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SUMMARY

Two muffler configurations have been developed on the basls of
analyses, laboratory experimentation, and extensive NASA Ames
Research Center wind tunnel tests, One conflguration is a
highly optimized fiberglass-filled design, and the other 1s a
novel perforated plate no-fuzz design, similar to those used
in aircraft engine inlets. The acoustic performances of both
designs, and particularly, the perforated plate configuration,
are strcngly Influenced by the impedance of the acoustic
materlals and by the configuration details of the bullt-up

systenms,

To support the design of these mufflers, techniques for measuring
the impedance of the complete configurations and of porous plates
with grazing flow are herein investigated and utilized, and
changes in the configuration parameters to enhance acoustic per-
formance are explored. The feasibllity cf a pulse reflection
technigque for measuring the impedance of bullt-up structures

in situ is demonstrated, but the technique is currently not
sufficiently accurate to provide quantitative design data.
Therefore, a second technique involving the use of an open-end
impedance tube with grazing flow 1s used to obtain detailed
design data for the perforated plate configuration. Acoustic
benefits associated with configuration changes such as curving
the caffles, spacing and staggering vtaffle partitions, and
techniques for alleviating baffle self-generated nolse are

described.
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1.0 PULSE REFLECTION IMPEDANCE MEASUREMENT TECHNIQUE

Experiments were conducted tc determine the applicabllity of

2 pulse reflection technique for measuring the impedance of
materials and muffler configurations for the 80 x 120 foot

wind tunnel. The technique utllizes an impulsive source, a
microphone to measure the direct pulse from the source, a
second microrhone to measure the pulse reflected from the
srecimen, and a two=-channel fast Fourier transform (FFT)
analyzer to determine the magnitude and phase of the reflection
coefficient--from which the impedance 1s readily calculated.

This technique cffers the potential advantage that 1t may be
used in situ with large built-up specimens where other impe-
dance measurement techniques are not appropriate. Herein we
describe the experiment design, characteristics of three can-
dicate sources, and data ottaired for a UY-inch layer of fiber-
glass ani for an asrhalt surface. The results obtained with
this technique are in qualitative agreement with other avall-
able data, but we selected an alternatlve open-end 1lmpedance
tube method discussed in Section 2.0 for quantificatlion of the
accustical properties of candidate materials for the 80 x 120

fcot wind tunnel.

1.1 Experiment Design

The test set ur for the pulse reflection impedance measurement
experiront is shown 1in Fig. 1. Two microphones and an impul-

sive scund source are rounted on a stand at heights of 181 inches,
87 Znches. and 47 inches, recspectively. The distances cf the
microph-rnes and source abtove the reflecting rround plane are
selected so that the reflected pulse arriving at Microphone B,
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which travels the path PBR’ arrives at the same 1instant as the
direct pulse arrives at Microphcne A, having traveled the path

Prpe

As indicated in Fig. 1 both Microphone A and 3 are alsoc subjected
to a number of unwanted pulses involving direct, reflected, or
scattered paths. The design of the experiment involves the
selectiocr. of the 1mpulsive source and the source and microphone
spacings so a. to obtain maximum signal strength in the fre-
guency range of interest, and to facllitate the deletion of the

extraneous unwanted signals.

Tvpical time traces for Microphcones A and B as captured bty the
two-channel FFT znalyzer are illustrated in Fig. 2. For con-
venlerice, we will assume that the traces start when the im-
pulsive source fires. However, in practice either the Micro-
rhone B cr A sifgnal 1s used to trigger the analyzer and the
anount c¢{ data disrlayed befcre the trigrer pulse is dependent
on the srez2ifi<s FPT analycer used. We 'ised the Spectral
Dynamics Mocdel 3f0 which retains 1/10th of sample length prior
tc the “riggerirng rulse,

