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Measurement of in-duct acoustic properties by using a single
microphone with fixed position

Y. S. Choy and Lixi Huanga)

Department of Mechanical Engineering, The Hong Kong Polytechnic University, Hunghom,
Kowloon, Hong Kong

~Received 13 April 2004; revised 12 August 2004; accepted 10 September 2004!

Acoustic properties of sound absorption materials and other acoustic structures can be measured in
an impedance tube using the well-established two-microphone method to resolve the two traveling
wave components of a standing wave pattern. The accuracy of such measurements depends crucially
on the calibration of the two microphones placed in close proximity. To eliminate such calibration,
the one-microphone method@Chu, J. Acoust. Soc. Am.80, 555–560 ~1986!# uses the same
microphone to probe at two positions sequentially using the voltage driving the loudspeaker as a
reference signal. A variant of this method is introduced in this study in which the microphone is
fixed at one position while a rigid end plate moves between two positions to resolve the standing
wave. The sound source is installed as a side branch, and its driving signal is also used as a reference
in the two-step measurement. Close agreement is found with the established two-microphone
method, and factors which might affect the accuracy of the new technique are discussed. As a
demonstration of the robustness of the method, a low-budget electret microphone is used and the
result also matches well with those obtained by the two-microphone method with high-quality
condenser type microphones. ©2004 Acoustical Society of America.@DOI: 10.1121/1.1811476#

PACS numbers: 43.55.Ev, 43.85.Bh@DKW# Pages: 3498–3504
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I. INTRODUCTION

There are four methods to determine the in-duct acou
properties, such as the reflection coefficient and absorp
coefficient. They are the standing wave method using a pr
microphone, multi-point, two-microphone, and on
microphone methods. Their strengths and weaknesses
been discussed by Jones and Parrott~1989!.

The so-called standing wave method~SWR! ~Lippert,
1953! uses a probe microphone to measure the ratio of
successive maxima and minima of a standing wave patter
order to find out the acoustic impedance, from which
reflection and absorption coefficients are deduced. This
tedious and time-consuming process. The multi-po
method uses one microphone to take measurements at
tiple points, and the least-square method is used to curv
the measured pattern and deduce the acoustic properties
to six pressure measurements per half-wavelength are
quired ~Jones and Parrott, 1989!. Again, the measuremen
points can be varied by using a traversing probe micropho
The main weakness of both SWR and multi-point method
the requirement of the hardware movement of micropho
which is time consuming. To overcome this problem, t
two-microphone method was introduced by Seybert a
Ross~1977!. Two microphones are placed at two differe
positions with a certain separation distance. The signals f
the two microphones are acquired at the same time in o
to find out the transfer function between them, from whi
the forward and backward waves in a standing wave pat
are resolved. Random excitation is used to find out the a

a!Author to whom correspondence should be addressed. Electronic
mmlhuang@polyu.edu.hk
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spectral and cross-spectral densities of the two location
that the whole spectrum of acoustic properties can be fo
at once. This method was further developed by Chung
Blaser analytically and experimentally~1980a, b!. Their
method involved the decomposition of the waveform into t
incident and reflected components using a simple tran
function of the pressures at two locations. The excitat
signal can be random or harmonic. The comparison betw
the transfer function method and SWR with different s
lected points was investigated in detail by Chu~1988!. The
absorption and impedance found by the two-micropho
method with varied microphone separation distance is be
than those with fixed separation and SWR method. A sim
approach for different distances between two measurem
points was also taken by Fahy~1984!. Chu ~1986a! also ex-
tended the transfer function studies by adding the effec
tube attenuation.

