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ABSTRACT

An investigation was conducted to develop and explore potential improvements pro-
vided by a Multi-Point Method (MPM) over the traditional Standing Wave Method (SWM)
and Two-Microphone Method (TMM) for determining acoustic impedance. A wave prop-
agation model, which includes wall absorption and mean flow, was developed to model the
standing wave pattern in an impedance tube. The reflection factor and acoustic impedance
of a test specimen were calculated from a ‘best’ fit of this standing wave pattern to the
point pressure measurcments, Data was acquired with 30 test samples chosen to cover
the reflection factor magnitude range from 0.004 to 0.999. A probe microphone was used
to obtain 2 to 6 pressure measurements per half-wavelength of the standing wave, along
the centerline of the immpedance tube. Three spacing distribution were examined; uniform,
random and selective.

Standing wave patterns calenlated using the propagation model for all three spacing
distributions match the point pressure measurements with good to excellent agreement over
the entire reflection factor magnitude range investigated. The uniform spacing distribution
was preferred, however, since it was the easiest to implement and provided extremely
consistent and repeatable results. Comparisons of the acoustic impedance determined using
2, 3, 6, and 18 measurement poinis showed that, while two points are generally sufficient
for repeatable measurements, the most consistent results are obtained when using at least,
six pressure measurements at points evenly spaced over a distance of one half-wavelength.

The cffects of turbulent mean flow noise contamination on the MPM were simulated
by adding a broadband noise source to the discrete frequency source. Data were acquired
at uniformly distributed points and impedances were calculated nsing the MPM and TMM
algorithms, The results from these two algorithms were then compared with a reference
set. of MPM results obtained with only the discrete frequency source activated. The MPM
results were found to converge to the reference results with fewer averages than the TMM
rosults. This observation indicates that the MPM will be superior to the TMM in the

presence of signiflicant broadband noise levels associated with mean flow.

. W26 903"



INTRODUCTION

The Standing Wave Method for determining normal incidence acoustic impedance has
long been acclaimed as the standard procedure for laboratory applications. The method

relies on the fact that there is a unique relationship between the standing wave paramelers

“and the test specimen impedance. The standing wave parameter measurements - standing

wave ratio (SWR) and null locations - are simple to measure, but are tedious if done
manually. The availability of mini-computers made possible a degree of automation of the
SWM by implementing a computer controlled, systematic search for the standing wave
paratneters, This search procedure, however, required many probe movements and was

still titne consuming, especially if impedances at many frequencies were desired.

"Over the last 15 to 20 years much effort has been directed toward the development
of more efficient methods for determining acoustic impedance. Generally, these methods
rcly‘mi amplitude and phase information obtained at two or more locations in the stand-
ing wave field. Kathuriya and Munjal 2, 3] were among the first to adopt a faster, but
somewhat less accurate, impedance measurement procedure in which three, fixed location
pressure measurements:are used to approximate the standing wave pattern with a ‘graph-
ical least squares’ approach. Soon thereafter, several investigations were conducted with
only two fixed location measurements, involving both pressure amplitude and phase at
cach frequency of interest. This method, called the Two-Microphone Method,(TMM), is
essentially a two parameter fit of the wave propagation model to the standing wa,vé pat-
tern: - This method is based on a transfer function measurement between two points in
the acoustic field and thus incorporates both amplitude and phase information. In actual
practice, the most efficient usage of the TMM makes use of a broadband noise source [4-6]
to simultancously determine impedances over an entire frequency range.

The transfer function measurements can be obtained at cach frequency of ‘interest
using a discrete frequency source under computer control or with a broadband source

using fast Fourier transform analyzers. The convenience of the broadband source arises

from the ability of fast Fourier transform analyzers to process hroadband signals very

rapidly. However, the control of the spectrum level versus frequency is generally limited.
Thus, lor a given power handling capability, the maximum narrow band levels are often too
low in some regions of the spectrum. A discrete frequency source, however, allows precise
control of the amplitude at cach frequency of interest 7], permitting a greater _dynamic
range Lo be achieved uniformly across the frequency range of interest. Thus, there are times
when discrete frequency excitation is desirable; such as detecting the onset, of test'specimen
nonlincarity with amplitude, where a large dynamic range is needed, and in the presence
of tnean flow when contaminating effects of broadband flow noise may be intolerable. On

- the other hand, the TMM with a discrete frequency source requires computations to be
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conducted separately at each frequency of interest and, hence, increases the testing time.

