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A method for the determination of the blockage area function of a duct or pipe from
a single measurement of its transfer function is presented. The technique extends a method
developed by de Salis and Oldham (Journal of Sound and <ibration 221, 180}186) [1] where
the duct blockage area function reconstruction is achieved as a function of the resonance and
anti-resonance frequencies of the unblocked and partially blocked duct. In each case the
resonance and anti-resonance frequencies are determined from maximum length sequence
measurements (MLS). The advantage of using MLS analysis is that it has inherently high
noise immunity and as such gives a su$ciently large signal-to-noise ratio to reveal the
positions of the anti-resonance frequencies in the duct transfer function. In the current paper
the technique is further simpli"ed as the resonance and anti-resonance frequencies of the
unblocked and the partially blocked duct are determined from a single MLS measurement in
the partially blocked duct using an approximation suggested by Wu 1994 (Applied Acoustics
41, 229}236) [2]. However, Wu's approach utilized resonance frequency information alone
and was thus limited to blockage area functions with no degree of symmetry in the
longitudinal plane. In earlier work Wu and Fricke 1990 (Journal of the Acoustical Society of
America 87, 67}75) [3] have demonstrated that the method using resonance frequencies
measured under two sets of boundary conditions could be applied to functions of all degrees
of symmetry. In this paper it is shown that the additional determination of the duct
anti-resonance frequencies enables Wu's limited reconstruction technique (Wu 1994 Applied
Acoustics 41, 229}236) [2] to achieve results equivalent to the two boundary condition
technique (Wu and Fricke 1990 Journal of the Acoustical Society of America 87, 67}75) [3].
Accuracy is enhanced as "ltration of the measured transfer function is used to further reduce
extraneous noise thus improving the resolution of the transfer function. The determination
of the duct area function is achieved utilizing resonance and anti-resonance frequency
information alone which renders the determination of the duct length unnecessary. The
accuracy of the shift approximation method in achieving a reconstruction technique for the
blockage area function of a "nite length duct or pipe from a single measurement is
demonstrated.

( 2001 Academic Press
1. INTRODUCTION

Where the accurate determination of the variation of the cross-sectional area with distance
along a pipe or duct arising from the development of a blockage is required yet impractical
using conventional visual techniques an alternative non-intrusive method may be sought.
The work described in this paper outlines a technique where the blockage area function of
a duct or pipe may be obtained for a single acoustic broad band measurement of short
duration. (The blockage are a function may be de"ned in this context as the variation in the
0022-460X/01/240625#16 $35.00/0 ( 2001 Academic Press
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ratio of cross-sectional area of a blockage within a duct to the cross-sectional area of the
unblocked duct as a function of duct length.) The method described is a development of
a previous technique proposed as a possible blockage detection mechanism for sensitive
cooling systems such as those used in the nuclear industry [4], and while the e!ects of #ow
and losses are not examined in the current paper, the method described could have
applications in similar piped #uid systems. Applications to inherently lossy systems such as
vocal tracts or ear canals may be limited due to the losses incurred in these systems,
although fundamentally similar work in vocal tract sizing using impedance testing has
showed some degree of success [5, 6].

The paper builds on earlier work by the authors [1] in which the internal blockage area
function of a length of duct was reconstructed by utilizing the resonance and anti-resonance
frequencies measured in its unblocked and partially blocked condition. The resonance and
anti-resonance frequencies were determined from measurements made in a duct under
a single set of boundary conditions; i.e., closed}open terminations. Prior to this work the
internal area function of a duct had been obtained using only the resonance frequencies
of the duct, however, these needed to be determined under two separate sets of
boundary conditions, i.e. in the closed}open and closed}closed duct [3]. Although a single
measurement reconstruction method has been proposed by Wu [2] utilizing only the
resonance frequencies of the duct determined under one set of termination boundary
conditions, the loss of the resonance frequency information from a second set of boundary
conditions means that the technique is only applicable to limited types of blockage
area function. The method recently proposed by the authors to employ a single set of
measurements [1] overcame the need for measurements under two sets of duct termination
boundary conditions by incorporating anti-resonance frequencies as well as resonance
frequencies of the unblocked and partially blocked duct in the reconstruction process.