Compared with the SWR and multiple-point method
the two-microphone method saves time but requires
knowledge of accurate amplitude and phase relationships
tween the two microphones, so the calibration is necess
before taking a measurement. The calibration is carried
by swapping the pair of microphones which are flu
mounted on the duct with absorptive termination accord
to ISO 10534-2~1998!. To eliminate the calibration, Chu
~1986b! introduced the so-called one-microphone method
which a single microphone is used to measure sound at
two measurement points of an otherwise two-micropho
rig. In this sense, the methodology is similar to the tw
microphone method. Signals taken from the single mic
phone at different positions are referenced to the analog
nal which drives the loudspeaker. The result is go
compared with the SWR method although there are so
il:
116(6)/3498/7/$20.00 © 2004 Acoustical Society of America
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 26 February 2025 09:25:08
deviations at low frequencies~,200 Hz!. The one-
microphone method can eliminate the error of phase m
match between two microphones. In both two- and o
microphone methods, the two measurements become
when the separation distance between the two measure
positions is equal to an integer multiple of the ha
wavelength. In other words, there are frequency blind sp
in these methods. To overcome this problem, a third m
surement position might be needed. In this study, an alte
tive configuration for the single microphone method is int
duced. In the new design, the loudspeaker is flush mou
to the duct wall as a side branch, and only one fixed mic
phone insertion hole is provided. A rigid end plate provid
the rigid wall boundary and the design is such that the p
tion of the plate can be adjusted easily without the provis
of any extra microphone insertion hole. Measurements ta
with two positions for the rigid end plate resolve the tw
traveling wave components. As is shown below, the pres
one-microphone method is based on an acoustic arrange
different from all previous impedance tube rigs, and the n
rig is also expected to bring some convenience in terms
implementation. In what follows, expressions are derived
the reflection and absorption coefficients of the acou
specimen as a function of the readings of the two-step m
surement. Experimental validation is carried out by the tw
microphone method. Factors affecting the accuracy of
new single microphone method are discussed towards
end.

II. THEORY

The theoretical model is shown in Fig. 1, which al
serves as an illustration of the experimental rig to be
scribed in the next section. The geometry resembles a s
dard impedance tube. The specimen to be tested is put a
end of the tube at a distanceLabs from the center of the flush
mounted piston (x50) driven by a vibrator. A movable rigid
plate is installed on the right-hand side atx5La , Lb during
two measurements, respectively. The measurement m
phone~labeled M1! is located atx5xm , while three other

FIG. 1. Experimental setup for the new one-microphone method with
vision for the two-microphone method employed for validation purpose
J. Acoust. Soc. Am., Vol. 116, No. 6, December 2004
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microphones illustrated by broken lines indicate the use
three extra microphones for the validation purpose in t
study.

The acoustic field in the duct can be described by
superposition of acoustic radiation from the piston, indica
by prad , and the standing wave pattern formed by the
flecting ends of the duct, labeled aspi andpr for the left- and
right-traveling components, respectively. Note that a n
field exists around the piston before the radiated wa
evolve into plane waves when the frequency is below
cut-on frequency of the duct. In what follows,prad denotes
the complex amplitude of the plane traveling wave and
near field is ignored in the following derivation where me
surement points are sufficiently far away from the pist
center. Note also thatpi and pr are the constant amplitude
for the traveling waves throughout the duct length. The pr
sure atx5xm ~microphone 1! is written as follows:

p15~prad1pr !e
2 ikxm1pie

ikxm. ~1!

Note that the time dependence of exp(ivt) is left out of all
formulations, and all pressure amplitudes are divided by
complex amplitude of the voltage signal which drives t
vibrator–piston assembly. In other words, the pressures m
sured can be regarded as a result of vibration of a unit
plitude for all measurements.

The normal particle velocity vanishes at the acoustica
rigid plate atx5La , so the relationship between the wav
components is

pi5~prad1pr !e
22ikLa or pr5pie

2ikLa2prad . ~2!

Combining Eqs.~1! and ~2!,

pi5
p1

eikxm1eik~2La2xm!
. ~3!

