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This paper deals with the measurement and physical interpretation of the quaatiied r
introduced in a previous papgb. Stanzial, N. Prodi, and G. Schiffrer, “Reactive intensity for
general fields and energy polarization,” J. Acoust. Soc. 88).1868—18761996]. The quantity

a, which has the same time dependence as the squared acoustic pressure and the same direction as
the time averaged sound intens{fy, will be called here “radiating” intensity, while which has

zero average, will be called “oscillating” intensity. A coherent picture of the energy transfer
process in steady sound fields based on the decompositiarnr of the instantaneous sound
intensity will be sketched and discussed. Furthermore, a direct experimental comparison lzetween
andr and the real and imaginary parts of the complex intensity is presented for some field
conditions. © 1997 Acoustical Society of Amerid&0001-496607)00510-9

PACS numbers: 43.20.Ye, 43.20.Rz, 43.58 RG]

INTRODUCTION A new contribution to this matter was presented in re-
Since the advent of instrumentation devoted to the mea_(-:ent years in Refs. 5 and 6 where the general decomposition

sure of acoustic intensity, it has been possible to represeﬁt: a+r has been introduced for stationary fields. In Refs. 5

the energy transfer process within sound fields by the use (ﬂnd 6a andr have been called "instantaneous active” and

experimentally measured intensity maps. A former notice- reactive” intensity. Here, these quantities will be called

able result in this respect was due to Waterhouse and Yated€SPectivelyradiating and oscillating instantaneous  inten-
whose description of the energy transfer process was deveflly, In order to avoid confusion with the real and imaginary

oped on the concept of “energy streamlines™ that is, linesParts of the complex intensifyThe mathematical features of
along which all the energy in the field did flow. These linesSuch decomposition will be summarized below; here we sim-
are tangent to the average acoustic intensity at every poifly note that the time averaged value of radiating intensity
inside the sound field. equals the active intensity, while the time averaged value of
An early criticism to this picture came from Mamnal?  Oscillating intensity is zero by definition.
who started their analysis from the decomposition of instan- ~ On the basis of this decomposition, a framework will be
taneous intensity into active and reactive parts and investi- developed which gives both a time average and a time-
gated, for a pure-tone field, how the decomposition affectedlependent interpretation of the energy transfer process
the energy transfer process description. Even if the term corWithin general stationary fields. In the time average frame-
taining the reactive intensity time averages to zero, theyvork only one vector fieldaveraged radiating intensjtgan
rightly concluded that both the active and reactive intensitie€ detected, which is tangent to streamlines of energy. But,
contribute to the actual energy flux. Another topic of their different from Waterhouse’s first intuition, not all of the en-
contribution was the introduction of “sources” for reactive ergy actually flows along these streamlines. In fact, there is
intensity, which are formally related to the Lagrangian of the@lso energy which is transferred by the oscillating part of
field, but whose physical significance is still an unresolvedntensity, which cannot contribute to the net flow because it
problem?® must oscillate due to the vanishing of time average value of
The definition of complex intensity for general fields asr. Furthermore, within the proposed picture of energy trans-
found in Ref. 4 leads to the conclusion that, since the timder, plane progressive waves are considered as ideal guides
average of reactive intensity is not vanishing, then in order tdor energy radiation and, conversely, standing waves as
consider all the contributions to the energy transfer processound fields where energy is locally oscillating.
it is necessary to also include, together with the active inten-  The utility of building up such a framework for the de-
sity vector field, the flow of energy along the “paths” of scription of the time averaged energy transfer process is evi-
averaged reactive intensity. In other words, the generalizadent. On the basis of this picture, for instance, practically all
tion of the point of view of Manret al.is that a time average the intensity maps so far collected in the more disparate sec-
picture of the energy transfer process is only achieved byors of applied acoustics should be easily reinterpreted: The
means of two vector fields. only lack affecting this kind of sound field visualization can
All the above-mentioned interpretations present a criti-be filled by adding to the intensity maps a suitable measure
cal aspect: the decomposition of instantaneous inteijsity telling how much energy oscillates around every measuring
Once the mathematical properties of the decomposition arpoint.
well-defined, then a consequent picture of the energy transfer In this paper the above outlined framework for the en-
process can be developed accordingly. ergy transfer process is sketched and newly defined instanta-
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neous and time averaged intensimetric quantities are intro- For the aim of this paper we shall only consider the
duced and their measures are reported. A comparison aicalar value

these quantities with the active and reactive intensities vy

known from literature is then accomplished and their differ- R:=v2(r%), )

ent behavior is analyzed to some extent. which is directly obtained as the trace of the former tensor.
B. Alternative definitions

. DEFINITIONS OF INSTANTANEOUS INTENSITIES Mathematically speaking, the definition of radiating in-

