





CHAPTER 4
RESULTS

4.1 Free-field Results

Free-field measurements of the systems were taken in an anechoic chamber.
Figure 4.1 shows a rotating semicircular boom used in the chamber to measure the sound
pressure level at equally spaced points away from the casing. The boom was 3.04 m in
diameter, with thirteen Larson Davis half-inch Type-1 microphones placed at 15°
increments around the boom. The boom was rotated clockwise in ten 18° increments to
obtain a total of 130 data points over a complete hemisphere for each global sound
pressure measurement. Data were acquired using a VXI-based Hewlett-Packard multi-

channel dynamic signal analyzer with Data Physics SignalCalc analysis software.

Figure 4.1 A rotating semicircular microphone boom in the anechoic chamber

on the Brigham Young University campus.
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The filtered-x LMS algorithm was implemented using a Spectrum 96000 floating-
point digital signal processing (DSP) board, mounted in a computer with a 486 processor.
The sampling frequency was 4 kHz for all measurements shown for the 60-mm system.
The control outputs from the DSP were low-pass filtered at 2 kHz to prevent aliasing.
The control system used 20 coefficients to estimate the control filter transfer function,
W,.(z), and 16 coefficients for the control path transfer function, ﬁ(z). The computer and
DSP hardware were located in a control room separate from the anechoic chamber, so all

measurements and control tests were performed remotely.

4.1.1 Four-Control Source Configuration

For the 60-mm fan, the BPF was 600 Hz. Figures 4.2 through 4.4 show plots of
the reduction achieved for the first three harmonics of the system. For direct comparison
to Gee’s results, a spatially averaged global square pressure reduction (labeled mean-
square pressure reduction, or MPR, by Gee and Sommerfeldt®) was calculated according

to the formula

MPR(f) = IOIOg[ 4.1)

E:;lp(z)FF(xn’f) ,
EnN=lp(2JN(xnaf)

where N is the total number of data points measured and f represents the frequency of
interest. The subscripts OFF and ON denote the pressure with active control off and
active control on.

In the plots, the mesh surface corresponds to the sound pressure level of the fan
radiating without active control, and the solid surface is the radiation with control
running. The plots give global sound pressure level measurements in dB re 20 uPa, with

increased pressure level indicated by both increasing spherical radius and color scale (for
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control on). It is noted that the fan and control system are raised 0.45 m above the
measurement hemisphere (see Figure 4.1), which leads to a slight skewing of the pressure
levels toward the positive z-direction. For the first three harmonics, the control system
achieved MPRs of 14.9 dB, 18.9 dB, and 10.5 dB, respectively. It is interesting to note
that the mesh surface reveals the omni-directional behavior of the fan’s BPF and

harmonics, suggesting monopole-like characteristics.

Figure 4.2 Sound pressure level in dB of the 60-mm fan noise at the fundamental frequency of 600 Hz with
(color) and without (mesh) ANC. Control used four error sensors and four secondary sources. (Magnitude
of values on X, Y, and Z axes indicate sound levels.)

Figure 4.3 Sound pressure level in dB of the 60-mm fan noise at 1200 Hz with (color) and without (mesh)
ANC. Control used four error sensors and four secondary sources. (Magnitude of values on X, Y, and Z
axes indicate sound levels.)

33



Figure 4.8 Sound pressure level in dB of the 60-mm fan noise at 1200 Hz with (color) and without (mesh)
ANC. Control used three error sensors and three secondary sources. (Magnitude of values on X, Y, and Z
axes indicate sound levels.)

Figure 4.9 Sound pressure level in dB of the 60-mm fan noise at 1800 Hz with (color) and without (mesh)
ANC. Control used three error sensors and three secondary sources. (Magnitude of values on X, Y, and Z
axes indicate sound levels.)

The error sensor locations used for the three-control source system were selected
as before, and are shown in Figure 4.10. This again shows good agreement with the
predicted pressure null. These locations were approximately 21 mm away from the outer

edge of the fan.

