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Abstract

A new method of estimating acoustic intensity has re-
cently been developed in an effort to improve the acous-
tical measurements of launch vehicles. This new method,
known as the phase and amplitude gradient estimation
(PAGE) method, improves upon the traditional finite-
difference p-p method of estimating acoustic intensity.
The advantages and limitations of the PAGE method are
investigated experimentally using measurements of loud-
speaker arrays. The measured data is compared qualita-
tively to the acoustic intensity field determined by mod-
eling the loudspeakers as baffled circular pistons using
an extension of the Rayleigh integral. The primary ad-
vantage of the PAGE method is that it allows for accu-
rate intensity measurements over a larger frequency band.
When measuring smoothly varying broadband sources, it
is possible to unwrap the phase component of the PAGE
method, allowing for accurate intensity estimates well
above previous limitations. [Work supported by NASA.]

1 Introduction

In this paper, we investigate the effectiveness of a new
approach for the estimation of acoustic intensity, inspired
by the work of Mann et al.[4] and Mann and Tichy.[2} 3]
Rather than estimate the pressure gradient directly from
the complex pressures, this new method uses estimates of
the gradients of the pressure phase and amplitude sepa-
rately. We refer to this method as the phase and amplitude

gradient estimation method, or the PAGE method. This
new method has been shown to be analytically superior to
the traditional method of estimating acoustic intensity, the
finite difference p-p method. The traditional finite differ-
ence p-p method of estimating acoustic intensity will be
referred to simply as the FD method for the remainder of
the paper.

A recent experiment was conducted to investigate and
compare the PAGE method to the FD method. For this
experiment, complicated acoustic intensity fields were
created using two configurations of a loudspeaker array.
First, a dipole response was created with two speaker
close together with opposite phases. Second, a "tripole”
source was made with three equally spaced speakers with
the middle speaker having opposite phase of the outside
speakers. Both these arrangements create relatively com-
plex acoustic intensity fields. A 2D plane directly in front
of the speaker array was measured using an acoustic in-
tensity probe that was developed specifically for rocket
noise measurement.

To effectively evaluate the two intensity methods we
compare the measured intensities to a model of what we
expect the intensity to be. Previously, the loudspeakers
were modeled as point sources. This was not a sufficient
model because loudspeakers only act like monopoles in
the far field at low values of ka, where k is the acous-
tic wavenumber, and a is the radius of the loudspeakers.
Representing the loudspeakers instead as baffled circular
pistons provides a suitable model, and this is the focus of
this work.

To determine the pressure field created by a baffled cir-



cular piston the Rayleigh integral is commonly used.[1]
By summing over the contributions of elements on the pis-
ton, an accurate complex pressure field can be predicted
numerically using the Rayleigh integral. This paper will
discuss extending the traditional Rayleigh integral to cal-
culate acoustic intensity instead of only complex pressure.

2 Theory

2.1 Background

The Rayleigh integral for a surface in an infinite baffle is

given by
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where R is the distance between a point on the vibrat-
ing surface and an observation point.[1] v, represents the
velocity across the surface of the plate, which will be con-
sidered a constant for this work. This integral is used to
calculate the pressure field created by a vibrating surface
at any point in a half space.

For a baffled circular piston, the Rayleigh integral be-

comes
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where p is the radial distance from the center of the center
of the piston. As mentioned previously, the Rayleigh in-
tegral for a baffled circular pistons is often used to model
loudspeakers.
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2.2 Extended Rayleigh integral

To compute the Rayleigh integral, a surface is discretized
into small pieces. Each of these pieces is assumed to ra-
diate as a point source. The sum of the contributions from
each of these point sources gives the complete pressure at
any point in space. To use the Rayleigh integral to also
determine the acoustic intensity, the particle velocity at
any point in space must also be calculated. Since every
discretized point acts like a point source, we can use the
relation

3)

to calculate the particle velocity using the pressure found
through the Rayleigh integral. This relation depends on
7, which is the vector from the point source to the mea-
surement location, and R which is the magnitude of 7. As
such, this part of the relation must be placed inside the in-
tegral since both 7 and R vary over the surface. Plugging
eq. (2) into eq. (3) results in
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Thus the Rayleigh integral can be used to calculate the
particle velocity as well as the pressure.

Equation (2)) and eq. (@) can then be combine to find the
active part of the acoustic intensity
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Using this formula, we can determine the active acous-
tic intensity from vibrating surfaces, including the baffled
circular piston.

3 Experimental setup

Two loudspeaker arrangements were used to create acous-
tic intensity fields. Both arrangements were chosen create
relatively complex acoustic intensity field using a simple
array of loudspeakers. The loudspeakers had a diameter
of 2.5 in., and each was separated 7 in. from adjacent
speakers.

First, a dipole-like field was created using two speak-
ers with opposite phases. Second, a more complex field
was generated by using three speakers in a line with the
middle speaker 180° out of phase with the outside speak-
ers. Both arrangements were measured in an anechoic
chamber. Perfectly coherent white noise was input into
each speaker with the polarity switched on the 180° out
of phase speakers. Using a scanning system, a multi-
microphone intensity probe was moved along a grid in
front of the speaker array, and at each point in the grid the
pressure at the microphones was measured. The FD and
PAGE methods of estimating acoustic were applied to the
pressure data at each point to find the frequency depen-
dent intensity at each location in the grid. The result is a
2D intensity map similar to those found in the article by
Mann and Tichy.[2]]



The primary advantage of the PAGE method is that it
allows for accurate intensity measurements over a larger
frequency band. When measuring smoothly varying
broadband sources, it is possible to unwrap the phase
component of the PAGE method, allowing for accurate
intensity estimates well above the limitations of the FD
method. This phase unwrapping is applied to the results.