When the rigid plate is moved tox5Lb , the wave compo-
nentspi and pr are changed but the radiation pressureprad

remains unchanged and independent of the reflections a
tube ends. It is implicitly assumed here that the change in
input mechanical impedance from the air in the duct on
piston is negligible when the rigid end plate moves from o
position to the next during the two-step measurement. T
assumption is validated in the experiment, and the sm
variation of piston response is analyzed in the next sect
The reflection wave components for the rigid end plate
sition atx5Lb are denoted bypi8 andpr8 . Similar to Eq.~3!,

pi85
p18

eikxm1eik~2Lb2xm!
. ~4!

In addition to these equations, the impedance and reflec
coefficient at the interface of the absorption material ax
52Labs is assumed to be the same for the two measu
ments. The reflection coefficient is written as

R

I
5

pr

prad1pi
e2ikLabs5

pr8

prad1pi8
e2ikLabs, ~5!

-

3499Y. S. Choy and L. Huang: Single microphone method
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whereI is the complex amplitude of the total traveling wa
incident on the specimen, andR is the complex amplitude o
the reflected wave, cf. Fig. 1.

Solving these two equations forprad andR/I ,

R

I
5S pr2pr8

pi2pi8
D e2ikLabs. ~6!

Within Eq. ~6!, pi andpi8 can be found from Eqs.~3! and~4!,
while pr and pr8 are found from the second equation in~2!
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when the rigid plate is placed atx5La andx5Lb , respec-
tively. Hence,

pr2pr85pie
2ikLa2pi8e

2ikLb.

Substitution of these results into Eq.~6! gives the complex
reflection coefficientR/I as well as the energy coefficients o
reflection~b! and absorption~a! defined as follows:
R

I
5

~p1 /p18!cos@k~Lb2xm!#e2ikLa2eik~La1Lb! cos@k~La2xm!#

~p1 /p18!cos@k~Lb2xm!#2eik~La2Lb! cos@k~La2xm!#
e2ikLabs, b5URI U

2

, a512b. ~7!
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When the distance between the measurement microph
and the rigid end plate is a quarter wavelength, say for
second measurement,k(Lb2xm)5p/2, the pressure at th
measuring point vanishes,p1850, and Eq.~7! becomes the
type of 0/0. This is similar to what happens in the tw
microphone measurement when the distance between the
microphones is a multiple of a half-wavelength. Theore
cally, the problem can be resolved by taking the ratio of
derivative with respect to k for cos@k(Lb2xm)#/p18
→21/(]p18/]k), which requires the use of data for the cu
rent as well as the neighboring frequencies. Having said t
one must be aware that such a derivative may not be num
cally reliable in an experiment where broadband excitatio
used, leading to small ripples in the measured data. If, h
ever, harmonic excitation is used, one can always skip
particular frequency during the test. If the result at the p
ticular frequency is definitely desired, one can always mo
the rigid end plate to a slightly different position. Such
move would be easier to implement in the current dev
than drilling another microphone insertion hole in the tw
microphone method. In the present experimental study,
singularity is not encountered as the operational frequenc
chosen to be below 1000 Hz while the quarter-wavelen
frequency forLb2xm540 mm is 2144 Hz.

III. EXPERIMENTAL VALIDATION

Figure 1 also shows the schema for the experimenta
with lengths labeled in mm. The duct cross section was
3100 mm2. The duct wall was made of 15-mm-thick acryli
which is believed to be acoustically rigid. The first cut-o
frequency of the duct was 1700 Hz. For the purpose of cro
checking, two pairs of B&K 1

2-in. condenser-type micro
phones~type number 4189! were installed flush with the duc
walls. Microphone 1~M1! was regarded as the measurem
microphone in the present one-microphone method. The
ditional microphone~M2! was used to couple with M1 to
conduct the two-microphone measurement for the reflec
coefficient at the surface of the movable rigid plate. Tw
more microphones~M3,M4! were installed at the left-han
side to measure the acoustic properties of the specime
ne
e

wo
-
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ri-
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x52Labs for comparison with the results of the one
microphone method. Note that only one microphone, M1
needed when the device is used in practice. A wide sep
tion distance of 80 mm was used for the microphone pair
order to have a good measurement accuracy at lower
quencies. The distance between the rigid plate and M1
20 mm in the first measurement and 40 mm in the sec
measurement when the rigid plate was moved byLb2La