38



Y (m)

-70

Figure 4.10 Control plane plot at 600 Hz for three secondary sources with the red markers indicating error
sensor locations.

4.2 Reflective Environment

Because of the reflective nature of most environments containing axial cooling
fans, a test of the robustness of the control system in a highly reflective environment was
desired. The 60-mm control system with the four-control source configuration was
moved to a reverberation chamber for a feasibility test in a worst-case scenario. The
system was set up exactly as in the anechoic environment isolating the reflective
environment as the control variable. The reverberation chamber was used to make sound
power measurements according to ISO 3741."®
Thirty Larson Davis 2551 half-inch Type-1 microphones were used to input

sound pressure to the VXI-based Hewlett-Packard multi-channel dynamic signal

analyzer, with Data Physics SignalCalc analysis software. The control system was
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moved to four separate locations in the middle of the reverberation room, and
measurements were made at each location with and without the control system running.
The sound power was calculated for the fan noise with and without ANC, and the
difference calculated. To examine the effect of close approximation of reflective
surfaces, the control system was then moved to one corner of the room so that the center
of the fan was located approximately 0.2 m from each of the two adjoining reflective
surfaces. Again, sound power was calculated for ANC off and ANC on, although this
position went contrary to the standard.

Sound power reductions measured in the middle of the reverberation chamber
were 10.4 dB, 15.3 dB, and 5.4 dB for the BPF, the second, and third harmonics,
respectively. The sound power reductions calculated with the control system in the

corner of the reverberation room were 10.6 dB, 8.8 dB, and 5.5 dB.

4.3 Discussion

Table 1 gives a comparison of the sound power reductions (SPR) achieved by all
control configurations and environments tested, including the previously reported mean-
square pressure reduction (MPR) results of the 80-mm system.® The theoretical ideal

attenuation predicted for each case is also shown.
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80-mm (4- 60-mm (4- 60-mm (3- 60-mm (reflect.)
source) source) source)
MPR Ideal SPR Ideal SPR Ideal SPR SPR
(near)

BPF 10.1 37.9 14.5 34.6 14.8 343 10.4 10.6

2%

BPF 16.1 254 16.6 21.9 15.7 214 15.3 8.8
3 x 12.8 19.5 9.0 13.8 8.5 12.9 5.4 5.5
BPF ) ) ) ) ) ) ) )

Table 4.1 Overall noise reduction comparison (in dB) of the 80-mm control system, the 60-mm control
system with four sources and three sources, the 60-mm four-control source system in a reflective
environment, and the theoretical ideal.

4.3.1 Fan Size

The 60-mm system demonstrated similar control performance to that of the 80-
mm system. The 60-mm system was able to achieve global control of the first three
harmonics of the fan BPF. It appears, however, that it did not achieve optimal control of
the BPF. This is indicated by the considerable increase of attenuation from the BPF to
the second harmonic, which does not agree with the predictions by Nelson ez al.'> An
increase in frequency gives an increase in kd, which should decrease the possible
attenuation by the control sources. It is apparent, then, that the fundamental is not being
attenuated as much as is ideally possible. A comparison to the minimum power radiation
plot (Figure 2.3) confirms that this is the case. The 600-Hz tone produces a kd value of
0.5, which predicts an attenuation of more than 30 dB in the ideal case.

It was suspected that the smaller reduction might be attributed to poor actuator
low frequency response at 600 Hz. To verify this suggestion, a total harmonic distortion
analysis was done. Results showed little harmonic distortion at the typical driving

voltages of the control loudspeakers. Further investigation revealed that at the error
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sensor signal the control system had attenuated the BPF very close to the broadband noise
level, as seen in Figure 4.11, suggesting that the broadband noise floor at 600 Hz may be
limiting the control achieved at that frequency. The noise attenuation at the error sensor
at 600 Hz is seen to be nearly 25 dB. Because the theory suggests that this location
should be a pressure null, it is not surprising that this value is much larger than the

attenuation actually achieved in the far field.

dBVrms
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Figure 4.11 Typical error sensor spectrum for the 60-mm four-source configuration.