The TMM is subject to two major systematic errors. One systematic error.occurs
when the microphone separation is near one hall-wavelength, The other is associated with
amplitude and phase measurement errors. For example, to achieve impedance measure-
ment accuracies within 3%, microphone calibration errors must not cxceed 0.1 dB and
£.0° in amplitude and phase, respectively. The need for such precision calibration can be
eliminated using a technique introduced by Chung and Pope [8], in which measurements
made with one orientation are repeated with the microphounes (and all related circuitry)
switched. Another way to avoid the need for precision calibration and microphone spacing
(half-wavelength) is to use a discrete frequency acoustic excitation and sequentially posi-
tion a single microphone at pre-selected locations. Such sequential probe positioning can
-casily be accomplished under computer control. In fact, a control program can be 1mplc-

“mented to sample the standing wave pattern at any number of points desired. Although
the measurement time increases with the number of points sampled, both systematic and
random errors should decrease.

The purpose of this investigation is to develop and explore the potential improve-
ments in accuracy, precision and measurement efliciency provided by a Multi-Point Method
(MPM), in which from 2 to 6 pressure measurements per half-wavelength dre acquired with
a probe microphone sequentially positioned along the centerline of. the impedance tube.
A wave propagation model describing the standing wave pattern, including effects of tube
wall absorption and mean flow, allows reconstruction of the standing wave pattern. The
reflection factor and, hence, the acoustic impedance of the test specimen are then deter-
mined. In contrast, the TMM is a deterministic approach in which two measurements are
used to determine the specimen impedance. Clearly, the two methods should agree when
the number of measurement points in the MM is reduced to two. Measurements were
conducted on 30 test samnples chosen to cover the reflection factor nmg.,mtudv (RFM) range
from 0.004 to 0.999 in order to exercise the MPM in a thorough manner.

The effect of mean flow was simulated by superimposing broadband noise on the
acoustic ficld generated with a discrete frequency source. Tt is well documented [3, 4, 7] that
the addition of mean flow complicates impedance measurements dramatically. Not only
can the mean flow change the impedance of the test specimen, it can also cause additional
systematic and random errors in the measurement process.  With this in mind, the present
MP’M is developed with mean flow and wall absorption included in the math propagation
model. Also, to insure that the actual mean flow speed experienced by the propagating
sound is used in the algorithm, an iterative scheme is employed to ‘adjust’ the initial
estimate of mean flow speed to a value that will optimize the model fit. The same procedure

is employed to adjust theoretical estimates of tube wall absorption. Essentially, as in the
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no-flow case, the reconstructed standing wave pattern is compared to the measurement
data in a least square sense, and the mean flow speed and tube wall absorption are varied
slightly to optimize the matching of the propagation model to the measurement data. As
" a result of these iterative procedures, it is expected that this method will maintain a level
of accuracy in the flow regime comparable to that in the no-flow regime.

To determine the effect of measurement point spacing on the measured impedance
values, three spacings were investigated. These consisted of uniform spacing, random
spacing and sclective spacing. All of the samples were tested using all three measurement,

point spacing procedures.

ANALYSIS
~ The Multi-Point Method (MPM) presented in this report combines the strengths of
the Standing Wave Method (SWM) and the Two-Microphone Method (TMM) while avoid-
ing some of their inhcrent weaknesses. The SWM is generally used as a standard against
which to pdmparo the accuracy of any new technique, since it involves direct measurement
of standing wave ratios and null positions of the standing wave pattern. This procedure
is illustrated graphically in Fig. 1. The TMM uses the complex ratio of the acoustic pres-
sures ab two locations in the standing wave pattern (i.c., the transfer function) to directly
“compute the impedance, so that the measurerent process can be accomplished without
physical movement of the hardware. Major disadvantages of the TMM are; (1) requirement
of precise physical positioning and amplitude/phase calibrations, and (2) systematic er-
rors associated with spatial separations near one half-wavelength. The MPM avoids these
disadvantages by employitig a least squaresA fitting technique to fit a wave propagation
model to the point measurements. This broccdure should exhibit uniforin accuracy for all
wavelengths of interest. ' » | i ‘ '

The pressure distribution for a plane wave propagating in a tube is given by
P - |l’,~ell 7 Petlrmilem it S R (1)

where I, is the complex pressure (amplitude and phase) measured al positions x5, and I%
2 VR

and P, arc the incident and reflected pressures, respectively. The incident and reflected

- plane wave propagation constants, I'; and I'y, are defined as
o=kt oia e (2)

and - - S I _
| L= (ks Finy) BN )
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where the incident and reflected wave numbers in mean flow are given hy

C(wfe) ' S
el o

and o : : o . .

| (1 - M)

In these relations w represents the angular frequency, ¢; is the sound speed in the tube,

and M is the mean flow Mach number taken 10 be positive in the (+) coordinate direction.
Ingard and Singhal [9] estimate the incident and reflected tube wall absorption coef-

ficients (e, ar ), which include the effects of mean flow, in the following manner:

