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Low Flow-Noise Microphone for Active
Noise Control Applications

R. S. McGuinn,*G. C. Lauchle,’ and D. C. Swanson*
Pennsylvania State University, University Park, Pennsylvania 16802

A method that couples output from a hot-wire anemometer with that of a microphone to reduce flow-induced
pseudonoise from the microphonesignal was developed. In these experiments, a microphone and a hot-wire sensor
were placed in a well-defined low-speed turbulent flow in a rectangular duct. Controlled acoustic noise, both random
and time harmonic, was superimposed on the flow noise by placing a speaker source close to the entrance of the duct.
Detailed studies of the coherence between the hot-wire and microphone signals in the presence of flow and acoustic
noise indicated that the proper combination of the two signals could reduce the turbulence noise contamination in
the microphonesignal. Subsequent tests demonstrated that using an adaptive least-mean-square algorithm to filter
the hot-wire signal before subtracting it from the microphone signal produced broadband flow noise attenuation
on the order of 20 dB at frequencies below 100 Hz and spectra that approached those of the uncontaminated
microphone signal. Moreover, the resulting “hot-mic” signal retains the acoustic pressure of interest, making it an
ideal sensor for use in active noise control applications where the sensing or error microphone must be placed in

a flowfield.
Nomenclature
c = filtered hot-wire signal
d, = hydraulic diameter
= expectation operator

= error signal

= frequency, Hz

= autospectral density estimate
= Fourier transform of /

= filter impulse response

= Fourier transform of m

m = microphone signal

N = number of filter coefficients

= number of ensemble averages
= pressure

= velocity

= Fourier transform of w

w = hot-wire signal

X = spatial direction

Y = ordinary coherence function

& = random error

7 = convergence coefficient, fluid viscosity
p = fluid density

Introduction

ANY active noise control problems involve placing a sens-

ing microphone, error microphone, or both in a flow. One
such example is the active control of fan noise in an air conditioning
duct. A microphone placed in a flow senses aerodynamic pressure
fluctuations (pseudonoise)as well as acoustic pressure fluctuations.
Because the microphone senses these fluctuations simultaneously,
the active control system will try to cancel the flow-induced noise as
well as the actual noise. However, the directly radiated noise due to
turbulent pressure fluctuations is much smaller than the pseudonoise
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imposed by them on a microphone, and the phase speeds of the
two different types of pressure fluctuations are also considerably
different. As a result, active cancellation of the flow noise is not
accomplished. Instead, the level of the pseudo-pressurefluctuations
imposes a limit below which active acoustic attenuation cannot be
achieved.!~* Consequently, removing the flow noise from the mi-
crophone signal, with minimal loss of amplitude or phase infor-
mation of the acoustic noise, is important for active noise control
applications.

Methods for eliminating flow noise from a microphone signal in-
clude placementof an open-cellfoam ball ora streamlinednose cone
overthe microphonediaphragm,incorporationof a biaserror correc-
tion in the estimate of the pressure spectrum,* or spatial averaging
using data processing techniques such as the cross spectral den-
sity, correlation function, coherence function, or transfer function
between two or more microphones spaced beyond the turbulence
correlation length >~® The drawbacks of the preceding methods in-
clude, respectively, too much flow blockage, loss of phase informa-
tionof'the pressure,or too little turbulencesuppression. These issues
make them undesirable or useless for active noise control applica-
tions. Methods that do not result in loss of the pressure data include
the use of transducers large enough to average out the turbulent
fluctuations, transducer arrays,'’ and sampling or slit tubes.!! -3
These techniques may result, however, in undesirable pressure at-
tenuation, additionalexpense, or increased length (volume)require-
ments. Using a slit tube in conjunctionwith the microphone,a means
of turbulence noise suppression currently used in some active noise
control applications provides little or no flow noise attenuation for
frequenciesless than 70 Hz (Ref. 16) and requires a longer sensing
length than typically desired.

Objective

The objective of this research is to remove flow noise from the
microphone signal with minimal loss of phase or amplitude of the
acoustic pressure signal of interest while maintaining minimum im-
pact on sensor space requirements. In particular, the emphasis for
flow noise reduction is placed on the frequency range /"< 100 Hz.
In this investigation flow noise attenuation is performed by com-
bining the response of the microphone with a signal from a hot-
wire sensor placed in the same flow. Although the purpose of this
research is to devise a low flow-noise microphone that functions
well under the restrictive requirements of the active noise con-
trol application, active noise control, per se, is not discussed in
detail. In addition, no attempt is made to optimize the adaptive
algorithms.
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Fig.1 Rectangular duct test facility.