With knowledge of the original resonance and anti-resonance frequencies of the duct in
its unblocked state, the blockage area function could now be determined from a single
measurement in the blockage perturbed duct [1]. Hence the method proposed was termed
a &single measurement technique'. However, in cases where the resonance and
anti-resonance frequencies of the duct in the &&Unblocked'' condition are not available, this
single measurement method has no reference values and therefore cannot be employed. This
problem was partially solved by Wu [2] who employed a limited reconstruction method
using a single measurement of the resonance frequencies of a partially blocked closed-open
ended duct. In Wu's work the unknown resonance frequency distribution of the unblocked
duct condition was approximated by using quali"ed assumptions about its relationship
with the known resonance frequency distribution of the partially blocked duct. From this
approximation the reconstruction of various duct blockage area functions could be
determined from a single measurement.

However, without the completion of the expansion by using the additional resonance
frequency information from the unblocked and partially blocked closed}closed duct as
utilized in Wu's earlier work with Fricke [3], the reconstruction process could only be
applied to blockage area functions which displayed no symmetry about the longitudinal
mid-point of the duct. This was obviously a major de"ciency in a technique which was
initially developed in response to requirements for blockage detection in sensitive cooling
systems [4]. Wu's technique [3] could also only be applied to constrictions as any negative
portion of the area function had to be assigned a zero value to eliminate the asymmetrical
blockage &&image'' generated when reconstructing the blockage area function using the
closed}open ended duct resonance frequencies alone [3, 7]. The technique introduced by
de Salis and Oldham [1] which incorporates anti-resonance frequency information
eliminates such errors and allows the determination of the complete blockage area function.
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The current paper combines the approach of Wu [2] for obtaining an approximation for
the resonance frequencies for the unblocked duct conditions with the de Salis and Oldham
technique for measurements under a single set of boundary conditions [1] to achieve a true
single measurement method for the reconstruction of the blockage area function of a length
of duct. The reconstruction utilizes a single broad band maximum length sequence (MLS)
measurement signal to determine the required resonance and anti-resonance frequencies of
the partially blocked duct. Filtration routines are introduced to suppress extraneous noise
where levels are likely to a!ect the accurate determination of the anti-resonance frequencies.
A similar measurement method has proved a rapid and accurate technique for determining
the required resonance and anti-resonance frequencies for use in the reconstruction process
using two measurements made under a single set of boundary conditions [1, 7]. In the
current paper this approach is applied to the proposed single spectrum method.

2. THEORETICAL ANALYSIS

2.1. DETERMINATION OF DUCT BLOCKAGE AREA FUNCTION FROM TWO MEASUREMENTS
UNDER A SINGLE SET OF BOUNDARY CONDITIONS

Wu and Fricke [3], employing a perturbation technique adapted from Bellman [8],
presented an expression for the blockage area function of a duct as a function of the
resonance frequencies of the unblocked and partially blocked duct measured under two sets
of duct termination boundary conditions: i.e., closed}closed and closed}open ends.
A similar expression had been developed previously by Mermelstein [5] for reconstruction
of the internal area function in vocal tracts. De Salis and Oldham [1], in#uenced by earlier
work of the Schroeder [6] on the vocal tract impedance function, developed Bellman's
perturbation theory [8] to express the duct blockage area function as a function of the
blockage-induced resonance frequency shifts and anti-resonance shifts measured under only
one set of boundary conditions to obtain the following expression:
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contained in the duct (typically air), the blockage reconstruction may be written as
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where f 0
(a)n

is the nth anti-resonance frequency of the unblocked closed}open duct, f 0
n

is the
nth resonance frequency of the unblocked closed}open duct, and c in air is estimated as
a function of ambient temperature ¹ as described in reference [9] where

c"331)45 J(1#¹/373)16). (3)