In the case of the second harmonic, attenuation at 1200 Hz (60-mm fan) was 0.5
dB greater than that reported for 740 Hz (80-mm fan). This comparison is not entirely
accurate, as only MPR was calculated for the 80-mm system, and not SPR. Comparison
of MPR for the two systems shows that the 60-mm system attenuated the sound field 2.8

dB more than the 80-mm system at the second harmonic. To compare to the theoretical
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ideal for the second harmonic of the 60-mm fan, kd is calculated to be 1, giving a
theoretical sound power attenuation of 21.9 dB, which is approximately 5 dB greater than
that achieved experimentally. The SPL at 1200 Hz at the error sensor, however, is again
seen in Figure 4.11 to be at the noise floor, as in the 600-Hz case.

A similar analysis follows for the third harmonic. In this case, however, the
attenuation at 1110 Hz in the 80-mm system is 3.8 dB greater than at 1800 Hz in the 60-
mm system (2.3 dB if comparing MPR). This may be expected, as the kd value increases
from 1.2 for the 80-mm fan to 1.5 for the 60-mm fan at this frequency. Comparison to
the minimum power radiation shows that the attenuation at 1800 Hz is again about 5 dB
less than the theoretical ideal.

At the error sensor, the 1800-Hz tone was significantly attenuated, though not
down to the noise floor as with the first two harmonics. This may be due, in part, to the
processor speed and sampling rate used for the experiments. Snyder suggests that in
order to achieve optimum active control, one should use a sampling rate that is at least 10
times the target frequency, but no more than 50 times the target frequency, though
reasonable control has been shown with a sampling rate as low as three times the target
frequency." It is noted that in this case global control was exhibited at 1.8 kHz with a 4-
kHz sampling frequency — a factor of just over two. This may have adversely affected
the control performance, however, and may give explanation for the third harmonic not
being attenuated to the noise floor, as were the first and second harmonics. While not yet
achieving ideal values, reduction of the second and third harmonics in the 60-mm fan

system appears to approach the predicted ideal.
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4.3.2 Control Source Configuration

In both the three-source and four-source cases, the reduction at the BPF was
around 14.5 dB — approximately 20 dB less than the predicted ideal for each case (see
Figure 2.3). In Figure 4.12, a spectrum for the three-source error sensor is shown, again
revealing that with ANC the BPF was attenuated to the broadband noise level. (The two
uncontrolled peaks resulted from structural resonances of the computer casing and thus

were not targeted with ANC in this experiment.)
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Figure 4.12 Typical error sensor spectrum for the 60-mm three-source configuration.

The second harmonic for the three-source control system achieved control
comparable to that of the four-source system, with a 0.9 dB difference in favor of the
four-source configuration. Again the control behavior was about 5 dB less than predicted

(much closer to the ideal than for the BPF) and again the noise at the error sensor is down
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to the broadband level. The third harmonic exhibited a slightly smaller deviation in the
two control systems, showing only a 0.5 dB difference favoring the four-source system.
Again, reduction is 4 to 5 dB less than predicted. The trends in all cases tend to follow

the theory presented in Chapter 2.

4.3.3 Reflective Environment

The sound power results obtained in the reverberation chamber showed that ANC
is in fact feasible in a highly reflective environment. The error sensor locations in the
reverberation chamber were kept consistent with those used in the anechoic chamber
measurements. Using this approach, however, did lead to a drop in performance at all
harmonics. Comparison to the free-field environment showed that control performance
dropped with the presence of the reflective surfaces by 4.1 dB for the BPF, 1.3 dB for the
second harmonic, and 3.5 dB for the third harmonic. Close proximity of reflective
surfaces appeared to introduce detrimental effects that may impair ANC further.

