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The effect of evanescent mode generation, due to geometrical mismatch, in acoustic impedance
measurements is investigated. The particular geometry considered is that of a impedance probe with
an annular flow port and a central microphone, but the techniques are applicable to other geometries.
It is found that the imaginary part of the measured impedance error is proportional to frequency, and
that the sign of the error is positive for measurements made on tubes with diameter much larger than
that of the inlet port, but negative for tubes with diameter close to that of the inlet. The result is a
distortion of the measured frequencies of the impedance minima of the duct while the maxima are
largely unaffected. There is, in addition, a real resistive component to the error that varies
approximately as the square root of the frequency. Experiment confirms the results of the analysis
and calculations, and a calibration procedure is proposed that allows impedance probes that have
been calibrated on a semi-infinite tube of one diameter to be employed for measurements on
components with an inlet duct of some very different diameter. 2@5 Acoustical Society of
America. [DOI: 10.1121/1.1879192

PACS numbers: 43.58.Bh, 43.20.Ye, 43.20.Mv, 43.20K37] Pages: 2889-2895

I. INTRODUCTION of this inlet resistance or sometimes in an asymmetrical man-
. . ._ner by being inserted from one side of the duct. The residual
The measurement of acoustic impedance is of great im-

portance in many branches of the subject, typical cases being. o of the pipe inlet is sealed by a flat rigid plate. For sim-

the input impedance of mufflers or, in contrast, of musicalpqmity this situation will be idealized in what follows to pla-

wind instruments. Most methods involve injecting a known nar probe geometry and the symmetrical microphone posi-

acoustic flow and measuring the resultant acoustic pressurtIon shown in Fig. 1a), though it is clearly possible to use

the only significantly different approach being that using twoFne same technlqugs 0 calcglate more complex geometries.
; . ; . Some such extensions are discussed.

spaced microphones in a tube leading to the device to be

measured so as to evaluate the reflection coefficient. A treat-

ment from the viewpoint of general acoustics has been giveH. EVANESCENT MODES

by Beranek! and surveys from the more precise viewpoint of

musical instrument acoustics by Benade and hisid by

Fletcher and RossinyThe resulting analysis is straightfor-

When a sound wave enters a pipe from a pipe of smaller
diameter, localized modes are generated close to the inlet

dand th its reliable if the di ter of the i q wall in the larger pipe. The effect in the smaller duct can be
ward and the results reliable If the diameter of the Impe anCﬁeglected here, since the injected acoustic flow is assumed to

head duct through which the flow is injected is equal to thebe constant across its whole area in impedance measuring

diameter of thg inlet to the device _under measurement, b_LHevices. This situation is described by the wave equation in
such a match is not generally possible. In the case of a sig:

e . . . ) ylindrical polar coordinates,
nificant mismatch of diameters, or in geometry, there is a
corresponding error in the measured acoustic impedance. It 1 ¢
is the purpose of this note to calculate the effect of this | 5
geometrical mismatch and to show how the error can be
compensated for by a simple calculation. wherep is the acoustic pressure,is the speed of sound in
In the impedance-measuring heads with which one usuair, x is the axial coordinate, arg ¢ are polar coordinates in
ally deals, as shown in Fig. 1, the acoustic flow is injectedthe cross section. Since it has been assumed that there is no
through a high acoustic resistance located coaxially with th@ngular variation around the pipe, the coordingtean be
pipe inlet to the object being measured, and with either aeglected, and the solution has the form
circular or annular cross-section, the latter having advantages o
because a very narrow annulus can be less than one viscous p(x r t)= > A, Jo(anr/R)exdj(—Kkx+ wt)]
diffusion length in width, thus providingdna high and nearly n=0
frequency-independent acoustic resistangéesmall micro- .
phgne mﬁasunfs the pressure, either at the center of the face FBexij(koxt wt)], @
wherelJ, is the Bessel function of order zere,is the angu-
dpermanent address: Research School of Physical Sciences and Engineer!%‘g']’ frequency. of the signal, anh, ay, andk.” are ConStahtS
Australian National University, Canberra 0200, Australia. Electronic mail: 10 b€ determined. Tha, are complex amplitudes associated
neville.fletcher@anu.edu.au with the injected wave, and the final term with complex am-
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In acoustic impedance measurements of the type with
which we are concerned here, a one-dimensional plane-wave
approximation is assumed in the object being studied, so
attention is directed towards the plane wave amplitutigs
andB, with the other terms regarded as undesired byproducts
of the mismatch between the impedance head and the entry