520 mm. The movement was increased to 40 mm for f
quencies lower than 200 Hz. The movable plate was tig
ened after the adjustment of its location. The micropho
were supported by B&K’s Nexus four-channel conditionin
amplifier ~type 2691!, and the signals were acquired throug
the National Instruments’ AD conversion card type PC
4452. The voltage signal fed to the vibrator~B&K type
4809!, which drove the flush-mounted piston, was also c
tured together with the microphone signals. A harmonic a
log signal was generated by a function generator~Hioki
7050!, amplified by B&K’s power amplifier~LAB Gruppen
300! before it was fed to the vibrator. The frequencies rang
from 100 to 1000 Hz with an interval of 20 Hz. The adva
tage of the pure tone tests is its better signal-to-noise r
than broadband excitation, which is good for the comparis
between the two-microphone method and the pres
method. The piston had a surface area of 50350 mm2, flush
mounted in the middle of the duct. In order to allow fre
oscillation of the piston, there was a 2-mm gap between
edges of the duct and the piston. To avoid noise leak
through the gap, a 0.6-mm-thick flexible rubber was used
seal the gap. Fiberglass of density 40 kg/m3 and flow resis-
tivity of about 9000 kg/m3s were used as the acoustic spe
men to be tested in the left-hand side tube. Tests were c
ducted with the test section filled up by fiberglass to th
different depths: 60, 185, and 660 mm. Since the duct w
not very short, the acoustic attenuation had to be taken
account when deducing the reflection coefficient. This is d
cussed in Sec. IV.

Figure 2 shows the comparison of the absorption coe
cient a of the glass fiber measured by the present o
microphone method~open circles! and the two-microphone
Y. S. Choy and L. Huang: Single microphone method
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method~solid line!. Figures 2~a!–~c! are the results for the
fiberglass filling of depth 60, 85, and 660 mm, respective
The agreement between the two methods for all three tes
good except a few points below about 150 Hz. Above 1
Hz, the mean deviations between the two methods are 1
1.1%, and 0.6% for the three tests, respectively. Similar
sults can be obtained by using random signal excitation
the piston.

IV. MEASUREMENT ACCURACY

This section is devoted to the investigation of the effe
of various special factors which might affect the accuracy
the current measurement technique. These factors includ
vibration of the so-called rigid plate, the effect of the e
plate position on the piston response, noise leaking in
piston gap, and other noise attenuation mechanisms pre
in the system. The attenuation would be significant if t
distance between the measurement microphone M1 and
acoustic specimen is very large. For the errors caused by
finite size of the microphone sensing membrane, calibra
error of phase mismatch between two microphones, spe

FIG. 2. Comparison of the absorption coefficient between the pre
method~s! and the two-microphone method~———!. ~a! is for the absorp-
tion material of 60 mm in depth,~b! 185 mm, and~c! 660 mm.
-
a
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analysis for signals with noisy environment, etc., the read
are referred to the earlier works of Seybert and Soena
~1981! as well as Bode´n and Åborn ~1986!.