A. Definition of new intensimetric quantities tensity consists in a multiplication of each component of

active intensity by a normalized scalar functig?/(p?)

hich clearly has the same time dependence as the instanta-
) . . e?,‘i{eous squared pressure. Since both pressure and the three
pressurep and velocityv of the ar particle at the measure- components of velocity are solutions of the wave equation,
ment point. If pressure and velocity have the same time dethere is no physically sensible reason to prefer pressure to the
pendence, their values cross the respective zero referen glocity components in the definition given above. Hence
line at the same instant anq th.us the two quantities yiel stead of squared pressure, one may equally pursue an éll-
vaIL_Jes with the same_a_llgebralq sign. Then the c_omponen;s ®rnative normalization based on the square of the three com-
fchelr prpduct are positive and its time average 1s nonVamShﬁonents of velocity. This procedure involves the multiplica-
ing. This occurrence means that a nonzére averaged tion of each component of active intensity by a normalization

mor;?entum tlﬁ ttransmltteﬂd to tthe clpnflnlng z'r_lfart'dﬁs Nscalar function derived from the respective squared velocity
such a way that energy Tiux streamines are bullit-up a oveF:omponent. On this basis a pair of alternative definitions can
the sound field. On the other hand, when pressure and velo

) . . . e introduced for radiating and oscillating intensities, which
ity do not cross the zero line at the same instant, a fraction

_will be indicated bya’ andr’:
the sound energy does not flow along the mean streamline

The behavior of the instantaneous intensity vegtor
=pv can be understood by analyzing the time dependence

passing through the given point and oscillates locally. a, 2(pv;)

These two fundamental features of energy transfer g/ (xt):= a§ . ali= %v_' i=X,y,z, %)
mechanism are instantaneously described by the novel inten- a (vi)
simetric quantities andr introduced in Ref. 5.

Parta is responsible for energy propagation along the — r'(X,t):=j(x,t)—a’(x,t). )
streamlines and can be calletiating intensity in formulas A few remarks have to be made, as this alternative defi-
it reads: nitions might seem to produce results different from those

p%(pv) obtained by the definitions given in the previous section. In
a(xt):= TR (D fact, it clearly appears that, starting from the sanfg) and

_ _ _ v(t), the two formulations will yield different time histories
where(-) stands for the stationary time averaging procedureef hoth radiating and oscillating intensity. Nevertheless, it
The time averaged radiating intensity coincides with thecan pe shown that the time average properties of the two

well-known active intensity pairsa, @’ andr, r’ coincide, no matter the sound field. In
A(X): = (a)=(pv). other words the following relations hold:
Putting aside mathematical details it can be now noted (@) =(a")=(pv)=A, (6)
that the complement to instantaneous intensity which is \/m: m: R. @

achieved by a simple vector subtraction:
We will support this statement with experimental results in a

2yov— 2 pV . i
r(x,t):=j(x,t)—a(x,t)= M ) follow!ng section. , , _
(p) Given thata, @' andr, r’ present the same behavior to

averages to zero by definition, i.€r)=0. second statistical order, it can be stated that the two alterna-

The vector quantity which, differently froma, must tive definitions fit the same proposed picture.
change its orientation at a fixed point, can be catisdillat-
ing intensity Since the first-order statistical momeftime  C. Definition of active and reactive intensities
average of the vectorr always vanishes, a nontrivial mea-

X ) As reported in Ref. 4 the definitions of actiVét) and
sure of the average propertiesrohas to be obtained by the o, 4iveJ(t) instantaneous intensities in a narrow-band field
calculation of the first nonvanishing higher-order moment

. ! ) i ..~ are, respectively, the real and imaginary part of the complex
which, in this case, is the second-order one. The S”'tabl%tensimc(t), which is introduced by the implementation of

mathematical entllty_to conS|de_r, in order to dgscnbe thean Hilbert transformation process, here denoted by a caret:
second-order statistical properties of a vector, is thus the

second-order tensor=y2(r®r). This tensor summarizes l(): =2 p(t) +ip(O][v(D)—iv(D)],

the most important time averaged spatial informations con- L) =Rell (1) = X p(t)v(t) + BHIv(t 8
cerning oscillations of energy. In Ref a thorough exposi- (U:=Relle(D}= 2PV +P(OV(D], ®
tion of the tensor formalism can be found. J(t):=Im{l(t)} =3 p(t)v(t)—p(t)v(t)]. 9)
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The time average values of the above quantities can be ¢
easily calculated and are generally referred to by omitting the
explicit time dependence:

I:=(pv), J:=(pV). (10)

The instantaneous active intensity averages to the well- 4 -
known active intensity and, in this respelcand Eq.(6) give
the same time average description of energy flux.