microphone annular inlet duct

to measurement object

from sound generator duct. The aim of the present analysis is to identify the con-
(@) tributions of these higher modes and show how they can be
corrected for.
<— microphone annular inlet duct To simplify matters, the inlet to the object under test is

assumed to be an unobstructed circular tube of radiwgh
rigid boundaries, at least for a distance away from the mea-
suring plane about equal to its radius. The impedance probe
is also assumed to have circular symmetry, and a longitudinal
from sound generator cross section is shown in Fig(a). The flow injection port is

(b) assumed to be a narrow annulus of radipyand the radius of
FIG. 1. (a) Geometry of a typical impedance probe connected to aductothe central mlcrOphone dlaphragm assumed to be of Very
radiijsl.Q. For the cal():/ulationy{)he diarr?etea;bf trr:e annulus that acts as the hlgh acoustic Impedance is assumed to be SUffICIently small
flow injection port is taken as 7 mm and the microphone diameter as zerdhat it can be taken as zero. Geometrical mismatch is then
(b) An alternative geometry with the microphone displaced a distance defined in terms of the ratiB/a.
from the axis of the inlet annulus. The additional condition imposed by the rigid bound-
aries at the entry to the pipe is then that

to measurement object

plitude B represents the reflected wave, assumed to be planar,

which carries information about the acoustic impedance be- —=0 if x=0 andr+#a, (6)

ing measured. Restriction of the frequency range so that

higher modes witm>0 are all nonpropagating and the re- \yhjle the boundary condition across the acoustic flow inlet at
turning wave is planar is necessary for the definition ofy—q requires that

acoustic impedance, since otherwise it would be a multiple-
valued function with a different value for each propagating
mode.

The values of the quantitiea,, are derived from the
assumed condition that the walls of the duct are rigid so thatvhereU is the total acoustic inlet flow and(r —a) is the
taking the pipe radius to b, it is required thatp/ar=0 at  Dirac delta function. Now)p/dx= —jwpv, so that
r=R for each of the modes. This leads to the condition

dJo(a,r/R)
dr

u
v(r)=2—ﬂ5(r—a) @)

ap wpU
_ :_J
o
=~ 23y =0, @  Pheo 2@

S(r—a). 8

R Combining (8) with (2), multiplying by rJo(«,r/R), and

and henceto the series of approximate values 3.83, 7.02jintegrating from 0 toR then gives
10.17,... fore,, . Substituting(2) back in(1) then leads to the

result wpU apa
knAaM 3~ koBModn 0=—5—Jo| 5 9
w 2 aﬁ ™
2— —_— —_— —
k”_( c) R2 ) where! sinceJ;(a,)=0 for all n,
If the frequency is low enough thab/c<a,/R, thenk, 5 R2
S : - . M= J = |rdr== Jo(an), (10
becomes imaginary and the corresponding mode is non 0

propagating or “evanescent.” Such modes are exponentially
attenuated along the axis of the pipe and are essentially coand §,,,, is the Kronecker delta function which equals 1 if
fined to within an axial distance less than a few tirRés,, m=n and 0 otherwise. Equatio®) then gives, for the case
or at most about one pipe-radius from the place where thep+0,
are generated. In contrast, the plane-wave modd, for

which (=0, propagates at all frequencies, although in this _ wpU and (11)
casek, is still complex because of wall losses along the tube " 2mk,M, "0 R
and has the valdé
and for the case=0.
10~ 5,8(1)1/2
kO w/C—j T, (5) a)pU