To begin an exploration of this drop in performance, the characteristics of the null
pattern with the introduction of reflective surfaces were examined. Using a source
imaging technique to represent reflective surfaces in the system, the error sensor location
method given in Chapter 2 was extended to an environment including one and two
reflective surfaces at varying distances. Image sources included images of both the fan
noise source and the control sources. The reflective surfaces were given reflection
coefficients of 1 (perfect reflection). Figures 4.13 through 4.18 show the results of the
reflective surface modeling. In all the figures shown, the original noise source is located
at the origin with the original control sources located at 45, 135, 225, and 315 degrees

around the noise source. The solid vertical line represents the position of the inserted
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surface. Reflections of all sources can be seen on the opposing side of the reflective
surface(s).

The introduction of a single reflective surface is plotted in Figures 4.13 and 4.14
for 600 Hz and 1800 Hz, respectively. The most significant change in the nodal pattern
can be seen on the side opposing the reflective surface, where the curvature is seen to
extend perpendicular to the surface. More complex changes in nodal patterns are caused
by additional reflective surfaces, as shown in Figures 4.15 through 4.18. (While none of
the cases shown here replicate the ANC system placed in the center of the reverberation
chamber, they are instructive in showing the effects of a reflective environment on the

controlled pressure field.)

Y (m)

-70

Figure 4.13 Controlled pressure field coplanar to the noise source and four secondary sources with one
reflective surface — 600 Hz.
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Figure 4.14 Controlled pressure field coplanar to the noise source and four secondary sources with one
reflective surface — 1800 Hz.
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Figure 4.15 Controlled pressure field coplanar to the noise source and four secondary sources with two
reflective surfaces — 600 Hz.
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Figure 4.16 Controlled pressure field coplanar to the noise source and four secondary sources with two
reflective surfaces — 1800 Hz.
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Figure 4.17 Controlled pressure field coplanar to the noise source and four secondary sources with two
non-equidistant reflective surfaces — 600 Hz.
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Figure 4.18 Controlled pressure field coplanar to the noise source and four secondary

sources with two non-equidistant reflective surfaces — 1200 Hz.

It is apparent that the introduction of reflective surfaces affects the pattern of the
pressure null on the control plane. This may have contributed to the decrease in control
performance of the system when placed in the center of the reverberation chamber. The
extent to which it may have affected the error sensor locations is unknown because of the
distance of the reflective surfaces from the fan (ISO 3741 calls for a separation distance
of at least 1 m between the sound source and any reflective surface). Such a distance
from any reflective surfaces may possibly have had little to no effect on the null pattern.
A further explanation may be found in the fact that the analysis of the multiple control
configurations assumed a free field and did not account for nearby reflections. The

reflective surfaces may have decreased the possible attenuation for the optimally
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controlled case by increasing the overall energy in the system. This characteristic would
likely be pronounced in experimental testing.

The ANC system placed in the corner of the reverberation chamber exhibited a
large drop in attenuation achieved at the second harmonic of the BPF. The control plane
of the system in the corner at 1200 Hz was simulated and is shown in Figure 4.19.
Reflective surfaces are located at x = -0.2 m, and y = 0.2 m. The locations of the error
sensors are again shown in red. It was suspected that the error sensor locations were
changed significantly from the free-field case, but this did not appear to be so. Rather,
the error sensors were located near positions that should have led to significant

attenuation.
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Figure 4.19 Control plan plot at 1200 Hz for four secondarysources with two reflective surfaces (reflective
surfaces are located at x =-0.2 m and y = 0.2 m).

One possible explanation for the decrease in performance at 1200 Hz was that the

effects of the reflections were much more prevalent at this distance. For example, it may
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have been possible that traveling waves normally encountered in the free-field could have
interfered sufficiently to develop standing wave patterns. If a standing wave were
created, a node would exist at a distance approximately three quarters of a wavelength
away from either or both nearby reflective surfaces. This distance at 1200 Hz is 0.2125
m. This could have disturbed control performance in that region. (No effect of this kind
is seen in the image source simulations, however.)