_ (Aot 1) »
ST (4 M) _ o ©
_ By 1By | . : |
o (1 M) (7)

The quantities F,, and g; account for viscothermal and turbulence dissipation of acoustic
cnergy at the tube walls and are calculated as follows: '

R (o]

B - -lg%-(l/[l | 0.869y/9]) ) 9)

where 4 represents the specific heat ratio at constant density and volume, p and p are the
density and viscosity of the fluid, & is the heat conduction coefficient, and ¢, is the specific
heat at a constant pressure. The ratio of the duct area to the perimeter is ay, and ¥ is
the cocfficient. of friction for turbulent flow [10], which is calculated numerically from the

Prandt] universal resistance law

l ,
VI 2log,,(ReV/¥) - 0.8 (10)
where Re is the flow Reynolds number.,

'I'he propagation model given by equation (1) can be fitted to a distribution of N
measured pressures, I;, by minimizing the function

N - .
F(Piy Py) = Y (P Pie™ime o ety (11)
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where the harmonic time dependence (e ') has been suppressed. To minimize F(1%, P;)

the following conditions are imposed:

ap, =0 S (12)
ar : o

Substitution of eduatiqn (11) into equations (12) and (13) and solving for the incident and

reflected pressu!res yields

CFE - AB - |
Do Ll ’ ' 4
P DE - A2 : . - . -(1 )
and S A
¢ - PD
P,- o= "/-‘“t—‘ : ’ (15)
. where | -
R N
A = c"(rv‘ NS ES
j=1 -
B - L chtl",.x_,-, O - Z P].ed‘v'z,i (]6)
71 =1

: N . N
N y . . ] ) y
D = > (32”":-', I 2 e2tl",z_,
PR PR :

In 6rder to simplify the physical description of the standing wave consider the reflection
" factor, IRF, given by N ;
o e on : | ,
REF - P : . (17)
Finally, the acoustic impedance, ¢, at the face of the specimen is given by the relation

1+ RF :
TR B 18
1 RF (18)
A check on the accuracy of RF can be obtained by comparing the rroconst.ructed standing
wave pattern calculated from the Pj measurements with the directly meaSqre_d standing

wave pattern.



EXPERIMENTAL SETUP AND TEST PROCEDURIE

lmpedance Tube Description

The Multi-Point Method (MPM) described in the ANALYSIS section was imple-
mented in a square cross-section (5.08 cm by 5.08 cm) impedance tube. A photograph of
the tube is shown in Fig. 2, and a schematic illustrating the apparatus in more detail is
shown in Fig. 3. The tube is 58.4 ¢m in length. Two 75-watt, phase matched acoustic
drivers generate signals over a frequency range of 0.3 to 3.0 kHz, with SPL’s up to 140 dB
at the test specimen surface. The test specimen is carefullyrclampcd to the exit plahe
of the impedance tube with the aid of a rubber gasket. The geometry of the appara-
tus is such that plane waves propagate down the tube to the face of the test specimen.
These plane waves are reflected by the test specimen and create a standing wave pattern
that uniquely characterizes the normal incidence acoustic impedance of the specimen.r An
0.635-cm condenser-type microphone, flush mounted in the top wall 0.635 ¢cm from the
test, specimen face, is used to measure the reference levels to insure that the desired test
environment is present. A traversing microphone probe can be positioned at the centerline
over approximately 28.8 cm of the tube length to acquire acoustic pressure data along the

standing wave.

Traversing Probe Description

To accurately measure ‘point’ pressures in a standing wave field by means of a probe
tube, spurious sound arising from transmission through the probe tube walls must be
minimized. The traversing probe (Fig. 4) was fabricated from a 83.82-cm long stainless
steel tube with outer and inner diameters of 0.16 and 0.08 ¢m, respectively. The probe
was coupled to an 1.27-cm condenser-type microphone via a flexible tube, and could be
positioned within 0.025 mm of the specified location. The four 0.071-cm-diameter probe
tube ports, equally spaced around the probe in a single measurement plane located 1.42 cm
from the probe tip, could be positioned over a range of 1.78 to 30.58 cm from the test
specimen face,

To determine the effects of transmission through the probe walls, measurements were
taken with the probe ports located in a deep null produced by a nearly perfect reflector
(steel plate). Since the ports were located in the plane of a deep null, any sound trans-
mission through the probe tube walls would tend to increase the apparent signal level at
the null locations and, thus, decrease the dynamic range of the measurement system. The
measturement was conducted at a high amplitude (approximately 130 dB) for six frequen-
cies from 0.5 to 3.0 kHz. Measurements were conducted with the ports open and closed
(multiple layers of tape used to scal measurement ports). The effects of wall transmission
on the probe performance were determined from the ratio of the opon-'port to closed-port
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response. The results of this measurement are illustrated in Fig. 5, in which the ratio of
the open:port probe response to the closed-port response is plotted in dB versus frequency.
Since the open-port response is at least 32 dB3 above that of the closed-port response, it
is clear that contaminating cffects due to sound transmission through the tube walls are
negligible over the frequency range of interest.