. ' B=Ay— ZakoMo (12
where>1 is a factor to allow for the nonideal smoothness
of the walls. TypicallyB~3 for moderately smooth tubes. Now the measured value of the input impedance is
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Zmeas:U :U 2 A,+BJ, (13
x=0r=0 n=0 A A A
while the true plane-wave impedance is 3 1o A A
° / ; A it b
, _AotB 14 £ ! A b A
true™ . 2 Y : | R Pt / ". f
U g 1 f ; / R |
These equations can be combined to give % V V Y
" @ L i v X
wp anpa g . N
Zmeas Ziuet ——Jo| =/, 1 = ol o B 5
meas true =4 27Tkn|\/|n 0 R ( 5) '.,: ; !
i
and this equation will be the basis of the calculations to
follow. A rather similar equation could be derilved, foIIQWIng 0015 =00 000 7500 7000 7500 3000
the same method, for other probe geometries, as discusse Frequency (Hz)

later. Despite the exponential decay of evanescent waves , , ,
FIG. 2. Calculated magnitude of the impedance for a closed tube of diam-

alqng the measurement axis, it is found by numencal_ eXplOéter 50 mm and length 300 mm, as would be measured with an annular
ration that a large number of modes must be taken into aGyrobe of diameter 7 mm. The broken curve shows the true impedance,
count to ensure smooth convergence. For the calculations tssuming a wall loss factor of 3, while the full curve shows the impedance
be reported later, 100 modes were included since the comptfiat would be measured.

tation is quite simpl&.A reasonable result can, however, be

achieved with as few as ten modes. Ill. A SPECIFIC EXAMPLE

This analysis is inapplicable at frequencies that are high It is interesting to examine the trend of the calculated

enough thak= al/R’ for then the evanescent modes beglr‘results for cases in which the exact solution is known, and an
to propagate and higher modes appear in the reflected wavi

) . . L . Sbvious candidate is the simple stopped tube of lehgind
n practlcal terms, 'Fh's occurs in a cylindrical con_dL_ut of radiusR>a, for which the input impedance is known to be
radiusR for frequencies above about 2RJAz, whereR is in
meters. The analysis also omits consideration of viscous and _pc
thermal losses from the evanescent waves at the plane wall <=~ ?COWL% (18)
terminating the duct at=0. A discussion of this point and m
an estimate of the form and magnitude of the resistive errowhere wall losses are taken into account as in (&j.
is given in Sec. V. While, if the end wall is smooth and rigid, For the specific case calculated, the tube to be measured
the resistive error contributed by these losses is very smaivas assumed to have a diameter of 53 mm and a length of
compared with the imaginary part, its inclusion is found in300 mm, while the input annulus was taken to have a diam-
Sec. VIl to be necessary to give a complete measuremeter of 7 mm, this being a very substantial mismatch. The
correction. wall loss magnification factopB of (5) in the tube being

It is instructive to write the resul{l5) in terms of di- measured is taken to have the val@e3, which is fairly

mensionless parameters. Since the quantitiesire dimen-  typical for tubes of the particular material used. The calcu-
sionless, it follows from (4) that we can write k, lated results for the magnitude of the measured impedance
=R f(wR/c), where the functiorf can be written down and that of the actual plane-wave impedance are shown in
explicitly, while from (10), M,<R?. Thus(15) can be ex- Fig. 2. As will be discussed later, it is necessary to include
pressed in the form almost 100 terms in the summation {d5) in order to

achieve an accurate result, but this presents no computational
(16) difficulty, and indeed a summation with only ten terms gives
moderate accuracy. The impedance can readily be split into
. . - . real and imaginary parts in the calculation if desired. The
where the functiorG(x,y) can be written explicitly. As will first higher mode becomes propagating at about 8 kHz in the

be shown below by means of a numerical calculation, the . . S
. tase of this tube, so the measurement is necessarily limited
error termZqpor= Zmeas~ Ziue IN (16) turns out to be almost

. : o significantly below this frequency. Clearly there is a very
exactly proportional to frequency over quite a large range of . .
the ratioR/a, which implies that arge discrepancy between the true and measured |mpe_da_nce
' values even below 3 kHz, so that the measurement in its
unadjusted state is of little use unless one is interested simply
: (17)  in the frequencies of the impedance maxima.