2.2. DETERMINATION OF DUCT BLOCKAGE AREA FUNCTION FROM A SINGLE

MEASUREMENT IN THE PARTIALLY BLOCKED DUCT UNDER A SINGLE SET OF

BOUNDARY CONDITIONS USING RESONANCE AND ANTI-RESONANCE FREQUENCY

SHIFT APPROXIMATIONS

The expression in equation (2) eliminates the need to measure the response of the duct
under a second set of termination boundary conditions [1], and therefore greatly enhances
the practicality of the technique. However, a knowledge of the acoustic characteristics of the
unblocked duct is still required before any reconstruction of a partially blocked duct
internal area function is possible. It may be noted that in practical situations where the
frequency response of the &&unblocked'' condition has not been previously determined, the
technique will become impractical as no reference values of resonance and anti-resonance
frequencies are available. In attempting to overcome this di$culty, Wu [2] noted that the
blockage-induced shifts in duct resonance frequency tended to vary quasi-periodically
about zero such that the sum of the shifts about the unblocked condition tended to zero as
the number of shifts increased; i.e.,
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Substituting into equation (4) from equation (5) yields
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Thus, the summation of the blocked resonance frequencies tends to the sum of the
unblocked or uniform cross-sectional area duct resonance frequencies as the number of
shifts increases. With a knowledge of the termination conditions and the resonance
frequencies for the partially blocked duct, thus the &&unblocked'' or uniform duct resonance
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frequencies can be ascertained. For an unblocked closed}open duct of uniform
cross-section,
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It may also be shown that for the unblocked closed}open duct of uniform cross-section the
following relationships exists:
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Thus, from equation (9) resonance frequencies of the unblocked duct may be ascertained
from the resonance frequencies of the partially blocked duct. The resonance value shifts s

n
in equation (2) may then be calculated where
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In Wu's work [2] this approach was applied to only the duct resonance frequencies and
only the measured and approximated resonance frequencies of the partially blocked and
unblocked ducts, respectively, were used in the subsequent reconstruction of the blockage
area function. The reconstruction technique described from a single measured spectrum in
the partially blocked duct [2] was thus limited as it was identical in essence to the technique
used in previous work [3], and thus still required measurements under a second set of
boundary conditions in order to obtain a full reconstruction of the blockage area function.

However, de Salis and Oldham [1] have showed that the complete reconstruction for any
blockage area function within the duct can be obtained if the anti-resonance frequencies of
the unblocked and partially blocked duct are included to complete the Fourier expansion.
Now for the anti-resonance frequencies of the closed}open duct of uniform cross-section the
relationship
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For the anti-resonance frequencies of the closed}open duct it may be shown that
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Equation (6) holds for the anti-resonance frequencies of the closed}open duct and thus
manipulating equations (6), (11) and (12) yields the following relationship for the
anti-resonance frequencies:
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Here f
(a)n

is the nth order anti-resonance frequency for the partially blocked duct and
N tends to in"nity. Thus, by using equation (13) the anti-resonance frequencies of the



630 M. H. F. DE SALIS AND D. J. OLDHAM
unblocked duct may be calculated from the anti-resonance frequencies of the partially
blocked duct. The anti-resonance value shifts k

(a)n
used in equation (2) may then be

calculated where
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Thus, by substituting equations (10) and (14) into equation (2) the internal area function of
a partially blocked pipe can be determined from a single measurement under one set of
boundary conditions by incorporating the approximated resonance frequency and
anti-resonance frequencies for the unblocked duct.

3. EXPERIMENTAL ANALYSIS

3.1. MEASUREMENT TECHNIQUE USING MAXIMUM LENGTH SEQUENCE ANALYSIS

To obtain the blockage area reconstruction from equation (2) from the resonance value
and anti-resonance value shift calculated by using equations (10) and (14) requires
measurement of the loudspeaker voltage to duct pressure frequency transfer function in the
closed}open duct in its partially blocked state. Measurement techniques of relatively long
duration such as swept sine or random noise analysis can provide transfer functions of
su$cient noise immunity to reveal the modal characteristics of this type of system providing
it is not excessively damped. However, in addition to this, accurate information about the
residual or anti-resonance condition is required to complete the reconstruction via equation
(2). This will often require a higher degree of noise immunity than is possible with
traditionally utilized measurement techniques [10].

