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Figure 3.4: The measured acoustic intensity field from two closely spaced, out-of-phase 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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Figure 3.5: The modeled acoustic intensity field from three closely spaced speakers, with the
middle speaker out of phase with the outside speakers, at 400 Hz. The loudspeakers are modeled

as simple point sources.
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Figure 3.6: 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 3.7: The modeled acoustic intensity field from three closely spaced speakers, with the
middle speaker out of phase with the outside speakers, at 5000 Hz. The loudspeakers are modeled
as simple point sources. This is a poor model for these loudspeakers at this frequency since the

acoustic wavelength is close to the same size as the diameter of the loudspeakers.
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Figure 3.8: 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 repre-

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

methods.



Chapter 4

Rocket noise analysis

4.1 GEM-60 measurement setup

The performance of the two acoustic intensity estimation methods was tested in the environment
of a full scale rocket on September 6th, 2012. Made possible by ATK, a team of BYU and Blue
Ridge Research and Consulting participated in a ground test of a GEM 60 solid rocket motor.
This horizontal static test firing occurred in Promontory, Utah at ATK’s test facility. The GEM-60
has a 1.09 m (3.59-ft) diameter nozzle with a burn time of approximately 90.8 seconds. Similar
measurements of a GEM-60 were taken previously by Gee ef al.>*

Intensity probes and single microphones along with other transducers were set up in the field
near where the rocket would fire. The measurement layout is shown in Fig. 4.1. Sensor location
distances are described in terms of nozzle diameters (D) with 1D equaling 1.09 m. Angles are
measured with respect to the estimated noise source origin, which is 17D downstream of the nozzle
exit. Primarily, the 2D intensity probe discussed in Section 2.3.1 was used along the shear layer

of the rocket plume. A 3D tetrahedral probe developed in conjunction with NASA was also used.

Both probe designs can be seen in Fig. 4.2.
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The shear-layer array, indicated by the red dotted line in Fig. 4.1, was offset by 10D, 10.95
m, from the rocket plume shear-layer boundary, which was estimated to be at a 20° angle to the
centerline. Shear-layer measurement location distances were measured from the nozzle exit plane.
Eight 2D probes were deployed at locations 1 through 8, along the shear layer at distances of
10D, 15D, 20D, 25D, 30D, 40D, 50D, 60D from the nozzle exit. These locations were specifically
chosen to capture the peak source region.

The parallel array, indicated by locations 9 and 10 along the gold dotted line in Fig. 4.1, was
offset by 30D (32.85 m), from the centerline. One 2D probe was located 15D from the nozzle exit
indicated by location 9 and one NASA spherical probe was 25D from the nozzle exit at location
10. Two additional arrays were oriented at 100D and 200D circular arcs, indicated in Fig. 4.1
by the teal dotted lines. Along the 100D circular arc, two NASA spherical probes were placed
at locations 12 and 14 at 70° and 50° from the motor centerline respectively. Additionally, one
individual microphone was placed at location 13 at 60°. Along the 200D arc, three individual

microphones were deployed at locations 16, 17 and 18 at angles of 65°, 60°, and 55° respectively.

4.2 GEM-60 intensity vectors

The resulting intensity vectors from the various probes are presented here. Both the finite-difference
(FD) and the new phase and amplitude gradient estimation (PAGE) methods of estimating inten-
sity are used. For this test, nine prototypes of the 2D intensity probes were used, as well as three
spherical probes developed under a previous program (see Fig. 4.2). To examine the performance
of the PAGE and FD methods with the new two-dimensional probes, the intensity magnitudes from
two-dimensional and three-dimensional spherical probes are compared in Fig. 4.3 and Fig. 4.4.