A. Rigidity of the movable plate

If the rigid plate is not entirely rigid, sound reflection o
its surface would be less than 100%. The extent to which
rigid plate assumption was correct for the current rig w
assessed by the reflection coefficient by the two-microph
method using microphones M3 and M4 shown in Fig. 1. T
ratio of linear amplitudes,uR/I u, is shown in Fig. 3~a!. On
average,uR/I u was about 0.96. However, below 100 Hz,
could be lower than 0.9. The impedance of the so-called r
plate is normalized by that of air,Z5p8/(r0c0u), and the
result is shown in Fig. 3~b!. When the finite impedance i
used for the end plate, the absorption coefficient for
acoustic specimen is recalculated as

nt
FIG. 3. Effect of the rigidity of the movable plate.~a! is the reflection
coefficient at the surface of the movable plate measured by the t
microphone method.~b! is the real~———! and imaginary~––! parts of the
normalized impedance at the surface of the movable plate.~c! is the com-
parison of the absorption coefficient calculated by Eq.~7! ~s! and Eq.~8!
~h!.
a512UFZ11

Z21G F
p1

p18
GF ~Z21!eikxm1~Z11!ei ~2kLb2xm!

~Z21!eikxm1~Z11!ei ~2kLa2xm!Ge2ikLa2e2ikLb

F p1

p18
GF ~Z21!eikxm1~Z11!ei ~2kLb2xm!

~Z21!eikxm1~Z11!ei ~2kLa2xm!G21
U 2

. ~8!
in
e to
e a
be-
cal-
Figure 3~c! comparesa deduced from the rigid-plate as
sumption ~open circles! and that from the above formul
~open squares!. It is found that the correction of the end pla
vibration amounts to about 1.5% in terms ofa except for 180
Hz where a deviation of 4.0% is found. The conclusion
that the end plate vibration is not significant.
B. Effect of sound attenuation in the duct system

A long duct of over 1.6 m is used in the present setup
Fig. 1. This may cause excessive sound attenuation du
the frictional loss, heat transfer, etc. There may also b
certain amount of noise leaking through the clearance
tween the piston and the duct wall. These losses can be
3501Y. S. Choy and L. Huang: Single microphone method
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 26 February 2025 09:25:08
culated by the net sound energy flux into a control volu
which encloses the long duct segment. As shown in Fig
the control volume can be considered to be the duct segm
from the center of microphones M3 and M4 to that of M
and M2. Denote the intensity of sound traveling from t
position of microphonem towards microphonen asI mn , the
total sound energy dissipated inside the control volume
found asdI 5I 342I 431I 212I 12, and an energy dissipatio
coefficient is defined asa15dI / Ī where Ī is the average of
the four intensity magnitudes. To finda1 , the rig shown in
Fig. 1 was revised as follows. The test specimen on the
hand side duct was removed, and a loudspeaker was inst
on the left-hand side to serve as the sound source. By u
two microphones on the left-hand side and another two
the right-hand side, all the wave components can be fou
hencea1 . The vibrator-piston assembly was installed in t
middle segment of the duct which had a length of 60 c
When the middle segment of the duct was removed, the t
duct length became 1.0 m between the centers of the
pairs of microphones. The energy dissipation coefficien
shown in Fig. 4~a! as the solid line. The energy dissipation
this case is expected to come mainly from the friction b
tween sound and the duct walls, for which the analyti
prediction~see Pierce, 1991, Eq. 10-5.8! for a single travel-
ing wave is also shown in Fig. 4~a! as a dashed line. The tw
lines are close to each other in general, validating the gen
assumption for the dissipation mechanism. The wavy beh
ior of the measured dissipation coefficient probably accou
for the standing wave effect. Since such standing wave c
position is not known a priori in the eventual one-
microphone measurement, the analytical prediction of
tenuation for a traveling wave is used as a correction fa
for the decay of each traveling wave along the duct. T
effect of this correction is shown in Fig. 4~b!, where the open
squares are the results without the correction and o
circles are those with attenuation correction. The mean
rection is about 1.2% fora. Generally speaking, the correc
tion is not large and such a correction can be further redu
or even ignored if the distance between the measurem
microphone and the specimen is minimized. The current
rig had the provision for the two-microphone measurem

FIG. 4. The effect of sound energy dissipation along a rigid duct.~a! com-
pares the measured energy dissipation coefficient of the straight duct
ment in the present rig~———! with prediction of such losses based on
traveling wave theory~Pierce, 1991! ~––!. ~b! is the comparison of the
absorption coefficient with~s! and without~h! correction for the sound
energy loss along the rigid duct segments.
3502 J. Acoust. Soc. Am., Vol. 116, No. 6, December 2004
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for the validation purpose, and a reduction of duct length
anticipated when such provision is removed for practical
of the one-microphone method.