Instrumentation

A block diagram of the signal conditioning instrumentation and data processing sys-
tem for the acoustic signals is shown in Fig. 6. At cach test frequency, an SPL, was sel
at the reference microphone via a computer-controlled frequency synthesizer. Acoustic
pressures were then obtained at-a number of axial locations. These axial pressures were
then inserted as’ Pj into the appropriate expressions in equation (16) i_n,ordevr_to compute
the incident and reflected pressure levels, as given in equations (14) and (15). The re-
flection factor and acoustic impedance of the test specimen were then corhputed at the
test frequency using equations (17) and (18). Contributions from broadband noise were
"'minimizcd by band-pass filtering and signal enhancement. The amplitude and phase of
the excitation frequcnc.y’wcre obtained with an on-line fast Fourier transform routine.

Measurement Point Distributions

n order to determine the optimum distribution (spacing and number) of measurement
“points over the standing wave pattern, three distribution were examined. The distributions
chosen were (1) uniforim spacing, (2) random spacing, and (3) sclective spacing based
on location of maxima and minima of the standing wave pattern. The uniform spacing
distribution is the simplest to implement. However, it may not yield the most uniform
accuracy over a wide range of wavelengths and test specimen reflection factors. Since
stuch uniform accuracy is a desirable goal, the other two more complex measurement point
dlslrlbumms weare alqo mvostt(.,aied '

T lw umf()rm sp.u‘mg distribution was employed to obtain data for-all of the available
'“t("-;l specimens.  The goal was to obtain 6 uniformly spaced points per half-wavelength
~ (maximum of 3 half-wavelengths) in order to obtain an accurate least squares curve fit.
‘Since the 'wa'\{olungths associated with the lower frequencies are greater than the available

axial mn;‘_i.svurcrnmﬂ.’ range, a minimum of 10 data points (uniformly distributed over the
available range) was used. The usage of more than two points per half-wavelength .also
- avoids the ill -conditioned solution for the reflection factor; via equation (1), which occurs
wh('n ouly two mo.mnr('m(-nt points are used that are near one hall-wavelength apart.

It & similar nmmwr, acoustic impedances were obtained using randomly selected mea-

surement locations. Again, the total number of data points ranged from 10 to. 18. ‘Also,
for this spacing distribution an additional constraint was imposed such that at least two
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measurcments per (" wavelength were taken. In other words, cach half-wavelength was
divided into 3 equal segments, and a random number generator was used to determine two
measurcement localions within each segment.

The selective spacing distribution was the same as the uniform spacing dlstrlbutlon,
with additional data acquired at each peak and null encountered in the standing wave
pattern. It was expected that significant data quality improvement could be obtained
by including mecasurements at pressure nulls, which tend to be very sharp and deep for
specimens with large reflection factor magnitudes (e.g., steel). In the present configuration,
scelective spacing has two limitations; (1) spatial resolution due to the finite area of the
probe ports, and (2) finite step size in the scarch procedure algorithm. Due to these -
limitations, null locations may not have been located as precisely as intended. In fact,
when the standing wave null is very sharp, data acquired in these sensitive regions may

actually degrade the accuracy of the overall results.

Impedance Measurement Validation Range

The 30 different test specimens included mostly. resonant type absorbers, whose struc-
tural features differ in detail to cover a. wide range of reflection factor magnitudes (0.004
S RFM < 0.999). To obtain the smallest possible RFM, a foam wedge was used, whereas
the large RFM’s were obtained with a steel specimen. ‘The intermediate range of RFM’s
was obtained via ceramic honeycomb, a rigid structure of isolated, small diameter parallel
channels which provided a very stable and lincar impedance. This variety of test speci-
mens allowed the propagation model, described in the ANALYSIS section, to be exercised
for a wide range of impedances. Obviously, if the impedance values obtained using the
MPM are shown to be repeatable, consistent, and couverge uniformly to previous results

obtained by other methods, the MPM will be validated.