These plots also include the power-spectral-density (PSD) of the center microphone, with an offset

of 10log;y(df), where df is the frequency bin-width. For a propagating wave field, the active
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Figure 4.3: Active acoustic intensity magnitude of the GEM-60 using the FD and PAGE methods
for the two-dimensional probe (probe 2), compared to the total sound pressure level (“the offset
PSD”) at the location. For a propagating wave field, the intensity and sound pressure levels should
be nearly equal. The vertical dashed line represents the spatial Nyquist limit of the probe. Due to
phase unwrapping, the PAGE method is shown to give high-frequency performance that is superior

to the FD method.

intensity should have the same magnitude as these offset PSDs, thus they are included for ref-
erence. Figure 4.3 shows these quantities for probe 2, which is the second closest probe to the
rocket (probe 2 in Fig. 4.1), and Fig. 4.4 is from one of the spherical 3D intensity probes (probe
10). These plots demonstrate the inherent frequency-dependent bias of the FD method, and illus-
trate how the PAGE method can be used to greatly increase the upper limit for these probes. The
PAGE method allows for the phase gradient to be unwrapped, which then yields accurate results
beyond the spatial Nyquist frequency. Though in theory, there is no upper frequency limit to the

unwrapped PAGE method, in practice we find that it is limited by the noise in the argument of the
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Figure 4.4: The same quantities as Fig. 4.3 are shown here, but for a 3D spherical NASA probe
(probe 10). A comparison with Fig. 4.3 shows that the 3D NASA probes do not provide as accurate
results at low frequencies due to the smaller spacing of the microphones. As a result of the smaller

microphone spacing, the spatial Nyquist frequency is much higher than it is for the 2D probes.

pair-wise transfer functions.

One method to determine the upper frequency limit of the PAGE method intensity estimates is
to look at the arguments of the transfer functions between microphones. Figure 4.5 shows these
transfer functions for one of the 2D intensity probes, as well as the same functions with unwrapping
applied. In this figure, it is clear that the noise in the argument of the transfer function causes the
unwrapping to fail at higher frequencies. If more averaging is applied to the same data, the phase
function can be accurately unwrapped to higher frequencies, as can be seen in Fig. 4.6. Since
the exact frequency where phase unwrapping fails is measurement dependent, it is important to

use the argument of the transfer functions to determine the upper frequency limit of a particular
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measurement. It is also important to recall that phase unwrapping only works when measuring

broadband sources.
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Figure 4.5: The argument of the transfer functions between the four microphones of one of the
2D intensity probes. The black dashed lines represent £7. It can be seen how the noise in the
transfer function causes failures in the unwrapping. The averaging here leads to a bin-width of

approximately 11 Hz.

With sufficient averaging, the unwrapped PAGE method for the 2D probes breaks down around
10kHz. The spatial Nyquist frequency is around 1950 Hz for the 2D probes and 5600 Hz for the
spherical 3D probes. It should be noted that by having a microphone in the center of the probe,
finite-sum errors are eliminated in estimating the pressure at the center of the probe. This leads
to improved performance of the FD method; namely, it doesn’t appear to completely break down
until double the Nyquist limit. Overall, large microphone separation distances allows for better

low-frequency estimates, while high-frequency estimates are still possible due to the unwrapped
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Figure 4.6: The same arguments of transfer functions as Fig. 4.5 are show, but processed with
smaller block sizes as to increase the number of averages. This allows the unwrapping to work
at higher frequencies but at the cost of larger frequency bins. The plots here have a bin-width of

approximately 50 Hz, which is unsuited for investigating lower frequencies.

PAGE methods. Although there are nonlinear propagation effects present in the field, nonlinear
acoustic propagation tends to be a cumulative effect. Within the neighborhood of each probe,
these cumulative changes due to acoustic nonlinearities are negligible, thus the PAGE method,
which is based on linear acoustic theory, is still valid. The effects of local nonlinear effects such
as acoustic radiation force have not been considered.