C. Piston response

The working principle of the present one-micropho
method is based on the assumption that the radiated w
from the piston for a given voltage input,prad , is not af-
fected by the location of the rigid end plate. Factors th
uphold and undermine this assumption are briefly discus
here before a quantitative experimental examination of
assumption is reported. The actual amplitude of the pis
vibration is influenced by the input mechanical impedan
sayZin , derived from the fluid loading on the piston insid
the duct~cf. Kinsleret al., 2000!. This impedance diverges a
a duct resonance frequency when the measurement sam
a hard wall and all acoustic attenuations are ignored. Un
this extreme condition, the constantprad assumption is un-
likely to be upheld and the current method would fail arou
such resonance frequency. However, it is anticipated that
actual magnitude ofZin is rather limited when the norma
friction is accounted for. It is also limited by the finite diss
pative element which normally exists in any specimen to
measured. The variation ofZin at a nonresonant frequency
even more limited. Having said that, a loudspeaker made
paper cone is unlikely to possess sufficient mechanical
pedance such thatZin is deemed negligible. The device use
in the current test is a B&K vibration exciter type 4809 wi
a force rating of 45 N. A piston of mass 294 g is attached
the payload. Note that a heavier piston would reduce
vibration amplitude but the system impedance can be fur
increased, leading to a better satisfaction of the constantprad

assumption. The extent to which the piston vibration w
affected by the swapping of the end plate position was inv
tigated quantitatively. The response of the piston was m
sured by a B&K accelerometer~type 4374 with Nexus con-
ditioning amplifier type 2692! placed on top of the piston
The voltage input to the vibrometer,v in , and the accelera
tion output from the accelerometer,vout , were sampled si-
multaneously by the computer. The amplitude ratio of t
two signals is shown in Fig. 5 for the range of frequenc
from 60 to 1000 Hz. The solid line is the result for the fir
position of the end plate,La5615 mm, and open circles fo
the second,Lb5La140 mm. The two results are hardly dis
tinguishable in the figure. The average deviation is 0.8%,
the effect of such deviation on the results of one-micropho
measurement is found to be negligible.

D. Inaccuracy caused by the calibration error

Whether the deviation between the one- and tw
microphone measurements is large or not can be judged
the range of uncertainty involved in the latter method due
microphone calibration. Assuming that the transfer funct
between the actual sound pressurep and the digital readingA
from a microphone input channel isJ1 , J2 for the two mi-
crophones, respectively, and that a standing wave patte
formed by an incident waveIe2 ikx and a reflected wave
Reikx, wherex50 is located at the center of the two micro

eg-
Y. S. Choy and L. Huang: Single microphone method
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 26 February 2025 09:25:08
phones separated by a distance ofs, the wave componentsI
and R are resolved in one session of two-microphone m
surement as follows:

I 5
J1A1e2 ik~L11s!2J2A2e2 ikL1

e2 iks2eiks
and

R5
2J1A1eik~L11s!1A2J2eikL1

e2 iks2eiks
.

The linear reflection coefficientR/I is

R

I
5e2ikL1S 2A1eiks1A2J

A1e2 iks2JA2
D , ~9!

whereJ5J2 /J1 is the complex ratio of the microphone re
sponses. When the complex ratioJ is subject to an uncer

FIG. 6. The uncertainty of the two-microphone method.~a! shows the mag-
nitude of the calibration factorJ, and ~b! is the phase ofJ during two
calibration trials ~h,s!. ~c! is the maximum~––! and minimum level
~———! of absorption coefficient caused by the variation ofJ. ~d! is the
uncertainty of the absorption coefficient caused by such variation.