Let the acoustic impedance of the device being mea-
whereZy(R) = pc/ wR? is the characteristic impedance of the sured be Z,=Rsust+ j X, With appropriate descriptive
pipe being measured, and the functiBR/a) can be de- subscripts. Then exploration of the reactive part of the mea-
rived from Eqgs.(15) and(16) and can be evaluated numeri- surement erroX o;,o;/= Xmeas— Xtrue @S a function of frequency
cally. The form of this measurement error and its numericabnd of the tube diameter mismatch shows that the error is
evaluation will be discussed further in Sec. Ill. quite closely proportional to frequency over the frequency

R wa
a' ¢

jpw
Zmeas™ Ziuet ?

R

Zerror _ jwa R
a

Zo(R) c
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FIG. 3. Calculated frequency-weighted erdy; o/ w in the imaginary part ~ FIG. 4. Calculated frequency-weighted relative erXyo/wZo in the
of the impedancéin units of Pa&m™3) as a function of the diameter of the imaginary part of the impedandé units of secondsas a function of the

sample tube, for an annular probe of diameter 7 mm. The real part of théiameter of the sample tube for the case of an annular probe diameter of 7
error is smaller by at least a factor of 10. mm. The real part of the error is smaller by at least a factor of 10. Since

typically w~10*s™1, the error is comparable to the value &y over most
of the diameter range shown for frequencies below about 3 kHz. As dis-

range 0—3 kHz. The deviation from proportionality is negli- cussed in the text, this curve is not universal but must be further scaled by a
gible for tubes up to 50 mm in diameter, and amounts to onlyactor »a/c.
about 5% for a 100-mm tube at 3 kHz. This proportionality
to frequency means that, to a good approximation, the imreached by dividing the frequency-weighted absolute error
pedance error can be thought of as the effect of an inertiv&eno/ @ 0f Fig. 3 by the characteristic impedang(R)
impedance X oo, in Series with the input to the duct being =pc/7R? of the tube being measured. This frequency-
measured. For tube diameters less than about twice that wfeighted relative erroKeo/ wZo(R) is shown in Fig. 4 as a
the inlet annulus, however, the inertankg,,, is actually  function of tube radiu®. The mismatch range covered is the
negative and is effectively subtracted rather than added. same as in Fig. 3. From Fig. 4 it is clear that the relative error
Exploration of the trend of the error as the diameteris small for ducts up to about three times the probe annulus
mismatch is varied is shown in Fig. 3, where the quantitydiameter, while for ducts of larger diameter the relative error
plotted is Xqo/ @. For this calculation the contributions of increases about as the square of the diameter mismatch to the
100 evanescent modes were included in the calculation, singgobe. For mismatch ratios larger than about 7 the error is so
this presents no computational difficulty. If only a much large that accuracy is severely compromised even after cor-
smaller number of modes, say ten, is included, then theection. Note incidentally that, from the form ¢17), the
curve, while following the same trend as in Fig. 3, exhibitscurve in Fig. 4 is not universal, but must be scaled by a
oscillations as a function of tube diameter. The error is alfurther factorwa/c.
most exactly proportional to frequency over the measure-
ment range 0—_3 k_Hz u.sed, so that the curve in Flg. 3 applleR/. ALTERNATIVE PROBE GEOMETRIES
at all frequencies in this range. For large tube diameters, but
still below the higher-mode propagation frequengy,.,/w The first geometrical variant that should be considered is
—40Paém 3, which is about equal to the impedance of athe assumption made in the previous analysis that the width
short stub tube matching the inlet annulus in diameter andf the inlet annulus is essentially zero and that the diameter
with a length about equal to 0.4 times its radius. This is, a®f the microphone is also zero. The first of these assumptions
might be expected, comparable to the magnitude of thés generally a good approximation, since the diameter of the
imaginary part of the radiation impedance for a vibratingannulus is typically of order 10 mm while its width is typi-
circular disc of this size set in an infinite plane baffle. Inter-cally only about 0.1 mm. The second assumption is, how-
estingly, the mismatch error passes cleanly through zero for aver, far from being realized in practice, since the micro-
tube diameter of about 15 mm, about twice the probe inlephone diameter is typically about 2 mm, which is an
diameter, and then increases in magnitude again, but with appreciable fraction of the annulus diameter. The effect of
negative sign, for narrower tubes. The reason for this changthis is that, if the probe is connected to a duct of matching
is that, as the diameter is increased, zeros of the lower-ordeliameter for calibration, the contributions of modes for
Bessel functionsy(a,r/R) pass successively across the in- which the first radial zero lies within the radius of the micro-
let annulus so that their excitation, as seen from the microphone will be very greatly reduced, since positive and nega-
phone position at =0, shifts from negative to positive. The tive contributions will be averaged over the microphone sur-
mode withn=1 is particularly important in this connection. face. Since the sharp minimum Xy,,,, Shown in Fig. 3 for a
What is important, however, is not the absolute value ofmicrophone of zero diameter in a tube closely matching the
the error but rather its magnitude relative to the impedance@robe diameter is largely due to these high-order modes, the
guantity being measured. A useful measure of this can banpedance correction implied for this situation is actually
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exaggerated, typically by as much as a factor of 2. A detailedant component of acoustic motion that is tangential to this
analysis will not be given here, but essentially it involvesplane, certain losses are to be expected. The magnitude of
integration over the area of the microphone, though to a reathese losses should be about inversely proportional to the
sonable approximation a similar result is obtained simply byboundary layer thickness, and should thus varw&$.
ignoring the contributions of the higher modes. This matter  In a formal sense, these effects lead to the arguments of
will be revisited in Sec. VII. As shown in Fig. 4, however, the Bessel functions in Eq2) being complex rather than
the relative correction for tubes with diameter mismatch lesseal, but this formal analysis has not been carried out because
than about a factor of 2 is actually very small, so that thethere will inevitably be a significant correction factor that
problem is not serious until large mismatches are involveddepends upon the roughness of the surface of the inlet plane,
and a solution for this practical problem is presented in thatncluding the microphone, and the possible presence of sharp
section. edges. Since the correction due to this effect is small com-
As an alternative, consider the geometry illustrated inpared to the reactive component of the error already consid-
Fig. 1(b), in which the measurement microphone is now off- ered, it will therefore be left as a small adjustable parameter.
set from the axis defined by the inlet annulus. The analysis of
this case proceeds just as before except that allowance mugt. APPLICATION TO A CALIBRATED PROBE
be made for the offset of the microphone. Let us take this