Simulated Flow Noise Effects 7

In some applications, acoustic impedance measurements are necessary in the presence
of mean flow. The presence of mean flow will tend to exaggerate differences in the measured
impedance using the different spacing distributions. Thus, it is of interest to determine
the effect of llow noise on the accuracy of the MPM. Mean flow effects on |mpedance
measurements can be identified either as intrinsic changes in the test specimen impedance
due to the mean flow or-as a deleterious effect on the measurement process itself, such as
the increased background noise level generated by flow turbulence. It is critically impor-
tant that the two effects be separated. Many materials exhibit nonlinear behavior in the
“presence of mean flow, which causes changes in the acoustic impedance of a test specimen
[11-12). o



In this invvsl.igati(m‘; the noise contamination aspects of turbulent flow were simulated
on three specimens that exhibited linear behavior over the SPL range available in the
test apparatus. The three test specimens investigated (steel, foam wedge and ceramic
honoymmb) were chosen to qtndy the effect of simulated flow noise on the measurement
process over a large RFM range. A series of tests were conducted in which a broadband
noise l);mkgrmmd was introduced to ‘contaminate’ the discrete test frequencies. This was
accomplished by exciting one of the two drivers with signals from a broadband noise
generator. The discrete frequency standing wave pattern was then extracted from the
combined response by using an ensemble averaging technique, and the acoustic 1mped’mceq
were (lvt,ormmod with the MPM.

RESULTS AND DISCUSSION o _
In this section the terms acoustic impedance, reflection factor, an d standing wave ratio
" are used somewhat interchangeably. This is due to the f'ict that the three parameters are
directly related. As will be seen in the discussion, certain toplcq can be more convemently
described in terms of a particular choice of one of these parameters.

Curve-Fitting Comparison

IFig. 7 depicts SPL and phase distributions versus axial distance. These data were
acquired by applying cach of the three measurement point spacing distributions to three
Lest specimens whose SWR’s varied from 0.2 to 40 dB (0.004 -..'R,l"M‘j 1 0.999). Fig. 7(a)
‘shows results for an intermediate SWR range, and Figs. 7(b) and 7(c) show results for
large and small SWR’s, respectively. The measured values are represented by the circles
and the solid line represents the least squares wave propagation model fit to the data_. The
same test frequency of 2 kHz is shown for all three test specimens. The results are plotted
from = = -30.5.to x 0 cm, with the specimen placed at - 0 em and the tnl)strean)

source located at about £ - 63.5 cm. , 7 o i -
Fig. 7(a) demonstrates the ability of the three mca.surmi'mnt,b'oinl. distributions to
reconstruct the standing wave pattern characteristic of a sample with a 10 dB SWR (RFM
near 0.5). For samples of this type, the three measurement point dristributi'or_isrrii‘dVide
nearly identical results. These results were repeatable for virtually all of the samples with
SWR's between about 1 and 25 dB. This was expected, since the discrete frequency sound
source was very stable and a sizable number of averages (500) were used to determine the
acoustic pressure at cach position.. This number of averages was not necessary to attain
acceptable results (and thus; a g(m(l s'igrla.l-t()-n()im{ra.tio), but was used because of the

~convenience and speed of the data acquisition system.



IMig. 7(b) shows the reconstructed standing wave pattern for a steel sample charac-
terized by large SWR's ranging from 30 to 40 dB (RFM near 1 .0). Again, both the SPL
and phase match almost all of the data points accurately. Somecwhat surprlsmgly, the
uniform spacing distribution provides a more typical representation of the standing wave
pattern (nulls gradually increase as sound propagates away from the face of the specimen)
than does the selective spacing distribution. This may be due,'in part, to the difficulty of
actually locating and measuring the absolute minima with the selective spacing (_liStribtl-
tion, as discussed previously.. Overall, the three curves appear quite similar 'and, as will be
discussed later, provide nearly identical reflection factors, 4

Iig. 7(¢) shows results acquired with a foam wedge test spo(mwn chdractcrlzed by
very low SWR’s of about 0.2 dB (RFM of 0.004). This specimen was chosen to exercise the
MPM at small RFM's. Contrary to the results from samples with larger RFM’s the math
model least squares {it procedure does not fit the amplitude data as well, in contrast with
the phase data, which is still described very well by the math model. This degradation
of the amplitude fit is believed due to numerical problems associated with small reflected
wave amplitudes. However, the overall quality is still good (see Fig. &(b)) in that the
deviations between the measured data and the curve fit are no more than about 0.05 dB
for any of the measurement point distributions. Also, it should be noted that curve fits to

cach set of phase data are consistent from one spacing distribution to the other.