A high degree of noise immunity for measurements in linear systems can be obtained by
using maximum length sequence or MLS analysis [10, 11]. As discussed in reference [10]
this type of excitation signal can produce a degree of noise immunity similar to a frequency
Figure 1. Test rig for closed-open end duct with blockage of area ratio A
b
(x)/A

0
(x)"0)23.
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sweep of many times its duration. The pseudo-random MLS signal used to process the
system impulse response has the maximum possible ratio of mean to maximum amplitude
or crest factor of any signal: i.e., 0 dB. Once the system-distorted MLS is recorded and the
impulse response processed by using a Fast Hadamard Transform [12] the system impulse
response retains its maximum possible signal-to-noise ratio and therefore yields
a comparatively high noise immunity when compared to other methods of obtaining
impulse response: e.g., pulse analysis [10]. In addition, the system impulse response is
concentrated towards the beginning of the time history whereas the background noise is
spread out evenly over the entire duration. By concentrating on the early part of the time
history much of the background noise may be windowed out on fast Fourier transformation
realizing an even higher degree of noise immunity in the frequency domain. This gives MLS
a further advantage over the more traditional measurement techniques cited above, which,
while having high crest factors, have reduced signal-to-noise levels due to background noise
contamination which cannot be removed from the measured signal retrospectively [7].
With ensemble averaging the noise immunity of the MLS process can be improved still
further.

The rapid technique of acquiring the transfer function of the duct when using maximum
length sequence analysis is further outlined in reference [7] where successful application of
the analysis technique to the blockage reconstruction is described when using measured
resonance frequencies in the unblocked the partially blocked duct determined under two
sets of duct termination boundary conditions. The measurement technique has also been
successfully applied to blockage reconstruction when using resonance and anti-resonance
frequencies obtained from similar measurements of frequency transfer function under
a single set or boundary conditions [1, 7].

The experimental set-up for a partially blocked duct is shown in Figure 1. The ducts
chosen for use in the analysis were hard-walled plastic pipes of circular cross-section. The
ducts were terminated at one end with a piezo-electric driver mounted in a Perspex
termination plate and left open at the other. A microphone was mounted in the wall of duct
close to the driver end. Hardwood blocks were used as blockages and were positioned at
various locations within the ducts. The MLS source was set at a 2 kHz bandwidth with the
acquisition sampling rate of 8 kHz. The impulse response time history was processed using
an MLS of 16834 points giving a 2 s time history with the system impulse response
concentrated in the "rst 1

2
second [7].
Figure 2. Measured transfer function of partially blocked duct shown in Figure 1.
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Early measurements suggested that in general a signi"cant degree of noise immunity was
available to reveal the anti-resonance and resonance frequencies of the duct without
ensemble averaging. However, to suppress any intermittent background noise
contamination ensemble averaging was implemented. The impulse response of the duct
shown in Figure 1 was thus obtained by using 16 averages of a 2 s MLS measurement. Once
the impulse response time history had been generated, a fast Fourier transform window
function was applied to the early part of the time history where the system impulse response
was concentrated. The windowing process avoided truncation of the signal while
eliminating a large proportion of the background noise as described earlier. The frequency
transfer function amplitude distribution obtained with a frequency resolution of 1 Hz is
shown in Figure 2. As can be seen it exhibits a strongly de"ned modal response which
clearly shows the anti-resonance frequencies in addition to the prominent resonance
frequencies.