. ' Researchers at this laboratory have developed an acous-
offset to ber =b for generality. Equatiori13) then becomes y P

tic impedance probe of the general type shown in Fig. 1,

p 17> ayb though with several geometrical variations, and have devised
Zmeas™ =0 Z Andol 5| tB/, (199 a calibration procedure that makes its results very accurate
x=0r=b n=0 for inlet tubes of specified diametet® In the calibration
and (15) becomes procedure, the probe is connected to an effectively semi-
o infinite pipe (actually 40—200 m in length, depending upon
Zimoae Ziuet Z wp Jo and o a_nb) (20) the pipe diameter, so as to produce an attenuation of about 80
A=1 27K,Mp, R R dB in the reflected wave for the frequency range of intgrest

closely matching it in diameter. The flow annulus is fed with
R sound pressure signal made up of a very large number of
of (20) contains the factaﬂé(ana/R) which is always posi- ind_ependently adjustable components with a frequency sepa-
tive, so that the error term is itself always positive, ratherratlon of typically about 2.7 Hz. The response Of. the
than becoming negative for values Rfless than about computer-controlled pressure measurement system is then
as calculated for the central microphone witk0. Other adjusted in phase and amplitude so that both these measured
geometries are similarly easily calculated ' gquantities are constant over the frequency range of interest.

Another probe geometry of interest is that in which the(There are actually some experimental subtleties about this

microphone is set forward of the plane of the injection an—j[hat need not be considered hgEne acoustic volume flow

nulus by a small amour Clearly, if 5> R, then most of the is then taken to be this pressure divided by the characteristic

. - . impedancepc/S of the effectively semi-infinite calibration

evanescent waves will have decayed to negligible amplitud . .
. - : . ube, and these settings are then used in subsequent measure-
at the microphone position and will not influence the mea- :
Tents. This procedure cancels out all evanescent mode ef-

surement. The impedance that is measured, however, w cts as well as all irregularities in phase or amplitude of the
then not be the true impedance at the inlet port but rather th wﬁ'ected flow or the mi(?ro hone resp onse for thips tube diam-
at the displaced position. While calculation of the necessar J P P .