' Jomparison of MPM with T'TMM and SWM
A direet comparison of the MPPM with the TMM can be obtained by computing the
impedance using the TMM algorithm on any subset of two measurement points of the MPM

data for a given sample. Fig. 8 depicts acoustic impedances (resistance and reactance)

acquired from uniform, random and selective spacing distributions. [t also includes results
obtained via the T'T™MM algorithin from the two uniform spacing measurement points nearest
the test specimen (denoted with diamonds). These measurement points were chosen to
avoid the ill-conditioning which occurs in the I'MM algorithm for spacings near one hall-

wavelength, Typical resulls are shown from each of six types of test specimens to fully

Cdemonstrate the MPM capabilities. In addition, Fig. 8(f) includes results which had been

obtained carlier with the SWM (denoted with x’s):
Highly reflective materials are often chosen to simulate ground surfaces in scale model
propagation studies [13]. When studying materials which have rather large SWR’s it is

generally more meaningful to compare results based on the reflection factor. This is illus-

trated in Fig. 8&(a) for a steel specimen, in which both the reflection factor and impedance

comparisons are included. As seen in this figure, hl;,hlv reflective materials g generally pro-
duce hl;,mﬁc.\.nl. scatter on an acoustic impedance plot, while convérging quite well when
depicted in the reflection factor regime. On the other hand, materials with SWR'’s less than
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about 25 dB tend to be less sensitive to small changes in the standing wave parameters
and, hence, can be compared very well on the basis of acoustic impedance (e.g. Fig. 8(b)).
IMig. 8(c-f) depicts results obtained with samples with moderate RIF'M values of 0.1 to
0.9. FFor these cases il is expected that the acoustic impedance results should be consistent,
rom one method to another. However, there are detectable differences between the results
from cach of the spacing distributions and the results from TMM code. Fig. 8(c) shows
some of the best run-to-run consistency, obtained with a ceramic honeycomb sample. These
results indicate that all three measurement point distribution schemes of the MPM and
the MM results are about equally reliable for ‘well behaved’ test specimens over a large
range of impedance values. This is not surprising, since the clamping arrangement for this
spv('imvn was very r('peat,al)l(' and the ceramic honeycomb is a stable, linear material.
Hmcv the results for the TMM were obtained using a two-point subset of data obtained
wnh the uniform spacing distribution, the g,ood comparison between the TMM and the
MPM (umform s'pa('lng) indicates that the MPM does not degrade the results. This
nhwrvalmn sugg,osls lhdt the MPM may be a superoir method for the measurement of
acoustic nnpodam ¢ hecause it avoids the ill-conditioning problems associated with the
TMM method. The observed variance between the uniform spacing results and the other
two sp;acing'; distributions suggests the possibility of an optimum spacing distribution. To
determine the best of the three spacing distributions in this investigation, an additional
data set was included on Fig. 8(f), which was taken using the SWM. This data was acquired
over a reduced frequency range since the previously acquired SWM data was taken over
that range. The results were found to track the results of the uniform spacing distribution
and the TMM quite well, indicating that the uniform spacing: distribution is the best of
lh(- three measurement. point distributions studied in this experiment.
~ Overall, all three of the spacing distributions provided the same general trends. There-
fore, the choice of a spacing distribution should not be an overriding concern” unless ex-
tremely accurate data is required. Although SWM results were not available for all of
the data sels, a test was conducted in which the probe was manually traversed to locate
the maxima and minima in the standing wave pattern. The levels and locations of the
extrema were compared to results obtained by applying the MPM analytical model to each
spacing distribution. The agreement between the two procedures indicated that the MPM,
which is quite simple and eflicient, is comparable to the SWM. Finally, to demonstrate the
repeatability of the MPM, a fibermetal sample was tested using uniform spacin'g for three
runs. As shown in Fig. 9, the data are extremely repeatable.

MPM - llow Many Points Per Half-Wavelength?:-
Another goal of this investigation was to dplvrmmo the relationship between the num-

ber of data points and the quality of impedance measurements. The uniform spacing dis-
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tribution data described in IFig. 7 was used for this study. As usual, the data sel contained

a minimum of six points per cycle (;

results of these measurements are represented by squares in Fig. 10. The second set of

wavelength), with up to three eycles included. The

results (depicted with circles) was computed using only the six measurements closest to
the specimen. Finally, two additional sets of results were computed by using three (first,
" third and fifth points) and two (first and fourth points) points from the first cycle, depicted
with triangles and diamonds, respectively. It should be noted that the usage of only two
measurement points reduces the algorithm to a deterministic calculation of the impedance,
similar to the TMM., . _ o
As shown in Fig. 10{a,b), the number of points per cycle does not significantly affect
the results for samples with RFM's which are not, large. This is a very important observa-
tion, since it indicates that quite repeatable results can be obtained for a vast majority of
samples with as few as two properly positioned acoustic pressure measurements per cycle.
As previously discussed, samples with large RFM’s are generally compared directly
on the basis of reflection factors. When studied in this manner, Fig. 10(c) further sub-
stantiates the conclusion that two points per cycle are generally sufficient for accurate
results. However, there is a slight improvement when additional pressure measurements
are included. Thus, since each pressure measurement requires a minimal amount of time,

it is recommended that six points (one cycle total) be used when possible.