3.2. ESTIMATION OF RESONANCE AND ANTI-RESONANCE FREQUENCIES OF THE

UNBLOCKED DUCT FROM A SINGLE MEASUREMENT WITHIN THE PARTIALLY

BLOCKED DUCT

An approximation of the resonance and anti-resonance frequencies of the unblocked duct
from the resonance and anti-resonance frequencies measured in the blockage perturbed
duct has been described in section 2.2. The unbroken curves in Figures 3(a) and (b) show the
blockage induced resonance value and anti-resonance value shifts obtained from equations
(10) and (14) for the duct of Figure 1 obtained without using the approximation method but
using the actual measured spectra for the blockage perturbed and unblocked ducts [1]. The
dotted curves show the approximated blockage induced resonance value and
anti-resonance value shifts calculated by using equations (10) and (14) but incorporating the
approximations of anti-resonance and resonance frequencies for for the unblocked duct in
equations (9) and (13) determined from the single spectrum measured in the partially
blocked duct and shown in Figure 2. The correlation between the estimated and actual
shifts is shown to be almost exact for the lower order shifts. While the very lowest order shift
may not necessarily be essential for the reconstruction of smaller obstacles (which alleviates
some worries for their accurate determination in longer ducts [7]) the other lower order
shifts will otherwise be the most important in determination of the blockage function [3].
The calculated higher-order shifts (which are generally less important for the
reconstruction) show a similar pattern to the measured shifts although the correlation is not
as good. Comparing with previous work undertaken in this area [1}3, 7], the correlation of
the actual shifts and estimated shifts in Figure 3 suggests that the estimated shift
information could be successfully applied to the reconstruction technique described in
section 2 and reference [1]. Successful implementation of these estimated shifts into
equation (2) in this manner would thus allow reconstruction of the blockage area function of
the duct from a single measurement in the blockage perturbed duct without requiring prior
knowledge of the unblocked duct condition.

3.3. POST PROCESSING

With the input of the single spectrum measured in the partially blocked duct and the
ambient air temperature (see equation (3)) the entire reconstruction for a 2 m length duct of
0)1 m diameter can be achieved in a matter of seconds on a 90 MHz Pentium PC using



Figure 3. Actual and calculated blockage induced resonance and anti-resonance value shifts. (a) First 15
resonance value shift s

n
for blockage in Figure 1; (b) "rst 15 anti-resonance value shift k

(a)n
for blockage in Figure 1.

(- - - -) Calculated; (***), measured.
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a single integrated post processing routine written in a numerical processing package [13].
The resonance and anti-resonance value shifts calculated from the resonance and
anti-resonance frequencies, respectively, for the single measured transfer function in the
partially blocked duct by using equations (9), (10), (13) and (14) are shown in Figure 3. The
reconstruction process was subsequently completed by using equation (2).

3.3.1 ¹he blockage area function

The computational post-processing routine used to obtain the reconstructions is similar
to those described in references [1] and [7], the di!erence being that the resonance and
anti-resonance frequencies are obtained from a single spectrum from the partially blocked
duct and processed using shift approximation routines as described in section 2.2. For the
selection of the anti-resonance frequencies, a minimum value comparative window was
adapted from the maximum value window routine originally used to pick the duct
resonance frequencies [7]. As shown, the locations of the resonance and anti-resonance
frequencies are well de"ned in the frequency transfer function amplitude distribution in



Figure 4. Measured transfer function 0}200 Hz of partially blocked duct shown in Figure 1. (a) Un"ltered;
(b) "ltered.
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Figure 2 and as such are well suited to the window selection process. Localized #uctuation
in the frequency distributions of the isolated individual complex components of the transfer
function precluded their use as an alternative means of obtaining this information is this
manner.

3.3.2. Filtration

The resonance frequency peaks in the measured duct transfer functions were generally
strong enough to eliminate background noise distortion problems which could possibly
contaminate the modal selection process described in the previous passage. However, while
the anti-resonance frequencies were generally also strong enough to be selected in a similar
manner, in some cases distortion at lower frequencies caused contamination in the &&picking
window'' resulting in selection errors. This distortion may have been due to poor response
of the loudspeaker and microphone at low frequencies leading to low signal-to-noise ratio
and/or distortion e!ects. In general distortion and low signal-to-noise ratios did not present
a problem for the duct of 2 m length shown in Figure 1. However, in Figure 4(a) the
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expansion of the lower end of the spectrum shown in Figure 2 highlights a small degree of
distortion around the lowest anti-resonance trough. Filtration routines [13] were
developed to smooth the frequency transfer functions of such localized distortions to
prevent contamination of the resonance and anti-resonance frequency selection process.
The "ltration process employed automatically corrected any phase shift incurred due to the
"ltration process. The smooth "ltered curve is shown in Figure 4(b) and the anti-resonance
trough can be seen to remain clearly identi"able while localized #uctuation is negligible. In
each case the "ltration routine was applied to the frequency transfer function before
implementation of the reconstruction routines.