ter. Measurements on objects with an input duct closely

correction is possible, its value depends upon the imF)Edancr%atchin the calibration tube in diameter are therefore
being measured, so that this is not a realistic approach for ﬁt 9
: ) . ) ighly accurate.
general-purpose impedance probe if the diameter mismatch . . . .
It is clearly impractical to have such very long calibra-

is large. . . . .
s large . . .tion tubes of all diameters available, so that there are restric-
In real probe geometries, of course, the microphone di-

ameter is not zero, and this must be taken into account bt|ons on the applicability of this calibration technique. If the

Pigrating e sensed resure sgnal acoss e microphof{ 02 IR 0.5 LS cosey el e i o
area. In most cases this will slightly reduce the value of the . T A . P
ﬁectlvely adds an inertive impedance in order to cancel out

necessary correction, since the_higher evangscent ques Wﬁ1e negative imaginary part of the impedance error shown in
wavelength smaller than the microphone diameter will havq‘:ig 3. If this calibrated probe is then used to make measure-

a much reduced effect. . : ) . )
ments on an object with a much larger inlet pipe diameter, an

additional positive error will be introduced into the imagi-
nary part of the measured impedance. The effect of the cor-

There is, however, one significant thing that has beemection will then be effectively added to the error. This com-
omitted from the analysis detailed so far, and that is theplication can, however, be largely removed by programming
possibility of a resistive component to the error contributedthe measurement system to subtract off a positive imaginary
by the evanescent modes. Because all the acoustic motiampedance of magnitude appropriate to correct for the differ-
associated with these modes is localized within a distance afnce between the errors for the measurement tube and the
aboutR/ «, of the entry plane, and because there is a significalibration tube.

For the particular case in which=a and the micro-
phone is set at a point upon the inlet annulus, the final ter

V. RESISTIVE CORRECTION
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FIG. 5. Measured magnitude, without correction, of the impedance of &r|G. 6. Measured magnitude of the impedance of the stopped tube of Fig. 5
stopped tube 300 mm long and 48 mm in diameter, as measured using thghen corrected by subtracting a series impedance of &80
impedance probe described, with an inlet annulus diameter of 6.5 mm, caliy 41j ) Pa s 2.

brated on a tube of diameter 7.8 mm. Individual measurement points are

shown.

from Fig. 3 that the correction for the calibration pipe is

Fortunately, the laboratory for which the impedancenegaﬁVea since its diameter is close to that of the inlet annu-
probe was designed studies the acoustics of musical winS- Its value from Fig. 3, which assumed a microphone of
instruments and of the vocal tract, so that only a narrow?€ro diameter, is about-30jw Pasm®. As discussed
range of tube diameters is involved, and a set of calibratiofriefly in Sec. IV, however, the fact that the microphone
pipes with appropriate diametefffom 3 to 26 mm and diameter is actually nearly 2 mm eliminates most of the con-