Simulated Flow Noise Results

The final portion of this investigation was to examine one effect. of flow noise on the
measurement process, To accomplish this goal, a number of measurements were made
with a broadband noise source combined with the discrete frequency source to simulate
the noise contamination present with mean flow. The broadband noise source was set,
to a level where differences between TMM and MPM results appeared, which occurred
atl a level such that the ratio of discrete frequency level to overall broadband noise level
“was approximately 2 dB. Fig. 11 shows the broadband noise spectrum at the reference
microphone with a typical test frequency level superimposed at 1.5 kHz. Fig. 11(a) shows
the combined spectrum for a highly absorbing test material, whereas Fig. 11(b) shows
the combined spectrum for a highly reflecting test material. [t should be noted that the
longitudinal resonances of the impedance tube tend to accentuate corresponding frequen-
civs in the broadband excitation, thus generating a number of spectrum peaks other than
that associated with the discrete frequency source. This broadband noise produces the
same effect as observed with low velocity mean flow, i.e. it tends to submerge the test
frequency spectral line in the broadband noise. In the case of the small RFM material
(Fig. 11(a)) the discrete frequency level was well above the broadband levels (from about

15 10 30 dB, depending on choice of discrete frequency), whereas for the large RFM ma-
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teriad (IMig. 11(D)) frequencies corresponding to the resonances were also present at levels

of 10 to (5 db above the broadband noise.

The uniform spéu‘.ing distribution was again used Lo acquire data for the three samples
deseribed in Fig. 7 (materials with typical, small and large RFM’s), with the usual number
of points per cycle. For comparison purposes, a reference data set (represented by square
symbols) was acquired without the broadband noise included. The broadband noise source
was then activated and the pressure data were acquired with the maximum possible number
of data points. The Tesults of this data set are depicted by the circles in Fig, 12. Two data
points were then taken from this same data set (broadband noise source activated) and
input into the math propagation model (represented by triangles) to compare with results
from wultiple data points. These two points were chosen from the total data set such that
they were 'i wavelength apart. Since the MPM math propagation model reduces to the
TMM algorithm with the usage of only two data points, these two-point results represent
TMM results under the best possible conditions. By using a single transducer, calibration
crrors have been eliminated. Also, by choosing the spacing of the measurements properly,
the best possible results from the two-point data should be achieved. The overall effect

of this procedure is to demonstrate the capahrhtws of the MPM versus the best available

with the TMM.

A number of conclusions can be drawn from the results of Fig. 12(a,b) for materials

with typical and small RFM’s. The MPM results with the broadband noise fall very

close to the results obtained without broadband noise. In general, the TMM results (with
broadband noise) also come mdsonably close to the other data. [Towever, thie TMM results
do not. match with the ‘clean’ results (discrete frequency source only) as-well as the MPM
results. Further tests with the same materials, which are not shown in the figures, indicate
that the 'T™MM results ;.,mdu.zlly dpproa(h the MPM results as the number of averages
is increased (and hence, as the signal-to-noise ratio is increased). Therefore, for this
arrangement, the major improvement of the MPM over the TMM is the need for fewer

averages Lo attain cqually consistent u‘sulta

The results of Fig. 12(c) are for a hard surface (large R l'M) /\L,dlll, these types of

material are compared on the basis of reflection factors. As was noted in the results of

- Fig. 12(a,b), the TTMM is not quite as consistent as the MPM, but is not drarﬁatically

different.

It is expected that the inclusion of actual mean flow (as opposed to the _siiriulated mean
flow used in this study) will complicate the measurement process to such a degree that
the disparity between the MPM and the TMM will be significantly incroa‘s'(’._d.' In the usual
application of ‘TMM, fixed microphone locations are employed to avoid the mechanical

inconvenience of probe movement. The need for precise calibration can be eliminated by
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microphone switching. However, this will not likely produce the same data quality as
a single probe traversed between two points. On the other hand, il probe movement is
available, there is no reason not to use ab least 3 points within the first half-wavelength
to avoid the ill-conditioning problem. In order to avoid calibration difliculties, TMM data
can be taken with a single microphone sequentially positioned to two desired locations.
Clearly, the accuracy of TMM results is limited by the capability of precisely determining
the mean flow velocity, whercas the MPM iterative scheme corrects for possible deﬁqienéies
in this measurement. Also, while the re-positioning is occurring, slow drift in the mean
flow, il present, will likely cause the results of the TMM to be distorted. On the other
hand, the MPM, which tends to average over oscillations of the mean ﬂbw, is 'designed
to minimize the adverse effects of the mean flow drift and, hence, should provide a more

accurate result. [t is intended that this premise will be investigated in future tests.