The 1llustrateld tirme history for Micrcrhone E shows three cap-
tured signals: 2 direct pulse, a reflected pulse, and a scat-
tered pilse. Since we desire that Channel B of the analyzer
retaln only the reflected rulse data in the middle of the trace,
we must rave the capabilitv to delete the data cutslde the
decired data windcw. The Srectral Dynamics Model 360 has a
cenvenient Joy-ztiar control for this edi“ing. Cther analyzers
rffer comparable means of setting data outside this window to

Zero.
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Similarly, we desire to retain only the direct pulse data
arriving at Microphone A which requires deletion of the reflec-
tion fror the ground plane and any other reflections from nearby
objects (not shown). With the reflected pulse stored in Channel
B of the analyzer and the direct pulse stored simultaneously in
Channel A, the analyzer can on command calculate and display the
spectrum of each pulse and the magnitude and phase of the desired
reflection coefficient.

Isclation of the desired direct and reflected signals involves a
number of design considerations. First, the sound source must
provide a pulse with sufficlent amplitude and frequency content
to yleld good signal to nolse in the frequency range of interest.
In general terms, the low frequency linit of the data is inverse-
ly proporticnal to the width ¢of the pulse, and the high frequency
limit to the rise time of the pulse. We require data at fre-
quencies below 1000 Hz, thus we need a pulse width greater than

cne nmillisecond.

Referring to the tire histery for Microphone B and Fig. 1, the
time between the direct and reflected pulse arrival at Micro-
phone is equzl to twlce the source helght divided by the speed
of sound. The source height of approximately 47 inches was
chosen t~ enable deletion of the direct pulse from the Micro-
rhone B signal. The distance of Microrhore B above the source
is limited by the strength of the direct pulse that can be
tclerated at Microphone B without overloading the microphone and
anplifiers so that Channel B can properly record the subsequent
desired reflect=d pulse. In our case, Microphone B was located
UC inches abcve the source, and this proved just marginal, In
many cases Microphone B did overload, and we had to reject data
from that experiment. OCnce the height of the source and Micro-
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rhone B are selected, the interval between the reflected pulse
and the scattered pulse at Microphone B depends only on the

width of the imredance specimen. It is necessary to have a large
enougn sample so that reflections from the discontinuities at the
edge of the sample do not compromise the reflected pulse at
¥i2rcphone BE. In the fiberplass experiment a sample width of
1€% inches was used to separate the reflected and scattered
rulse arrival times at Microrhone B by arproximately 8 milli-
seconds., Once Lie height of the sour .e and Microphone B have
tren deternined, the height of Microphcne A is determined by the
requirement “ha¢ the direct sicnal arrives simultaneously with
the reflected signal at Micrcphone B, 1l.e., Xp = Xp + 2xs. With
the scurce znd microrhones sn arrancred, the time between the
direct and reflected signals at "icrophcne A will te identical
tc ¢hat fcr Microrhone B, and thercfore accertatle,

£S5 our test set-up illustrates, arrlication of thils technique at
relatively low frequencies requires relatively large source and
mi2r-pnone :zracinrs which can cause a number of problems., First,
cne must take care <hat other reflecting surfaces are far enough
rem.cved sc 23 nct tc interfere with the data, {ecend, 1in order
¢ maintaln the rrorer thase relaticnshirs tetween the direct

and reflected pulse, the source must be compact and the height

of the source and microphones must be known accurately wituin

a smzll fraztion of the acoustic wave length. The uncertainty

in rrase angle A4 dus to an uncertainty in the rath difference Ax
for the ref_ected wave at lMicrorhone E and the direct wave at

Miercrhcne A is
te = 360° §X (1)

ORIGINAL PAGE I8

-6 OF POOR QUALITY
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wiere A 1s acoustic wave length. In our case, for an estimated
uncertainty in vath length of +10 millimeters, we anticipate an
uncertainty in phase angle of $1° at 100 Hz, +10° at 1000 Hz,
and +30° at 3000 Hz.