Experimental Setup

Experiments were performed in a 0.25,0.13y,4 m (0.8
0.4, 13 ft) rectangularduct, illustrated in Fig. 1, with airflow pro-
Vide>§ by a variable speed centrifugal blower. A hot-wire probe and
a microphone were mounted on a support stand on the centerline at
the exit of the duct where the flow conditions, mean velocity equal
to 7 m/s (23 ft/s) and turbulence intensity of 10%, approximated
those expected in a typical active noise control application. A sig-
nal generator provided a random or time-harmonic output that was
amplified and used to drive a speaker mounted in the top section of
the duct near the exit of the blower.

A single-sensor hot-wire probe 0.005 mm (0.0002 in.) in diam-
eter with a sensing length of 1.5 mm (0.06 in.) was used to mea-
sure velocity. Acoustic measurements were obtained with a pinhole
microphone!’ consistingofa 12.7-mm (1/2-in.) free-field condenser
microphone with a streamlined 0.8-mm (1/32-in.) inner diameter
pinhole/tube nose cone instead of the standard protective grid. The
pinhole nose cone provided a more streamlined surface than the
standard protective grid and also greatly reduced the sensing area
to better approximate a “point” measurement. The resonance fre-
quency of the pinhole cavity was approximately 1200 Hz, above the
frequencies of interest in this study.

Data were acquired using a fast Fourier transform analyzer and
simultaneous time capture to a computer hard drive at a sampling
rate of 2048 samples/s. Spectral analysisemployed antialiasfiltering
and a Hanning window. There is no bias error from spectrato spectra
because the sampling rate and analysis bandwidth (2 Hz) remained
the same for all samples. The random error, also the same for all
cases, can be computed from®

aﬁam:UJ; (1)

where the number of ensemble averagesVz; = 100. Both the hot-
wire and microphone spectral data were repeatable to within 1 dB
for each condition tested, which is consistent with the estimated
random error of 10%.

Results and Discussion
Coherence
The pressure—velocity relationship for low-speed incompressible
flow can be derived by combining the divergence of the momentum
equation with the continuity equation to yield Poisson’s equation,'’

_ az(u,»uj)
VP = _pTEBx] (2)

Solution of Eq. (2) reveals that pressure fluctuationsat a given point
result from an integration of weighted velocity fluctuations over all
space.

A hot-wire sensor providesa measure of velocity fluctuations but
it does so over only a small and finite length. In addition, a hot-wire
signal is proportional to the square root of velocity?® For the low-
speed, incompressible flow of interest here, we know from Euler’s
equation that velocity is proportionalto the square root of pressure.
The output from a hot-wire anemometer is therefore a nonlinear
representation of the fourth root of the local aerodynamic pressure
fluctuations. A microphone,on the other hand, providesa direct and
linear measure of pressure.

To determinethe feasibility of usinga hot wire to provide an aero-
dynamic pressure signal that can be combined with a microphone
signal, coherence measurements between the hot-wire signal and a

signal from a nearby microphone placed in the same flowfield have
been carefully examined. The ordinary coherence function between
the hot-wire signal w(7) and the microphone signal m(z) is defined
as!®

Gwm(f) ’
wa(f) .Gmm(f)’

A high coherence, ¥?2,,(f) near 1, between the two signals in the
presence of flow implies that both sensors are respondingto similar
fluid dynamic fluctuations. In such a case, properly combining the
hot-wire signal with the microphone signal may lead to a reduction
in the flow noise response of the microphone.

A systematicstudy was performedto determinethe optimum con-
figuration of the hot-wire sensor and microphone to promote high
coherence between them. We know from Eq. (2) that the fluctuating
pressureat a point is the result of the integrated velocity fluctuations
over a much larger volume. To reduce the measurement area of the
microphone and thereby reduce the area of contributing velocity
fluctuations, the standard protective grid of the microphone was re-
placed with a pinhole nose cone as shown in Fig. 2. The pinhole
diameter was 0.8 mm (1/32 in., d = 0.005d,,), and the tube was
2.54cm (1 in., I = 0.15d,) long. The pinhole microphone'’ ex-
hibits a slight attenuation (1 dB) of the pressure but still maintains
a flat frequency response except at the cavity resonance frequency.
For the pinhole size used here, a comparison calibration showed
the resonance frequency to be at approximately 1200 Hz, which is
abovethe frequenciesof interest in this study and does not adversely
affect the pressure measurements.