CONCLUDING REMARKS , .

An experiment was conducted to compare a Multi-Point Method (MPM) for determin-
ing acoustic impedances with two reliable methods, the Standing Wave Method (SWM)
and the Two Microphone Method (TMM). A significant number of test materials were
studied to test the MPM over a range of RFM’s from 0.004 to 0.999. Acoustic pressures
along the centerline of the impedance tube were measured with three measurement point
spacing distributions; uniform, random and selective, A least squares fitting method, with
the tube wall absorption and mean flow included, was used to model the standing wave
pattern. IFrom this standing wave pattern the complex refiection factor of the test specimen
was determined. Some conclusions from this investigation are presented in the following
seclion. o :

Standing wave patterns calculated with the propagation model for all three spacing
distributions were found to match the measurements with good to excellent agreement
over the entire RFM range. Manually positioned acoustic pressure measurements were
used to show that the MPM is comparable to the SWM. In addition, a two-point subset
of uniform spacing data, carefully chosen to avoid spacings near a half-wavelength, was
input. into a T'MM algorithm. Acoustic impedances, computed from data for each of
the spacing distributions, were then compared with results of the TMM and SWM. The
random and selective spacing impedances were found to agree with the TMM and SWM
with acceptable consistency. The uniform spacing distribution, however, was observed to
pr()\}ido'(.'xl.rcm('.ly consistent results. The uniform spacing impedance data was also shown
to be very repeatable and, thus, a superior measurement point distribution to be used with

the MI’M.



Next, a study was conducted to determine the number of data points necessary to
properly define the acoustic pressure distribution. Comparisons were made between-results
nsing 2, 3, 6, and 18 data points which showed thal, in general, only two properly located
measurcinent points are required for repeatable measurements.: However, it was shown
that the most consistent MPM results are obtained by using at least six acoustic pressure
rno:wurcm(em,é evenly spaced across one half-wavelength,

Finally, an investigalion was conducted to determine the effects of contamination due
to the turbulent mean flow noise on the MPM. To simulate this flow noisé, a broadband
noise source was added to the discrete frequency source. A set of data was then acquired
with the uniform spacing distribution and input into the MPM. In addition, a two-point
subset of the same data was input into a TMM algorithm. The results from these two
methods were. then compared with a reference set of MPM results obtained with only
the discrete frequency source activated. The TMM results (with the broadband noise)
were observed to approach the reference results as the number of nvcrdges was increased.
However, the MPM results were found to converge to the reference results with fewer
averages. This indicates that .the MPM will be a better choice in the prmenc(- of mean
flow. I also indicates that the TMM may be sufficient in the presence of mean flow, |f a
slg.,mfu ant number of averages is used, and if the mean flow is very stable.

- In conclusion, the overall purpose of this investigation, which was to develop and
“explore the potential improvements on accuracy, precision, and mea.snrement efficiency
afforded by the MPM, has been satisfied. Three acceptable measurement point spacing
distributions have been dom()nsfrat(‘d but the best appears to be the uniform spacing.
Since the MPM is fast and vlhcmnt,, especially when used in conjunction with the uniform
spacing measurement point distribution, it. may well be a preferable method for future

experiments.
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APPENDIX: NOMENCLATURE

ratio of duct area to duct perimeter
free space sound speed
specific heat at constant pressure
sound speed in tube.
froquency
Vol
w/e, wave number in free space
mean flow Mach number
total number of data points
acoustic pressure
measured acoustic pressure with open ports
measured acoustic pressure with closed ports

Reynolds number
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{ Lime

: x axial position in test section

?, : Greek

o absorption coeflicient

I turbulence absorption coefficient

: [ viscothermal absorption coeflicient

’ I plane wave propagation constant

' v specific heal ratio

) ¢ acoustic impedance, normalized by pe

K heat conduction coeflicient
7 fluid viscosity

1 n fluid density

; p cocflicient of friction for turbulent. flow

! w - 2n f, angular frequency

‘Subscripts

: ) incident component
] data point counter, y - {,2,3, .. N
: r reflected component

~Abbreviations 7
MPM Multi-Point. Method

RI Reflection Factor
CRIFM Reflection Factor Magnitude
SPLL Sound Pressure Level

SWM  Standing Wave Method
SSWR O Standing Wave Ratio
MM T'wo Microphone Method
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Figure 2.- Photograph of impedance tube appara'tus.
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