A nunmter of variations on the set-up used here are possible.
One variation involves locating Microphone B below the source,
In this case, referring to Pig. 2, the time interval between
the direct and reflected pulse at Microphone B i1s decreased to
ZxB/co, which can make rejection of the direct pulse more dif-
ficult. r~nother variation which has been used successfully tn
measure *he absorrtion ccefflclent involves using a steady-state
broadtand noise source, for example, a2 loudsreaker. Thls tech-
nigue bears investigation for 1npedance measurement; however,
probl s may z2rise if the sreaker 1s nct compact, i.e., if 1t
is small compared to an acoustic wavelength at the measurement

freguencies cf interest.

Come Jfudzement 1s required in editing to construct the data
window &it,. Too small a window reduces the low frequency signal
and als¢ cenerates spuricus high frequency noise assoclated with
“ne convoluticn ¢f che ster functior window with the pulse tall.
Celection »f the window width shculd be guided by theoretical
consideraticns, such as those set forth in Feference 1, and by
trial ard errcr tc determine that the final result 1s not sensi-
tlve - sma’l vzriatlicns in the window width.

1.2 Candidate Impulsive Sources

The tire nistories and srectr2 of several sources including a
spark dischz:ige, z starter pistcl, ard a2 red bailoon were
measured using the instrumentation shcwn in Fig. 3, Figure U

shews The =ime hictor: and the srectra for two repeated firings
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of the spark source with the microphone located 5 feet to the
side of the source as illustrated in Fig. 3. The spectra of the
two firings shown in Fig. 4, and many other firings conducted
iuring this series cf tests, indicate that the spark source 1s
extremely repeatable, which 1s an advantage if one desires to
average together the results of many experiments in order to
nminimize errors in digital compuitation and editing. The roll-
off in the spectra shown in Fig. U at 8000 Hz is due to the anti-
aliasing filter and not to the spectral energy content as shown
by the extended frequency spectrum in Fig. 5. The spark pulse
%2¢th 1s arrroximately 0.15 milliseconds, and the peak in the
energy spectrum occurs at £ =1 ¢+ ,15ms = 7000 Hz. The spectrum
23 10 dB down at 1007 and 15,000 Hz and 20 dB down at 300 and
5,900 Hz. Thus the spark source has considerable energy in the
high frequency regirme but 1is somewhat weak in the frequency
range below 1000 Hz, which is of interest in the 80 x 120 foot

vwind tunnel.

Figure 6 chows the directivity of the srark source over the
frequency range from 0 to 10,000 Hz for the flve measurement
anglez defined in Tig. 3. Some of the directivity effects

showr. in Fig. 6 are due tc the reflective and scattering effects
o€ the aluminum tack plate and wire-mesh grid used to mount the

spary unit,

Ficure 7 shcws for the starter ristel the time history from 0 to
€0 milliseconds and the spectra from 0 to 10,000 Ez. For these
~easurements, the pistcl was held in a horizontal position and

the rmieasurements were coriducted £ feet directly to the side of

the chamter. The data shown in Fif. 7 indicates that the starter
ristol is no*t as repeatable from shot to shot as the spark

source, but the starter plstol has considerably more low frequency

«]0a=
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energy. The starter pistol pulse duration 1s approximately
0.8 milliseconds, and the spectrum peaks at approximately
1200 Hz. The spectrum is 10 dB down at 100 and 4000 Hz and
20 d2 down at 50 and 7500 nz.

Figure 8 shows the time history and two repeated spectra for a
red balloon approximately € inches 1in diameter. The primary
pulse width 1s aprroximately 2 milliseconds, and the spectrum
peaks at aprroximately 400 Hz. The pulse and spectrum levels
vary widely from rop to pop with the red balloon.

The starter pistol was selected for these experiments because it
represented the test compromlse between the spark source and the
red balloon. The spark source had insufficient energy at the low
frequencles, and the red balloon pulse continued to ring for

such a lorig period that it was not possible to edit out the
crimary pulse from the unwanted microphone signals. The barrel
25 the pistol was held horizontal, but the grip was rotated

G3° to the side so that the directivity was nominally equal in
the upward and downward directions. A long string, tled to the
trigger, was used <2 fire the pistol.