Perhaps a reasonable explanation for the drop in sound power is simply the
violation of the sound power measurement procedure with the control system in the
corner. For standard measurements the source under test must be located at least one
meter away from any reflective surface. As stated earlier, this was not the case. Also,
the standard sound power measurements required four different positions of the source in
the reverberation chamber. The mean of the four tests is then calculated. Because the
control system in the corner was intended as a case study, only one measurement was

taken. This may give reason for the discrepancy in the values calculated.
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CHAPTER 5

CONCLUSIONS

5.1  Summary

The 60-mm fan control system appears to exhibit similar control performance to
that of the 80-mm fan control system developed by Gee and Sommerfeldt.® This suggests
that replacement of an 80-mm fan with a 60-mm fan and control system is a feasible step
toward making active control a more practical method of reducing axial cooling fan
noise. With the 60-mm fan and control actuator configuration meeting the spatial
constraint of an 80 x 80 mm area, the need for manipulation of current electronic
equipment design is minimal.

The performance of the three-source control configuration is comparable to that
of the four-source configuration, and is therefore a feasible substitution where the
geometry may be more conducive to implementation. Advantages of using only three
secondary sources include a decrease in cost of parts, and a decrease of computational
cost, with only a slight decrease in control performance.

Global active control was maintained in an environment with highly reflective
surfaces without alteration made to the control system. Though a drop in control
performance was seen, the ANC system would appear to be effective in an office
environment with surfaces that are highly reflective. Approximation of these surfaces
will determine in some part the amount of noise attenuation achieved by the control
system. Theory suggests that a reliable method of error sensor placement may exist, if

the surface locations are known a priori.
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While not yet ideal, the experimental work performed on the 60-mm control
system appears to support the theoretical work of Nelson, Hansen, and others on the
analysis of multiple control source geometry effects in ANC. This research has also
shown that implementation of ANC on a cooling fan application need not be cumbersome
for a manufacturer that is wary of sacrificing space in electronic equipment. A further
contribution was the validation that ANC of cooling fans is feasible in an office setting.

Concerning the placement of error sensors, the far-field null was found to achieve
greater pressure attenuation than the near-field null, and would therefore lead to greater
overall sound power attenuation. This may further explain why the experimentation does
not yet achieve the ideal values. If placement of the error sensors in the far-field is
feasible for a given application, doing so may lead to attenuation closer to the ideal

predictions.

5.2 Recommendations for Future Work

Improvements upon the system are recommended for future research. For this
work, limitations on the processor constrained the sampling frequency to 4 kHz. As
explained in Section 4.3.1, this may have adversely affected control performance,
particularly at the third harmonic. Employment of a faster processor should allow for
more rapid computation and a higher sampling rate, and, with this change, better control
of more harmonics of the BPF might be achieved.

The changes in the controlled field null pattern behavior require further
experimentation. This includes the effects of near-field reflective surfaces, as well as the
pattern change away from the control plane. An experimental study of the null patterns

shown earlier would aid in proper selection of error sensor locations for different
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applications where either reflective surfaces are present, or where an error sensor location
away from the control plane is feasible and more convenient.

This research has not yet attempted to control the broadband component of the fan
noise. As sufficient control of the tonal noise is demonstrated, the broadband noise
becomes dominant. Efforts should be focused on attenuating the broadband noise
component by using either active or passive means of control, or both.

The issue of airflow has not been thoroughly addressed. Airflow may be obtained
by use of a plenum and a standardized fan performance curve. A plenum was originally
constructed according to ISO 10302 (at half-scale) for this purpose. The fan curve
depicts the aerodynamic characteristics of a fan by giving static pressure as the ordinate
and airflow as the abscissa. With a given static backpressure, the airflow is available
from the fan curve for a rated voltage. Fan curves vary with differing voltage, however,
and must be determined by use of a standardized flow bench. Because of the change in
driving voltages for the fans used in this research, the fan curves published by
Mechatronics could not be used. A flow bench was not purchased nor manufactured for
this research because of the expense.