To provide a comparison for the results, we must deter-
mine an expected intensity field given the source config-
urations. To determine the expected 2D intensity fields,
we model the speakers in the array first as monopoles and
then as baffled circular pistons. The previously discussed
Rayleigh integral extended to calculate acoustic intensity
is used to model the sources as baffled circular pistons.
The measured intensity fields are compared to these mod-
els in the following section.

4 Results

Figures [T to [§] seen at the end of this work compare the
two models with the two methods of estimating acoustic
intensity. These conclusions deal primarily as a qualita-
tive analysis. An extensive qualitative analysis of these
results will be the subject of future work.

From fig. [I| we see that at low frequencies, baffled cir-
cular pistons act much like monopoles, in that the inten-
sity field is almost the same between the two models.
Both intensity estimation methods work well at low fre-
quencies, and match clearly match the models (see fig. [2).

At higher frequencies we start to see the major dif-
ferences between the two models and the two estima-
tion methods. In fig. [3] we see that the two models dif-
fer greatly, primarily because the baffled circular piston
becomes more more directional as f increases, whereas
the point sources are always omni-directional. Figure [4]
shows that predicted intensity from the FD method has
less energy than that of the PAGE method. This is be-
cause this frequency is past the limits of the FD method,
and as a result, this method is no longer valid at these
higher frequencies. Both the intensity magnitude and the
vector directions determined by the FD method are in-
accurate in this figure. The PAGE method, on the other
hand, is shown to still perform well at higher frequencies,
due to the unwrapped phase gradients. Comparing figs.
and 2| we can see clearly that the baffled circular piston is

a better model for the measured loudspeaker array as the
measured results clearly match this model better than the
monopole model.

Similar results can be seen in figs. 5 to[§] One inter-
esting observation with this source configuration is that
the measured intensity at 400 Hz (fig. [6) seems to match
the monopole model better than the baffled circular pis-
ton model (fig.[5). In fig.[7]it is again seen that the PAGE
method gives accurate results at higher frequencies where
the FD is invalid.

5 Conclusion

Qualitatively, we can clearly see that the PAGE method
outperforms the FD method at high frequencies. Both
methods appear to work equally well at low frequencies.
The PAGE method can be used passed the spatial Nyquist
limit to give accurate estimates well past the limits of the
FD method. Furthermore as the frequency approaches the
limit of the FD method, the PAGE method does not suffer
from the same frequency bias as the FD method, making
the magnitudes of the PAGE method more reliable.

It was also shown that the acoustic intensity of a baf-
fled circular piston can be calculated by extending the
Rayleigh integral to also calculate particle velocity. Mod-
eling loudspeakers as baffled circular pistons is seen to be
more accurate than modeling them as point sources.

Future work will include conducting a rigorous quan-
titate comparison of the measured intensity fields to the
models, whereas this analysis has been primarily qualita-
tive. A new data set will also be taken to correct errors
due to a mis-calibrated scanning system.
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Figure 1: The modeled acoustic intensity field from two closely spaced, of phase speakers at 400 Hz. Depicted is
both the monopole (left) and baffled circular piston (right) models.
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The measured acoustic intensity field from two closely spaced of phase speakers at 400 Hz. Each vec-

Figure 2

tor position represents a measurement location. Intensity was processed using both the FD (left) and PAGE (right)

methods.



Monopoles

1o Baffled Circular Pistons

0.8 0.8

0.6

y (meters)

0.4 0.4

| S rtrr v e pF

-0.4 -0.2 0.0 N 0.2 0.4 -0.4 -0.2 0.0 0.2 0.4
z (meters) z (meters)

Figure 3: The modeled acoustic intensity field from two closely spaced, of phase speakers at 5000 Hz. Depicted is
both the monopole (left) and baffled circular piston (right) models.
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The measured acoustic intensity field from two closely spaced of phase speakers at 5000 Hz.

Figure 4:

vector position represents a measurement location. Intensity was processed using both the FD (left) and PAGE (right)

methods.
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Figure 5: The modeled acoustic intensity field from three closely spaced speakers with the middle speaker out of
phase with the outside speakers, at 400 Hz. Depicted is both the monopole (left) and baffled circular piston (right)
models.
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Figure 6: The measured acoustic intensity field from three closely spaced speakers with the middle speaker out of

phase with the outside speakers, at 400 Hz. Each vector position represents a measurement location. Intensity was
processed using both the FD (left) and PAGE (right) methods.
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Figure 7: The modeled acoustic intensity field from three closely spaced speakers with the middle speaker out of

phase with the outside speakers, at 5000 Hz. Depicted is both the monopole (left) and baffled circular piston (right)
models.
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Figure 8: The measured acoustic intensity field from three closely spaced speakers with the middle speaker out of

phase with the outside speakers, at 5000 Hz. Each vector position represents a measurement location. Intensity was

processed using both the FD (left) and PAGE (right) methods.
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