The active intensity magnitudes of all eight probes near the shear-layers are shown in Fig. 4.7.
Probe 3 utilized low-sensitivity 3.175 mm (1/8") microphones and as such had a poorer response
for low frequencies. The resulting acoustic intensity vectors are shown in Figs. 4.8 and 4.9. It can

be seen in these figures that as frequency increases, the apparent source of sound moves closer to
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the nozzle and reduces in size. Both methods give comparable results at low frequencies. Overall

we see that at higher frequencies the PAGE method outperforms the FD method because it provides

accurate intensity vectors beyond the spatial Nyquist limit.
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Figure 4.7: The active intensity magnitude estimated from the eight 2D intensity probes parallel
to the shear layer. The probes are numbered from closest to farthest from the GEM-60 nozzle (see
Fig. 4.1). The estimates calculated through the FD method are accurate up to approximately 1500

Hz, whereas the PAGE estimates appear to be accurate up to approximately 10kHz.
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Figure 4.8: The active intensity vectors at select frequencies for all the intensity probes are shown.
The vectors have lengths relative to the intensity levels. The black solid and dashed lines represent
the 20° and 18° angles from the plume, respectively. At the lowest frequencies, the smaller NASA
probes (farthest from source) fail as a result of phase mismatch errors. The 2D probe with 3.175
mm (1/8") microphones (third in the line parallel to the shear layer) also fails at low frequency

because of phase mismatch errors.
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Figure 4.9: The active intensity for three additional frequencies, all above the spatial Nyquist
limit of 1950Hz for the 2D probes, are shown. The FD estimates break down while the unwrapped
PAGE method allows accurate estimates over this limit. This smaller microphone separation in
the NASA probes allows for accurate intensity estimates up to 4kHz. The PAGE method starts to

break down around 10kHz.



Chapter 5

Conclusions

Two methods of estimating acoustic intensity have been presented and compared in this work:
the traditional finite-difference p-p method and the new phase and amplitude gradient estimator
(PAGE) method. Both methods rely on multi-microphone probes, with phase matched micro-
phones. The traditional FD method relies on an estimate of the gradient of the complex pres-
sure. This finite-difference approximation degrades as the microphones become further apart
with respect to the wave-length. This causes the estimates produced by the FD method to have
a frequency-dependent bias; as frequency increases, the FD method underestimates the intensities.
The PAGE method separates the complex pressure into phase and amplitude components, and the
gradients of the phase and amplitude are evaluated individually. The phase gradient is found using
the argument of pairwise microphone transfer functions. The amplitude gradient is found by sim-
ply taking the magnitude of the complex pressures. Estimating the phase and amplitude in lieu of
the complex pressure gradient provides for some distinct advantages, which have been the focus
of this work. Not only are the resulting intensities more accurate, but the phase component can be
unwrapped, allowing for accurate intensity estimates past the spatial Nyquist limit. Because the
PAGE and FD methods both rely on multi-microphone probes, the PAGE method can be easily

applied to existing p-p intensity probes.
54
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The original motivation behind this work was to improve intensity estimates of rocket noise.
As such, a section on the measurement of a recent rocket test firing was included. Several intensity
probes were placed in the near field of the rocket, and the intensity from each of these probes
was estimated using both methods presented here. As a result of this test, it was found that an
offset power spectral density of a single microphone provides a useful indicator for the accuracy
of intensity estimates. Using this comparison, it was found that the PAGE method provides for
more accurate estimates over a larger frequency range. Using the traditional methods, the large 2D
probes presented in Section 2.3.1 should break down at frequencies higher than around 2 kHz, but
using the unwrapped PAGE method, accurate estimates were found up to around 10 kHz.

Though this project originally was motivated by rocket noise, the PAGE method can be used in
any applications of multi-microphone intensity probes. The PAGE method uses the same hardware
as the FD method, thus it can be used to improve the accuracy and frequency range of intensity
estimates wherever the FD method is used.