Moreover, according tq10), the time average of the
instantaneous reactive intensity in a general sound field is?
nonvanishing. The most remarkable difference betwéen
and the time averaged oscillating intensRy,Eq. (7) is then
evident: whileR is a scalar quantity, the reactive intensity
is a vector quantity.

Normalized Units
N
1

II. DISCUSSION

First of all, it must be remarked that summarizing the ¥ T
time averaged properties of oscillating intensity by a scalar 25 50 75 100
guantity provides exactly the suitable measure of that part of Time (ms)
energy which does not contribute to the net flow. Since os-
cillating intensity has no average energy streamlines, whatlG. 1. Instantaneous intensity measured inside an anechoic room. Stimulus
one can do is to characterize the total amount of oscillationi$ 3 octave band filter noise with center frequency of 400 Hz and the dis-
of energy by the root mean square vaRigalthough neglect- tance between the loudspeaker and the facing probe is 1 m.
ing the spatial distribution of such oscillations. A forward
step in the analysis shall involve the tensor formalism, whicrénalyzer where they were captured and digitally converted.
can tell exactly the average magnitude of oscillations of enthen they were passed, via an HP-IB port, to a Hewlett-
ergy along every given direction. On the other hand, the®ackard 9817 computer for subsequent processing. The pro-
vector field (1) [as well as the alternative field)] always ~9ram running on the computer first implemented Euler's
has direction and orientation coinciding with that of the ac-equation to get the time history of the velocity in the mid
tive intensity, the modulus being equal only when time av-Point between microphones and then, exploiting suitable al-
eraged. So the averaged streamlines of this quantity coincic@2rithms, gave both the time histories and average values of
with those of active intensity. This leads to the conjecturethe acoustic quantities introduced in Sec. |. The test signals
that the energy transfer within any general stationary sounWere delivered by a small loudspeaker mounted in an en-
field can be exhaustively described by the time average§losed cabinet.
properties of the radiating and oscillating intensities. The scale normalization for time-dependent intensimet-

The relationship between the newly defined quantitiedic measurements was accomplished by dividing each time
and active and reactive intensities is also of interest. Th&listory by the root-mean square of instantaneous intensity
equality of the averaged valués and | in any sound field (obtained with the same raw datavhereas measures of
has been already stressed. Regarding the oscillating intensiféssure and velocity were normalized by the root mean
it can be provedsee Ref. Bthat the direction along which Sduare of pressure.
oscillations of energy occur coincides with that dfin a The first set of measurements was carried out in a large
monochromatic field, but this coincidence gets lost in genera®nechoic room with the probe facing the loudspeaker at a
fields. This fact has also been briefly investigated experimer@distance of 1 m. The test signal was noise in a third octave
tally. Furthermore the time histories of the paired quantitied®@nd centered at 400 Hz. In Fig. 1 the instantaneous intensity
(1) and(8) as well as those of2) and(9) have been experi- is reported as reference: We note that a kind of amplitude

mentally obtained, and their comparison will be reported inmodulation seems to characterize the plot, showing also a
the next section. fundamental of twice the center frequency of the band. Fig-

ure 2 presents the temporal evolution of E@s.and(8) for

this field. As expected by the given definition, radiating in-

tensity cannot change its sign along the plot as it must al-
Intensimetric measurements have been carried out in oways be equal to that of its average The quantityl(t)

der to experimentally illustrate the newly defined quantitiesbehaves like a sort of running time averageaof

to check the frame for the energy transfer process based on Similarly, in Fig. 3 quantitie$2) and(9) are shown. The

them, and to relate them with active and reactive intensitieinstantaneous reactive intensitgt) appears to be the enve-

known from the literature. lope signal ofr, whose mean value is clearly zero as it os-
All the measurements were taken along a single Cartegillates around the zero line.

sian component coinciding with the axis of a sound intensity  The two comparisons of the coupled alternative defini-

probe, Brel & Kjar 3591 (with 50-mm spacer The probe tions (1) with (4) and(2) with (5) are shown respectively in

supplied two pressure signals to an FFT &r& Kjaer 2032 Figs. 4 and 5. For both radiating and oscillating instanta-

IIl. EXPERIMENTAL RESULTS
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FIG. 2. Comparison of radiating and active instantaneous intensities in th&!G. 4. Comparison of radiating intensity with its alternative definition in
same field conditions as Fig. 1. the same field conditions as Fig. 1.