Variationsinthe placementofthe pinholemicrophoneandthe hot-
wire sensor relative to the pinhole opening were tested. It was found
that the highest coherence between the hot wire and microphone
occurred when the pinhole microphone was aligned with the flow
with the pinhole pointing in the upstream direction as shown in
Fig. 2. In this manner, it will behave like a total head probe. The
microphone vent removes the effect of the mean pressure, and the
resulting pressure signal is representative of fluctuating pressures
traveling in the freestream direction. It therefore responds more to
streamwise velocity fluctuationsand mean shear rather than normal
velocity shear that is dominant when the microphone is mounted
flush with the duct wall, normal to the flow. When the microphone is
orientedin the streamwise direction, broadbandflow noise measured
by the microphoneis approximately 5 dB higherthan that measured
with the microphone normal to the flow but in the same location.
The objective of the research, on the other hand, is to reduce the
flow noise inherent in the microphone signal. This increase in flow
noise is an issue to be concerned with and is discussed in more detail
later.

The hot-wire placement was determined after tests that included
streamwise and spanwise orientation (both of which, by virtue of
the fact that a single sensor was used, contain transverse veloci-
ties) as well as variations in location with respect to the pinhole
opening. Highest coherence levels were obtained with the hot-wire
sensor placed upstream of the centerline of the pinhole and ori-
ented to measure the streamwise velocity component. The optimum
configurationis shownin Fig. 2, where the hot-wire sensoris located
0.5 mm (0.02 in.) upstreamof the centerof the pinhole opening. This
configuration is used for all measurements reported herein.

Yanl /) = O<hnN<l ()

Hot-Wire
Probe 4

4

Flow , {
Pinhole

Microphone

Bottom Duct Wall

Fig.2 Hot-wire and microphone placement in duct.
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Fig.3 Measured coherence function between hot-wire sensor and mi-
crophone in flow only.
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Fig.4 Hot-wire autospectral densities.

Measurements were made to ensure that placing the hot wire
just upstream of the pinhole opening of the microphone did not
alter the microphone response. A comparison of the microphone
response with and without the hot wire in front of the opening re-
vealed that, for the frequency range of interest, the interference is
negligible. It is expected that the hot wire does affect the micro-
phone response at higher frequencies (the hot-wire vortex shedding
frequency ._305 kHz based ona Strouhalnumber of 0.2 for cylinder
vortex shedding).

The measured coherence function between the hot-wire and mi-
crophone signals when placed in the flow in the duct is shown in
Fig. 3. The coherence levels are high, greater than 0.9 over the en-
tire frequency range and approaching unity at frequencies below
100 Hz. These high levels indicate that combination of the two sig-
nals for removal of flow noise from the pressure signal is feasible.

Detailed studies of autospectral density of each sensor and the
measured coherence function between them were performed with
the sensorsin the presence of both aerodynamicand acousticexcita-
tion. Randomand time-harmonicacousticnoise was introducedinto
the duct by the speakerlocated near the entrance of the duct (Fig. 1).
The speaker output was adjusted so that the overall acoustic sound
pressure level at the microphone in the duct without flow matched
the overallsound pressure level perceived by the microphoneplaced
inthe same location in the duct with flow only (approximately80 dB
re: 20 pPa). The sinusoidalacoustic noise was generated by driving
the speaker at 250 Hz. This frequency was chosen by virtue of the
fact that it is below the plane wave cutoff frequency of the duct and
thereforeshould be a plane wave disturbance.(The cut-on frequency
of the first duct cross mode is approximately 650 Hz.) Furthermore,
250 Hz is not a harmonic of 60 Hz line noise.

The autospectral densities of the hot-wire and microphone re-
sponses are plotted in Figs. 4 and 5, respectively. In these and all
subsequent plots, the dB scale is referencedto 1 V. The five curves
in each plot represent each of the five test cases considered: flow
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Fig.5 Microphone autospectral densities.

only, flow 4+ random acoustic noise (white noise), flow + 250 Hz
time-harmonic acoustic noise, random noise only, and 250 Hz sine
wave noise only. Reflections from the duct walls and higher-order
duct modes are present but do not affect the intent or results of this
study and, therefore, will not be discussed. Note that, although both
the microphone and the hot-wire sensor were calibrated prior to the
experiments, no calibrations were applied to the output from either
sensor during these tests. This is because we are only interested in
relative changes in the microphone signal due to the signal condi-
tioning using the hot wire and least-mean-square (LMS) algorithm.
Coherence functions never require calibrated signals because the
calibration constant cancels in its definition [Eq. (3)]. Additionally,
the raw voltages are important in the signal conditioning since it is
these signals that are to be combined. The coherence measurements
will therefore indicate whether the uncalibrated, nonlinear hot-wire
signal, proportionalto the fourth root of pressure, may be combined
with a microphone signal, linearly proportional to the pressure, to
remove the flow-induced noise.