There is still work that can be done to investigate and optimize the PAGE method. For ex-
ample, the works of Wiederhold et al.33-3%49 could be repeated with the PAGE method. Also,
little consideration has been given to different probe geometries. It would be of great interest to
investigate the performance of the PAGE method given different probe geometries. It should be
noted, however, that the primary advantages of the PAGE method are independent of probe geom-
etry, thus the findings of this thesis should extend to all probe geometries. Another subject which
requires future investigation is that of the reactive intensity. The works of Mann et al.*’ and Mann
and Tichy?® suggest that the reactive component of intensity is needed to fully understand many
intensity fields. This work deals primarily with the active intensity, though the means of finding the
reactive intensity have been included. Preliminary work shows that for the reactive intensity the
advantages of the PAGE method over the FD method are even more distinct, and thus the PAGE

method may provide researchers a more accurate and consistent method of measuring reactive in-
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tensity fields. A higher order finite-difference method of estimating gradients was also presented,
but not elaborated on. The higher order estimates could allow for larger intensity probes given that
the field would no longer need to be locally planar. Larger probes would be advantageous because
errors caused by phase mismatching would be minimized. This higher order method could also
provide more accurate intensity estimates, but further investigation into these methods is left for
future work. Another area of future work could be into optimizing phase unwrapping, which would
lead to accurate intensity estimates at higher frequencies. Finally, many standards on acoustic in-
tensity rely solely on the FD method, and as such, they could be improved and re-evaluated using

the PAGE method.



Appendix A

Higher-order methods

The following section is provided to give an introduction to higher-order estimation methods.
There has been little work investigating the advantages of using higher-order estimations with
acoustic intensity. This section is provided as a starting point for future work.

Higher-order least-squares approximations can be applied to both the FD and PAGE methods,
but require more sensors than the first-order method presented in Section 2.2.1. A brief discus-
sion of the formulation of higher order FD and PAGE methods will be discussed here. To use
these higher-order methods, more microphones in each dimension are required. Eq. (2.4) can be
extended to a higher term by considering

g

0xdydz

XVg+XV(Vg)XT =Ag+0 {max {

|X|3} } (A.1)

Equation (A.1) can be simplified into a simpler linear algebra problem if we define a matrix M
as

M = [Q[X], (A.2)

where Q is a matrix of quadratic difference terms, and X is the same matrix of differences from
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Eq. (2.4). In two dimensions,

and

Q=
(22 —x1)?
(x3 —x1)?

(XN —xn—1)

2

(3 —x1)?

(x3 —x1)?

(xy —xy_1)?

(2 —y1)2

(y3—y1)*

(v —yn—=1)* 2(env —xn—1) v —ynv—1) (v—2xn—1) (ON—Yn-1)

(y2—1)?
(y3—y1)*
()’N_)’N—l)z

2(x2 —x1)(y2—y1)

2(x3 —x1)(y3 —y1)

Using this matrix, M, we can rewrite eq Eq. (A.1) as

M [vec(V(Vg))|Ve] = Ag + O {max {

8xl- 8xj 8xk

2(x2 —x1)(y2—y1)

2(x3 —x1)(y3 —y1)

2(xy —xn—1)(y§N —YN-1)

(2 —x1)

(3 —x1)

xr] |

(y2—y1)

(3 —y1)

(A.3)

(A.4)

(A.S)

where vec(V(Vg)) is the vectorized Hessian matrix of g. The second order least-squares estimate

of Vg and V(Vg) can now be written as

[vec(V(Vg))|Vg] ~ (MTM)~'M7 Ag.

(A.6)

This higher order method gives more accurate gradients of the quantity g. For M’ M to be invert-

ible, there must be at least 3 sensors in each direction. For the 2D case, at least 5 sensor locations

would be required, which would lead to M being a 10x5 matrix.

If we apply this higher-order method to both the finite-difference p-p method as well as the

new PAGE method, we get more accurate gradients and, as a result, better estimates. This method

is particularly beneficial in fields with large reactive components. It should again be noted that this

method requires more sensors than the traditional finite-difference method.
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