Rudimentary measurements were made using a small wind meter to measure the
wind speed directly in front of the fan and multiplying this value by the area of the fan.
While some variation existed, this method indicated that the 60-mm fan achieves
approximately 85-90% of the airflow of the 80-mm fan at the fan speeds used in this
research. Acquisition of a flow bench is recommended for an accurate comparison of
airflow for the different cooling fans, including a comparison of airflow with and without

ANC operating.
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APPENDIX A

Four LASCO 3/4-inch PVC pipe end caps were used for the miniature
loudspeaker enclosures (though rated for 3/4-inch PVC pipe, the actual end cap inside
diameter was 1 1/16 in., or 27 mm). To optimize the loudspeaker enclosures, a small port
was added to each enclosure to be tuned as a Helmholtz resonator. The PVC effective
enclosure volume was measured to be ¥ =13.6 x 10° m’. This effective volume was the
volume of the enclosure minus the volume displacement of the miniature driver. The
port was to be drilled in the aluminum plate, giving a port length of / = 2.38 mm.
Treating the volume as an acoustic compliance, C4, and the port as an acoustic mass, M,
the resonance frequency of the box was tuned to 600 Hz (the BPF) according to®'

1 1

= |—, Al
fo=oatluic, (A1)
where
pl'
L (A.2)
and
%
Cy= o (A.3)
S is the cross-sectional area of the port, and /' is the effective port length,*
I'=1+2x0.85a, (A.4)

where a is the radius of the port.
The optimum port diameter resulting from the previous calculations was 3.3 mm.

123

It is noted that this diameter does not satisfy the general guideline given by Small™ for

minimum port diameter size to avoid spurious noise generation with large signal
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amplitudes. It was anticipated that the signals would be sufficiently small to avoid noise
produced by a large volume velocity.

Total harmonic distortion (THD) was measured for a 600 Hz input signal at
several voltages for the loudspeakers used in the 60-mm control system without ports,
and can be seen in Figure A.1. The maximum driving voltages measured for the
loudspeakers when controlling the fan noise were 0.6 Vrms. This corresponds most
closely to a 0.9 Vpk driving voltage shown in the third plot.

An experimental baffled loudspeaker was then used to test different port
diameters so that the optimum port diameter could be chosen. The experimental
enclosure included port diameters of 1 mm, 2 mm, 3 mm, and 4 mm. THD
measurements were taken with each port incorporated individually, and then with several
combinations of ports. The best result was obtained using a 3-mm port in combination
with a 1-mm port, resulting in two ports for the enclosure. The total surface area for this
combination was 31.4 x 10°® mm® which was extremely close to the surface area of 34.2
x 10° mm® for the predicted 3.3-mm diameter hole. Figure A.2 shows the THD
measurements for this combination. The test loudspeaker with the port exhibited
considerably less harmonic distortion at the higher driving voltages than the control
loudspeaker used previously.

Incorporating the ports with the loudspeaker enclosures significantly decreased
the driving voltage required to control the fan noise. This allowed for extensive use of
the sensitive miniature loudspeakers and decreased chances of over-driving them.

However, no significant change in the resultant control behavior was seen.
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Figure A.1 THD measurements for a control loudspeaker without the port.

-40

-Gl

-80

-100

A =5

G0

-100

-40 | 56
¥a16
&0 l‘.-ﬁb
-83.8
50 »
| P "
-100

. /’( 79

Port - 600 Hz, 0.3 %

-66 6

PPRPR T P Y "
e it T nary

0 2000 4000 G000 2000 10000 12000
Paort - GO0 Hz, 0.9 %

4 -57.5

Y

bl = 1l al

0 I000 4000 GOOD 2000 10000 12000
Port -B00Hz 1.5 %

0 ID00 4000 GOOD 2000 10000 12000

Port - 600 Hz 0.6 %

-df
511
-60
=80 ‘
-100
1} 2000 4000 G000 2000 10000 12000
Port - 600 Hz, 1.2
40| 585
PR
60 746
f‘; 82
-80
L) 1] ]
oo
0 2000 <4000 G000 2000 10000 12000

Figure A.2 THD measurements for a test control loudspeaker with the port.