In Fig. 4, it is clear from the collapse of the data for the first three
cases that the hot-wire response is aerodynamically dominated in
the presence of flow regardlessof the speaker-generatednoise. This
effect is expected since the level of the acoustic noise, adjusted to
give the same overall sound pressure level at the microphone as the
flow-induced noise, produces fluctuating velocities that are much
smaller (on the order of 50 times smaller) than those generated by
the flow. It can also be seen by the spectrum levels that most of the
flow energy is contained at the lower frequencies. In the absence of
flow, the hot-wire response tends to be buried in the anemometry
system noise.

The microphone responses plotted in Fig. 5 show that the mi-
crophone signal is highly contaminated by flow noise especially at
frequenciesbelow 100 Hz. The shape of the spectra for the cases in
the presence of flow are almost identical to each other and to those
of the hot-wire spectra for the same conditions (the plot scales are
different). The addition of flow to the random noise does not sig-
nificantly alter the spectrum from the random-noise-only spectrum
above 100 Hz but causes a large increase in level below 100 Hz
where most of the flow contaminationis concentrated. A broadband
increaseofnearly 50dB results fromadding flow to the 250 Hz noise.

The data presented in Figs. 4 and 5 clearly illustrate the need for
flow noise suppression for the microphone response, especially for
frequenciesbelow 100 Hz. The data also show that the hot wire does
respondto acousticexcitation, but in the presenceof flow the acous-
tic response is masked by the response to the aerodynamic effects.

To determine whether the signals from the two sensors may be
combined to reduce flow noise, coherence function measurements
between the hot-wire and microphone signals were studied for the
same flow and acoustic conditions. The measured coherence func-
tion for the sensors placed in the duct with flow only was given in
Fig. 3. Similar plots of the measured coherence functions for the
other four cases are given in Figs. 6-9.

The coherence functions are almost identical for the cases with
flow only (Fig. 3) and flow + 250 Hz acoustic noise (Fig. 6) with
the exception of a decrease at 250 Hz. The similarity was expected
since the hot-wire and microphone spectra for these conditions, too,
were nearly identical. The drop in coherence at 250 Hz is due to
the fact that the microphone response to the tone is strong but the
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Fig. 6 Measured coherence function for flow + 250 Hz case.
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Fig.7 Measured coherence function for flow + random noise case.
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Fig. 8 Measured coherence function for random noise only case.

hot-wire response is still dominated by the aerodynamic velocities
rather than the acoustic velocity fluctuations associated with the
tone. The coherence measured with both flow and random noise
(Fig. 7) is high for frequencies less than 100 Hz because most flow
noise contamination occurs in this range, but drops off at higher
frequencies. When only acoustic excitation is present (Figs. 8 and
9) the coherence levels are much lower than in the presence of flow
with the exception of the 250 Hz tone.
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Fig. 9 Measured coherence function for 250 Hz only case.
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Fig. 10 Schematic representation of the hot mic.

Note thatthe coherencelevelsare generallyhigh inthe presenceof
flow, especially where desired at frequenciesbelow 100 Hz, and that
the levels are significantly lower in the absence of flow. This effect
is desirable because we want to combine the signals to remove the
effects of flow (pseudonoise) from the microphone signal but leave
the acousticpressuresignal (inthis case, the randomor 250 Hz noise)
unaltered. Since the fluid dynamic response of the two sensors is
coherent but the acoustic response is not, a proper combination of
the two signals should result in attenuation or elimination of the
(coherent) fluid dynamic contribution from the signals.

Flow Noise Reduction

Flow noise reductionwas achieved by adaptivelyfiltering the hot-
wire signaland then subtractingit from the microphone signal. This
combination was performed with the 10 second time-capture data
using an LMS algorithm, and for the sake of brevity, the filtered hot-
wire/microphone signal combination, which performs as a single
sensor, will be referred to as a “hot mic.” The schematic for the hot-
mic is given in Fig. 10. No attempt has been made to optimize the
adaptivealgorithmorthe convergencespeed,andas in the coherence
measurements, no calibration is applied to either the hot-wire or
microphone signal.

In this algorithm, the digitized hot-wire signal w(n) is passed
through the adaptive filter /2;(n) and then subtracted from the mi-
crophone signal m(n) to produce an error signal err(#). The output
of the filter ¢(n) should be that part of the hot-wire signal that is
coherent with the microphone signal, i.e., the noise caused by tur-
bulence pressure fluctuations. The subtraction of ¢(n) from m(n)
will then produce an output proportional to the acoustic pressure
fluctuations with the pseudonoise component removed.