neous fluxes, the two formulations give in this case a subto a random noise in the third octave band centered at 630
stantially equivalent time-dependent picture. Hz and the related measures are shown in Figs. 7—11. Figure
Next, measures have been taken in a reverberation roomprovides an interesting example of “cooperation” between
(V=245 n?, RT=4 9 and are here presented in Figs. 6—11.pressure and normalized velocitgamely pcv, wherep is
Figure 6 refers to a pure tone at 800 Hz as stimulus, with dhe equilibrium air density and is the speed of soundThe
distance between the probe and loudspeaker of 1 m. In thizones where the two variables have the same time depen-
case the relationships detected above, that(ly being a  dence supply exclusively radiating contribution to instanta-
running time average od and J(t) acting as the envelope neous intensity, whereas the rest gives an oscillating contri-
signal ofr, are confirmed. It is also worth noting the sign of bution. A link of this kind can be checked by considering
J(t), which is negative even if the probe is facing the Figs. 8 and 9 where the plots afandI(t) and ofr andJ(t)
speaker. are shown, respectively. In the present field conditions nei-
In the same room conditions, the stimulus was changether of the two relations of running the time average and the

I

T ——J

Normalized Units
o
X
Normalized Units

25 50 75 100 60 70 80
Time (ms) Time (ms)

FIG. 3. Comparison of oscillating and reactive instantaneous intensities ifrlG. 5. Comparison of oscillating intensity with its alternative definition in
the same field conditions as Fig. 1. the same field conditions as Fig. 1.
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FIG. 6. Intensimetric quantities measured inside a reverberation room.
Stimulus is a pure tone of 800 Hz and the distance between the loudspeaker

and the facing probe is 1 m.

envelope signal between the newly defined quantities and the
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FIG. 8. Comparison of radiating and active instantaneous intensities in the

same field conditions as Fig. 7.

to the real and imaginary parts of the complex intensity.
In Figs. 10 and 11 the alternative definitioasandr’

are characterized by a time-dependent picture which is com-

pletely different from that ok andr.

In addition to the time dependence of the above men-

active and reactive instantaneous intensities encounterdipn€d quantities, their spatial dependence was investigated

above is valid. Hence it is not possible to establish a straigh

forward connection linking the new intensimetric quantities®Nt POINts inside test fields. _
The measures were taken along the loudspeaker axis at

various distances inside the anechoic room and each time
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FIG. 7. Time histories comparison of pressure and normalized velocity in-

through measurements of their time average values in differ-

average measurement at a fixed point was repeated 20 times
and statistically analyzed. The loudspeaker was fed with a

5 ]
\”\ lhl i
ol e
P-4
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34 =

30 E;O
Time (ms)

side a reverberation room. Stimulus%is)ctave band filter noise with center
frequency of 630 Hz and the distance between the loudspeaker and tHdG. 9. Comparison of oscillating and reactive instantaneous intensities in

facing probe is 1 m.
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FIG. 12. Averaged intensimetric quantities measured in the region in front
T of a loudspeaker inside an anechoic room. Stimulu% astave band filter

30 60 90 noise with center frequency of 400 Hz.
Time (ms)
ous one at a distance of 1.1 m and measures were taken
FIG. 10. Comparison of radiating intensity with its alternative definition in along the line connecting the two. The loudspeaker on the
the same field conditions as Fig. 7. right was fed with a pure tone of 385 Hz while the left one
with an equal amplitude pure tone of 415 Hz. The choice of
third octave band filtered noise centered at 400 Hz. Figure 1Pather close frequency Signmboth within the third octave
reports the comparison of the averages of the different defiband centered in 400 Biavas intended to study the field in a
nitions of radiating and oscillating intensities. Their respec-quasi-interference condition. Figure 13 shows the time inde-
tive values coincide within errors, thus validating E@8)  pendentR and the modulus of reactive intensity} for this
and (7). Incidentally one can interpret the intersection pointpichromatic superposition field. The two quantities behave in
between radiating and oscillating intensity, occurring ata completely different manner in the region of intereRt:

about 25 cm from the loudspeaker, as the physical separatiqgis us that at the points close to the center a great amount of
between the near field and the far field. In the near field there

is a predominant effect of energy locally confined, whereas
the far field is characterized by the stronger radiation of en-

ergy. : ﬁ,
Then a second loudspeaker was added facing the previ 100
2 ‘ i —r a ° o o o ° ’ o
I "I ‘ 90 |
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FIG. 13. Comparison of averaged oscillating intensity with the modulus of
Time (ms) averaged reactive intensity in the region between two loudspeakers which
are 1.1 m apart inside an anechoic room. The loudspeaker on the right is fed
FIG. 11. Comparison of oscillating intensity with its alternative definition in with a pure tone of 385 Hz and that on the left with a pure tone of 415 Hz
the same field conditions as Fig. 7. with equal amplitude.
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energy is indeed locally confined, just as it happens in theéhe tested fields. At last, although the time average of the
near field of a single loudspeaker. This result is consistentadiating intensity coincides with that of the instantaneous
with the interpretation of progressive and standing waveactive intensity, the average properties of oscillating and re-
fields within the proposed picture of the sound energy transactive intensity are substantially different in a gendrain-

fer. In detail, the more the condition of equal frequency ismonochromatigfield.

approached, the more the field in the region of interest re-
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