A high frequency cut-o! routine was required to ensure that (a) the resonance and
anti-resonance frequencies picked were below the cut-on frequency of the duct thus
avoiding confusion with cross-modes, and (b) that the peaks and troughs analyzed were
strong enough to be recognized by the computational selection routine. The lack of
de"nition of the peaks and troughs in the transfer function at higher frequencies is
illustrated in Figure 2. As described in references [1] and [5], the signal was cut-o! at
a proportion of the calculated cross-modal cut-on frequency: i.e., for the 2 m length duct of
0)1 m diameter this cut-o! point was approximately 1700 Hz which encompassed the "rst
15 resonance and anti-resonance frequencies which were generally of su$ciently good
resolution to use in the reconstruction. A low frequency cut-o! limit was also required due
to spurious initial troughs arising at the lowest end of the frequency spectrum which may
have a!ected the selection of the anti-resonance frequencies. An example of a spurious
trough occurring at very low frequency is shown in Figure 4(a) and (b). Such troughs may
have arisen due to the proximity of relative peaks in the low-frequency &&noise'' region. This
very low-frequency region was "ltered out prior to the reconstructions as any activity
occurring here was super#uous to the analysis.

4. EXPERIMENTAL RESULTS

4.1. RECONSTRUCTION OF THE BLOCKAGE AREA FUNCTION OF THE DUCT

Figure 5 shows the reconstruction of the blockage area function of Figure 1 incorporating
the "rst 15 resonance frequency shifts determined by using four frequency transfer functions
Figure 5. Reconstruction for blockage in Figure 1 by using resonance value shifts determined from four spectra
measured under two sets of termination boundary conditions [3]. (**), Reconstructed; (- - - -), actual function.



Figure 6. Reconstruction for blockage in Figure 1 by using resonance value and anti-resonance value shifts
shown in Figure 3 from two spectra measured under two set of boundary conditions [1]. (**), Reconstructed;
(- - - -), actual function.

Figure 7. Reconstruction for blockage in Figure 1 by using calculated resonance value shifts from Figure 3 from
single spectrum after Wu [2]. (**), Reconstructed; (- - - -), actual function.
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measured under two sets of boundary conditions as by Wu and Fricke [3]: i.e., closed}open
duct, blocked and unblocked and closed}closed duct, blocked and unblocked. The full
reconstruction process is described in reference [7]. Figure 6 shows the reconstruction when
using resonance and anti-resonance value shift determined by using two frequency transfer
functions measured under a single set of boundary conditions: i.e., measurements in the
closed}open duct in its unblocked and partially blocked state [1]. The reconstruction is
almost identical to Figure 5 showing the accuracy of this single boundary condition method
as described by de Salis and Oldham [1].

The pseudo single spectrum method developed by Wu [2] incorporating the "rst 15
approximated resonance value shifts s

n
from the single spectrum measured in the partially

blocked duct was applied to the reconstruction and the results are shown in Figure 7. The
resonance value shifts were calculated from the partially blocked duct resonance values by
using equation (10). While the resonance value shift estimation process eliminates the need



Figure 8. Reconstruction for blockage in Figure 1 by using calculated resonance value and anti-resonance value
shifts shown in Figure 3 obtained from single spectrum. (**), Reconstructed; (- - - -), actual function.
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for measurement in the unblocked duct to accurately evaluate the shifts, it may be noted
that using the single set of closed}open duct resonance value shifts alone in the
reconstruction causes an asymmetrical &&image'' blockage to appear. Wu attempted to
overcome this problem by defaulting the blockage area function to zero at any point where
the blockage area reconstruction resulted in a negative value. Wu and Fricke [3] had noted
in their earlier work that the actual and image blockages realized by using one set of shifts
were each of the same length but half the cross-sectional area of the actual blockage, and
this is apparent in Figure 7. Thus, if the reconstructed function in Figure 7 in multiplied by
2 and negative portions are set to zero then although errors are increased over the rest of the
reconstruction (due to the no &&cancelling'' e!ect from non-existent second set of resonance
value shifts in equation (2)), a fairly accurate reconstruction of the image blockage will be
realized for this type of blockage function. However, this approach means that any dilations
in the duct will not be represented by the reconstruction and, more importantly for
a blockage detection system, blockages symmetrical about the mid-point of the duct will not
register at all due to cancellation of the image and actual blockage representations in the
reconstruction. In fact, blockages with any degree of symmetry about the mid-point of the
duct would experience cancellation in this way. However, since reconstructions of blockage
functions of this nature were not attempted in Wu's work [2] such problems were not
reported.

