potential energy in a engine combine in a way effectively 
sound field by: producing a rather high directivity, in The component of the intensity vec-

the positive x-direction. The strong tors orthogonal to the plot plane can-
c2 dV radiation from the right cylinder bank not be depicted. Instead this compo-

^ = ~~~Sr dominates the plot. When one looks at nent is integrated (summed) over the 
the reactive intensity plot of Fig. 9(b) plot area, and the resulting sound 

where V is the potential energy at a however, three large regions of high power (active or reactive) is printed. 
point in the field and cu is the angular pressure are identifiable, the two cyl- The active sound power through the 
frequency co = he. At pressure maxima inder banks and the crankshaft tor- plot area at z = 0,1m is 89,1 dB. The 
and minima the gradient of potential sional damper. reactive power is 83,9 dB. 
energy is zero thus Qr also becomes 
zero in these regions. The reactive in- Fig. 10 shows the active and reactive Contour plots of intensity produced 
tensity vector shows the directions intensity vectors in the horizontal using Acoustical Holography 
from areas of high pressure to areas of plane y = 0,25 m i.e. 25 cm or 2,5 mi- After transfer of the measured data 
lower pressure. Plots of reactive inten- crophone spacings above the centre of from the 2313/BZ7007 to a VAX com-
sity therefore may be used for localiza- the scan area. The plot of active inten- puter, a series of contour plots were 
tion of regions with high acoustic po- sity shows the high directivity in the made using the Extensive Program 
tential energy and for investigating positive x-direction while the reactive which employs the Near-field Acousti-
standing wave patterns. intensity plot reveals three areas of cal Holography technique. 

Fig. 11. Contour plots of the z-component of active intensity for the 
t/s-octave band at 400 Hz in the planes 
a) z = 0 m 
b) z = -0,1m 
c) z = -0,2m 
The threshold level is 84 dB and the contour interval is 2dB. 
Starred curves represent boundaries between positive and 
negative intensity 
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Fig. 12. Combined contour/vector plots of intensity in the plane z = 0,1 m for the 400 Hz lls-octave band 
a) Active intensity 
b) Reactive intensity. 
The threshold level is 80 dB and the contour interval is 2dB 

Fig. 11 contains contour plots of the The distances from the scan plane Combined pressure contour/reactive 
z-component of the active intensity in to various points on the engine were vector intensity 
the planes z = 0, -0 ,1, -0,2 metre. It has already been mentioned that 
Boundaries between positive and neg- Engine block 30 cm the reactive intensity vector is propor-
ative intensity regions are represented Crankshaft torsional damper 25 cm tional with the negative of the gradi-
by starred curves, positive intensity Fan shaft pulley 15 cm ent of the sound pressure level. This is 
meaning flow of power in the positive Air intake tubes —12 cm illustrated by the plots in Fig. 13. 
z-direction. A threshold level equal to Here, a contour plot of the sound pres-
84 dB has been applied, which causes Combined contour and vector plots of sure level in the plane z = 0,1 metre is 
contours corresponding to levels equal intensity superimposed by a plot of reactive in
to or less than 84 dB not to be plotted. By combining a contour plot of the tensity vectors in the same plane. Both 
The contour interval is 2 dB. Thus, the intensity z-components with a vector plots have a threshold level equal to 
lowest level contours represent 86dB plot convering the same area, a repre- 80dB. The contour interval is 2dB 
positive or negative intensity. Positive sentation of the full three-dimensional and the vector plot is identical to the 
intensity contours are solid curves, intensity vectors in that plane is ob- plot in Fig. 9 b. Clearly the reactive in-
whereas negative intensity contours tained. tensity vectors point in the "downhill" 
are dashed curves. direction (the negative gradient) of the 

Fig. 12 contains combined contour/ pressure. 
The main sources appear to be the vector plots of the active and of the 

right cylinder bank and the region reactive intensity in the plane z= 0,1 Simulation of partial source attenua-
around the crankshaft torsional damp- metre which is 10 cm in front of the tion 
er, the radiation from the cylinder scan plane. Both the contour plot and Fig. 11 revealed the right cylinder 
bank being split by the tubes. The left the vector plot is made with an 80 dB bank as being a major source of radia-
cylinder bank is seen to be only a mi- threshold level. The contour interval is tion and Figs. 5, 9 and 10 showed a 
nor noise source. 2dB and the scaling of the vectors is high directivity of the radiation in the 

as in Fig. 9. positive x-direction. Some information 
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about, how the radiation from the 
right cylinder bank influences radia
tion from the remaining parts of the 
engine can be obtained by simulating 
an attenuation of the radiation from 
this cylinder bank, and by calculating 
the radiation from the modified source 
thus obtained. 