FIG. 5. Comparison of the amplitude ratio of signals from the piston ac
eration and the voltage input to the vibrator when the end plate is locate
La5615 mm~———! andLb5La140 mm ~s!.
J. Acoust. Soc. Am., Vol. 116, No. 6, December 2004
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tainty of dJ, the resultant energy coefficients of reflectio
and absorption can be found out easily. Figures 6~a! and ~b!
show the amplitude and phase of calibration factorJ, respec-
tively. Two typical sets of data are shown for two calibratio
exercises, and the difference between the two gives an
mate for the magnitude ratioudJu and phase angle differenc
du. Typically, the difference in amplitude was about 0.0
for frequencies greater than 300 Hz. However, much hig
deviation was found at lower frequencies. The effect ofdJ
on the measured absorption coefficienta for the 60-mm-
deep fiberglass filling in the present rig is shown in Figs. 6~c!
and ~d!. Figure 6~c! shows the maximum~dashed line! and
minimum ~solid line! level of the absorption coefficien
when uJu changes from 0.99 to 1.01 and phase angleu
changes from20.005 to 0.015. Figure 6~d! shows the range
of absorption coefficientda. It is found thatda associated
with suchdJ can be greater than the deviation between
one-microphone and two-microphone measurements
shown in Fig. 2. The uncertainty is also larger than the fr
tional losses shown in Fig. 4~a!. The comparison between th
two-microphone method and Chu’s~1986b! one-microphone
method shows that the deviation for the reflection coe
cients at very low frequencies~,250 Hz! is about 0.1, which
is slightly poorer than what is achieved here~cf. Fig. 3 of
Chu, 1986b!.

E. Use of an electret microphone

The accuracy of the one-microphone measurement
pends on the consistency of the transfer function between
measurement microphone and the sound source, and it e
nates the need of calibration between two microphones
demonstrate the full advantage of this method, a very lo
budget microphone was used instead of B&K’s12-in.
condenser-type microphones which have a flat frequency
sponse down to at least 20 Hz. A miniature~0.1-in.! electret
microphone produced by Tibbetts Industries~151 series! was
tested. It had a flat frequency response from 300 to 3000
and its response at 100 Hz was 4 dB below that at 300
Figure 7 shows the comparison ofa measured by using suc

FIG. 7. The absorption coefficient measured by an electret microphon
the present rig~s! compared with the two-microphone measurement us
two B&K microphones~———!.

l-
at
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an electret microphone in the present method with that of
two-microphone method. The medium deviation was ab
1.9%, slightly higher than 1.4% from B&K microphones.

V. CONCLUSIONS

A new rig of one-microphone measurement method
in-duct standing waves is proposed and experimentally v
dated against the well-established two-microphone meth
The new rig involves the use of a side-branch sound sou
and a movable rigid plate which provides the necessary c
figuration variation to achieve two independent measu
ments. The main advantage of the rig is that the meas
ment microphone is installed at its fixed position during t
measurements. Results are summarized as follows.

~1! The use of a fixed microphone eliminates the need
drill many microphone insertion holes as required by
two-microphone method and the existing on
microphone method.

~2! The agreement of the sound reflection and absorp
coefficients between the present one-microphone me
and the two-microphone method is very satisfactory.

~3! The complete flexibility for the rigid plate to vary it
position eliminates the blind spots in spectrum whe
measurements are rendered impossible when the se
tion distance between the two microphone positions
incides with the half wavelength.

~4! Sound energy losses and other factors of uncertain
are discussed, and the errors are found to be gene
acceptable when compared with the uncertainties in
two-microphone measurement arising from the mic
phone calibration.

~5! A very low budget electret microphone is also found
yield satisfactory results in the present one-micropho
method.
3504 J. Acoust. Soc. Am., Vol. 116, No. 6, December 2004
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