The reconstruction in Figure 8 is shown to overcome these problems by incorporating
the anti-resonance value shifts calculated from equation (14) into equation (2) alongside the
resonance value shifts calculated from equation (10). In this case the image blockage shown
in Figure 7 is cancelled due to the calculated anti-resonance value shifts being utilized
alongside the calculated resonance value shifts in the reconstruction. Thus, the complete
blockage area function for the duct has been acquired from a single measurement of the
frequency transfer function spectrum in the partially blocked closed}open duct.

4.2. FILTRATION EFFECTS

While the frequency transfer function in the previous sections were of su$cient noise
immunity to enable accurate selection of the anti-resonance locations for use in the



Figure 9. Reconstruction of multiple blockage in 2 m long 0)1 m diameter duct using estimated resonance value
and anti-resonance value shifts from single un"ltered spectrum. (**), Reconstructed; (- - - -), actual function.

Figure 10. Reconstruction of multiple blockage in 2 m long 0)1 m diameter duct by using estimated resonance
value and anti-resonance value shifts from single "ltered spectrum. (**), Reconstructed; (- - - -), actual function.
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reconstruction process described in section 3, spurious background noise and/or other
signal distortion can a!ect the form of the anti-resonance troughs in the transfer function
especially at low frequency. Filtration of the measured transfer functions was implemented
as described in section 3.3 with a view to suppressing these spurious signal components
prior to the reconstruction of the blockage area function. Figure 4(b) shows an example of
the e!ect of the "ltration process when applied to a measured duct transfer function.

The e!ects of the "ltration process on the accuracy of the reconstruction of the blockage
area function of a duct using the single spectrum technique are shown in Figures 9}12. The
reconstruction shown in Figure 9 from an un"ltered transfer function displays large errors
due to noise and/or other signal distortion of the anti-resonance troughs in the transfer
function at low frequency. Filtration removes this distortion allowing successful
reconstruction of the blockage transfer function as shown in Figure 10.

The problem of background noise and other distortion a!ecting measurements is
potentially more serious for longer ducts for which the "rst resonance or anti-resonance



Figure 11 Reconstruction of multiple blockage in 4 m long 0)2 m diameter duct by using estimated resonance
value and anti-resonance value shifts from single un"ltered spectrum. (**), Reconstructed; (- - - -), actual function.

Figure 12. Reconstruction of multiple blockage in 4 m long 0)2 m diameter duct by using estimated resonance
value and anti-resonance value shifts from single "ltered spectrum. (**), Reconstructed; (- - - -), actual function.
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frequency will occur at very low frequencies where the response of driver and sensor may be
poor. Figure 11 shows a reconstruction in a 4-m-length duct of 0)2 m diameter where
low-frequency background noise and/or other signal distortion has caused the selection
process to completely miss the initial anti-resonance trough in the measured transfer
function. Such an error throws the entire shift order out such that equation (2) becomes
completely aberrant. Figure 12 shows the successful reconstruction where "ltration of the
transfer has suppressed the localized distortion at low frequency allowing correct selection
of the initial anti-resonance trough.

5. CONCLUSIONS

A technique has been described to determine the blockage area characteristics of a length
of duct or pipe from a single measurement of its acoustic response in its partially blocked
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state. The technique utilizes the blockage-induced shifts in resonance and anti-resonance
value from the unblocked duct condition which are calculated from the resonance and
anti-resonance frequency distribution of the partially blocked duct. The reconstruction
utilizes maximum length sequence analysis to obtain rapid broad band measurement of the
transfer function of the duct. The inherently high noise immunity of the maximum length
sequence technique allows a rapid measurement which reveals the anti-resonance frequency
residuals along with the resonance frequencies for the partially blocked duct for use in the
analysis. Filtration routines have been incorporated which prevent extraneous noise from
impeding the accurate selection of the anti-resonance frequencies. The rapid single spectrum
technique described represents a signi"cant improvement in practicality from earlier
techniques which were often slow and laborious to undertaken and required multiple
measurements under either one [1] or two [3] sets of termination boundary conditions.
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