The i-filter coefficients were updated using an LMS algorithm,

hi(n+ 1) = h;(n) 4+ 2uw(n)err(n) (4)

In all cases, the convergence coefficient was set at 1—10 of its maxi-
mum value, L.y, Which was determined from the followingstability
criterion:

1

N _E{wz(n)} ©)

Hmax
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The filter coefficients were initially set according to

H(f)= M(NHIW(f) (6)

where M( f) and W( f) are the Fourier transforms of the micro-
phone and hot-wire responses, respectively. The impulse response
was then obtained by taking the inverse Fourier transform of H( f)
and truncating it to the desired number of filter coefficients. The
number of points used for the Fourier transforms was varied, and,
as expected, the greater the number of points, the better the filter
approximated the optimal transfer function between the hot-wire
sensor and microphone. For the sake of brevity, however, variations
in the n-point Fourier transforms will not be discussed further. Only
those performed with 1024 points are included in this paper.

In the hot-mic algorithm, the first 1024 points of the hot-wire
and microphone data records were used to calculate the initial filter
coefficients as discussed earlier. The remaining data points were
then treated as real-time data to which the algorithm adapted. After
the 10-s sample was processed, the hot-mic output (the error signal),
which ideally contains acoustic pressure information with the flow-
induced pseudonoise removed, was compared with the microphone
spectra with and without flow contamination. Figure 11 is a plot
of this comparison for the case of random noise. In this plot, the
solid line represents the spectrum of the hot-mic signal, the dashed
line represents the microphone signal in the presence of random
noise without flow contamination, and the dotted line shows the
microphone response to the random noise in the presence of flow.
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Fig. 11 Autospectral densities of microphone and error signals, ran-
dom noise, four coefficients, ¢ = 0.1.
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Fig. 12 Autospectral densities of microphone and error signals, ran-
dom noise, 16 coefficients, u = 0.025.

The desired result is for the spectrum of the hot-mic signal to
approachthat of the microphone signalin the absence of flow. It can
be seen from Fig. 11 that the hot-mic signal does indeed approach
that of the uncontaminated microphone signal, resulting in a flow
noise attenuation of greater than 15 dB at below 100 Hz and better
spectral approximation to the uncontaminated microphone signal
out to 400 Hz.

By increasing the number of filter coefficients, the approxima-
tion of the error signalto the uncontaminated microphone increases.
Figure 12 shows the same spectral comparison with 16 filter coeffi-
cients. Flow noise attenuation is increased an additional 5-10 dB at
frequencies below 100 Hz without losing the pressure information
at the higher frequencies. A point will be reached, in this case with
approximately 100 filter coefficients, where the slow convergence
of the LMS algorithmcannot keep up with the coefficient update, es-
pecially since the coherence between the hot-wire and microphone
signalsdecreasesas frequency increases. The important result, how-
ever, is that flow noise attenuation in the pressure signal of 20 dB
or more and a better spectral approximation to the uncontaminated
pressure signal is possible with very few filter coefficients and a
simple LMS adaptive algorithm. Moreover, the flow noise reduc-
tion is sufficient to overcome the increase caused by streamwise
orientation of the microphone.

The same type of comparisonwas alsomade with the 250 Hz noise
superimposed on the flow. Figures 13 and 14 illustrate how low-
frequency as well as higher-frequency turbulence suppression was
attained with just4 and 16 filter coefficients, respectively.Moreover,
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Fig.13 Autospectral densities of microphoneand error signals, 250 Hz
noise, four coefficients, 4 = 0.1.
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the flow noise suppressionwas performed without reducingthe level
of the acoustic pressure fluctuations at 250 Hz.

Conclusions

Ahot-wire and a microphonesignal may be combined to suppress
turbulence-induced pseudonoise from the microphone signal with-
out losing the acoustic pressure signal. Measured coherence levels
between a raw hot-wire signal and the signal from a pinhole mi-
crophone located 0.5 mm downstream of the hot-wire sensor were
high over a wide frequency range in the presence of flow but low
in the absence of flow, indicating that the two signals could be
combined to remove the coherent (flow-induced) part. Adaptively
filtering the hot-wire signal using an LMS algorithm before sub-
tracting it from the flow-contaminated microphone signal results in
the hot-mic output that more closely resembles that of the uncon-
taminated microphone signal. Flow noise suppression on the order
of 20 dB is attained at frequencies below 100 Hz. In addition, atten-
uations of more than 10 dB may be observed at higher frequencies.
Furthermore, the resulting hot-mic signal retains the acoustic pres-
sure information of interest, making the hot-mic an ideal sensor for
use in active noise control applications where the sensing or error
microphone must be placed in a flowfield.
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