undue expense. only about half this much, or about 15jw Pasm>. The

large pipe, then, is about seven times the diameter of the
annulus, so that the equivalent value of diameter in Fig. 3 is
about 45 mm, for which the correction is positive and equal
As a check with experiment, an impedance probe withto about 39w Pas m 3. Since the probe was calibrated so as
the geometry shown in Fig.(4), with inlet annulus mean to give zero error on the narrow calibration pipe, it is the
diameter 6.5 mm and width 0.1 mm and with a centrallydifference between the two errors, and thus about
located microphone of diameter 1.9 mm was calibrated on 45j w Pasm 3, that must be used in correcting the measure-
long tube of diameter 7.8 mm, using the procedure previment error on the wide pipe. A certain amount of latitude is
ously described’®When this probe was used to measure theallowable when making this correction, however, since the
magnitude of the impedance of a rigidly stopped brass pipeffect of nonzero microphone diameter and the slight differ-
of diameter 48 mm and length 300 mm, the results were asnce in annulus diameter were only approximately allowed
shown in Fig. 5. The magnitude and phase of the impedand®r. A value of 4jw Pasm 3, which is quite close to the
were measured at each point, and the measurement points astimate of 4pw Pasm 3, gives a well-corrected result for
shown in the figure. The characteristic impedapcéS for  the frequencies of the impedance minima, as shown in Fig. 6.
this pipe is about 0.23 MPa s and the minima should be If only the imaginary contribution to the correction is
located centrally between successive maxima, so that it isonsidered, however, then the impedance minima are rather
clear that the raw measurements are greatly in error. Thehallow, and it is necessary to include the resistive contribu-
resemblance of the graph to that calculated in Fig. 2 is cleation as well. As discussed in Sec. V, it is difficult to estimate
The poor signal-to-noise ratio apparent below about 300 Hthe magnitude of this correction, so that trial-and-error is the
is the result of the peculiar measurement configuration chobest approach. In the present case it turns out to be necessary
sen for this test. Normally a much smaller mismatch in di-to subtract a resistive correction of 208°Pasm 2 in order
ameter would have been chosen for the measurement, amal achieve the appropriate symmetry between impedance
the concentric geometry used here for the test transmits maxima and minima, as shown in Fig. 6. Over the frequency
much larger vibration signal to the microphone than does theange considered, this resistive correction is less than 10% of
off-axis geometry normally used in this particular prdd8.  the inductive correction and affects only the sharpness of the
To correct the measurements, the errors for both the calimpedance minima.
bration tube and the measurement tube must be considered. The correction for the case illustrated in Figs. 5 and 6 is
To further refine the correction, use can be made of the scakn extreme one, and would not ordinarily be used because
ing law (17) since the actual diameter of the inlet annulusthe noise in the measurement then becomes noticeable. It
was 6.5 mm rather than the 7 mm used to calculate Fig. 3would, however, be adequate if an approximate measurement
This involves small changes to both the raRda and the were required and only a narrow probe were available.
factor wa/c, but these will be neglected here. It is first noted Rather than relying upon the calculations outlined in the

VIl. EXPERIMENTAL VERIFICATION
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present paper, however, the best method for determining aridductance is subtracted. For such measurements, a probe of
applying the necessary correction is probably as follows: comparable diameter should be used, and this should be cali-

D
)

)

(4)

Calibrate the probe in the usual way on a semi—infiniteb.rated using an eﬁeptlvely infinite Pipe closely matching in
pipe diameter the input diameter of the object under test.

. . . While this analysis has been performed for the case of
Use this calibrated probe to measure the impedance of a . . o .
. N . an acoustic probe using a high-impedance inlet duct, a very
stopped pipe with diameter equal to that of the object to_. . .
: sjmilar result would be obtained for the case of a probe in the
be measured and of such a length that it shows sever

. . . : §orm of a standard standing-wave impedance tube. There is,
impedance maxima and minima in the proposed mea;

. ) however, an additional complication in this case since the
surement range. Record the resulf®ie maxima will be . .
o . . input flow cannot be assumed to be uniform across the whole
correct but the minima will be displaced.

. inlet tube—the influence of evanescent modes within this
Write a computer program to subtract from the measure . .
. ; Y2 . inlet tube itself must therefore be taken into account.
impedance a correctioAw~'“+ jBw, with A andB as

real constants and>0, and display the result. Vary the An ideal design of impedance p_robe .that.would over-
. ) . come these problems would be one in which, instead of us-
magnitude ofB until the minima are as nearly as pos-

) L ing a localized acoustic flow inlet in the form of a very
sible half-way between the maxima; then vary the mag- .

. X . narrow annulus or other convenient geometry, the flow was
nitude of A until the envelope of the minima matches .

. : injected instead through a high-impedance porous-solid plug
that of the maxima. If a very wide frequency range X . .
: . L extending across the whole area of the inlet to the object
and/or a very large geometrical mismatch is InVOIVed’bein measured. Even in this case, however, a calibration
then the correction can be of the forAw 2+ jBw(1 9 ' ’ '

1 Caw) with |Ce|<1 at the upper frequency limit procedure using an effectively infinite pipe is desirable in

. . . order to compensate for any possible frequency dependence
Record this correction and use it to correct all measure- . . : .

X . of the flow impedance or of the associated electronic equip-
ments made on devices coupled to the impedance prob

e
. ment.
through tubes of that diameter.
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