This simulation is performed by cal
culating the z-component of the parti
cle velocity in a plane close to the 
surface of the source (in this case 
z = -0,2m), attenuating the particle 
velocity distribution over the relevant 
areas, and then from the modified ve
locity map calculating the sound field 
after the attenuation. 

A simulation of source attenuation 
is described in three stages; firstly, the 
form of the attenuation function, sec
ondly, the modified active intensity 
contour plot, thirdly, the modified ra
diation pattern expressed as a sound 
pressure level along a line. 

The attenuation function applied to 
the particle velocity map in the plane 
z = -0,2 m is shown as a contour plot 
in Fig. 14. The radiation from the right 
cylinder bank was attenuated by 
20 dB. 

Fig. 15 shows the z-component of ac
tive intensity in the attenuation plane 
z = -0,2 m after the attenuation. As in 
Fig. 11 the threshold level is 84 dB and 
the contour interval is 2dB. Obviously 
the intensity map has been changed 
significantly also over regions outside 
the attenuation area. The radiated 
sound power has been decreased from 
90,9 dB to 87,2 dB. From Fig. 9 one 
sees that the sound power through the 
scan area at 10 cm further away from 
the scan plane is 89,1 dB. The differ
ence of 1,8 dB is due to several factors. 
Firstlv in BZ 7007 the outer measure-
ment points have not been included in 
the calculations to avoid edge effects. 
When using the Extensive Program 
these points are included as window
ing and extrapolation can be em
ployed. Furthermore, the closer the 
calculation plane the more sound pow
er is included as less escapes around 
the edge. 

The sound pressure level at 7,5m 
distance and l m above ground, before 
and after the attenuation, is depicted 
in Fig. 16. It is evident that the strong 
directivity in the positive x-direction 
has disappeared. At x = 5 m the sound 
pressure level has been decreased by 
6,3 dB, whereas at x = -5 m the de
crease is only 0,8dB. This type of 

Fig. 14. Contour plot of attenuation function used in simulation of source attenuation. The 
attenuation is 20dB over the right cylinder bank and elsewhere OdB 

change shows that either the radiation simulation of an attenuation of the 
from the different parts of the engine entire map except over the right cylin-
is highly correlated, or the dominant der bank reveals a high directivity of 
radiation from the cylinder bank is the radiation from the cylinder bank. 
directed in the positive x-direction. A 

11 

Fig. 13. Combined pressure contour/reactive vector intensity plot in the plane z = 0,1m for 
the 400Hz ]/s-octave band. The threshold level is 80dB and the contour interval is 

3 2dB 
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The difference between the calculat
ed SPL in Fig. 16 (upper curve) and in 
Fig. 5 (lower curve) is due to a better 
accuracy in Fig. 16, which is obtained 
from the VAX program. The VAX pro
gram allows a spatial filtering and 
windowing of the measured data 
which is not possible using the 
2313/BZ7007. Measurement of pres
sure gradient instead of pressure data 
over the scan area would provide bet
ter results using the 2313/BZ7007. 

Conclusion 
The results presented in this note 

show how from just one measurement, 
an engineer can obtain a wealth of in
formation about his test engine. The 
STSF technique is a further step to
wards an understanding of the compli
cated sound fields met in practical sit
uations. STSF offers research and de
velopment engineers a means of 
measurement and calculation which 
yields a complete description of the 
sound field within a given solid angle 
subtended at the noise source. 
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Fig. 15. Contour plot of active intensity in the plane z = -0,2 m for the 400Hz !/3-octave band 
after attenuation of the right cylinder bank. The threshold level is 84dB and the 
contour interval is 2dB 