1.3 Impedance Measurements

faw data obtained using the technlque to measure the 1mpedance
2 a b-inch layer of Type 701 Fiberglas placed on top of a
large asphals surfaze 1s contalned in Figs. 9, 10, and 11.
Figure 7 shows the erdited reflected pulse measured with Micro-
raone B and s<ored In Thannel B of the analyzer, and the direct
i13e measured wish Micronhcone A and reccrded in Channel A of

ne analyzer. Fi,ure 10 shows the corresponding computed spectra
-

“14-
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The measured magnitude and pnhase of the reflection coefflicient

from the U-inch layer of fiberglass are shown in Fig. 11. Un-

fortunately, the range of the plot 1s such as to indicate phase
angles only tetween -135° and +100°. However, at phase angles

outside this range the phase seems to be flip-flopping rapidly,
suggesting that the phase is ¢180°, a value which will be used

in computations when the phase 1s outside the range in Fig. 11.
The impedance of the fiberglass layer 1s computed from the re-

flecti-n coefficient using Eg. 2

7eRa-1X=2%1D rz |r|ett (2)

T =

n

vwhere the Larrs24 juantities indicate ~he sample impedance quanti-
ties normalized by the acoustic impedance pc, and {r| znd A are
tne nagnitude and phase angle of the reflection coefficient, re-
spectively. EZguation 2 1s compatible with the notatlion that the
time dependence 1s e'iwt and rositive reactance is a mass, where-
as a negative reactznce 1s a stiffness, Alternately, the nomal-
ized imredance can te calculated from charts such as those given

in Reference z.

The magnitude and phase angle measurerents shovwn in Fig. 11 are
tabulated in Table 1. Because the U-inch layer of fiberglass

#as locz<ed atcve the ground rlane which was used as a reference
ir. 12c2%ing “he s-urce and the microphcnes, it 1ls necessary to

correcs the measured phase angle of the reflecticn coefficient
culzte the Impedance referenced tc the fiberglass
ne thase argle must be :ceorrected by the amount of

L
(1}

"
-

<t

in or ¢ 2al
anper rlzrne, 7
rhase change associzated with the wave traveling ¢wice the thick-

ness h of the Tlberglass layer as in tq. 3¢
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§ = 360° %ﬂ = 0.214°F, (5)

To deduce the sign of the phase correction, assume that we had
oriented Microphone A, shown in Fig. 1, 8 inches closer to the
ground plane so that the direct path would equal that of a re-
flection off the fiberglass upper surface. At the instant the
reflected pulse arrived at Microphone B, the lowered Microphone
A would have a phase angle increased by the amount given in

Za. 3 over that actually recorded at Microphonc A. Thus we
must add the phase-angle correction to Microphone A or, since the
coefficlent i1s the ratio of B to A, subtract the correction
given in Eq. 3 and tabulated in Table 1 from the raw data pre-
sented in the table, Finaliy, the imredance values calculated
from Eq. 2 or the referenced charts using tre reflection coef-
ficient magnitude and corrected phase data shown in Table 1

are rresented in the last two columns cf the table.

These measured values are also compared in the table with the
values computed fcr the 4-inch fiberglass layer using Eqs. 4
and S.

h

f1 _ 10* %S Rayls/m. x 0.1m _ g )
3 3 x 507 MKS Rayls -

R = o1
[o}

(9]

- -A _ -535
Y = ‘21'—h = (5)

The measured and calculated Impedance values shown in Table 1
are in qualitative agreement, but there some noticeable discrep-
zr.cles, The meazsured resistance values are low at low frequencies
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and high at high frequencies compared to the Eq. 3 calculation
which assumes that one-third of the total resistance 1is ef-
fective at all frequencies. A more detailed calculation of the
effective resistance 1s the value of'v2= sinz(X/A) averaged
over the layer depth. This simple calculatior ylelds effective
resistance values of 0.5 at 250 Hz and 1.2 at frequencies of
500 Hz and aovove. Thus there is consliderable uncertainty con-
cerning the appropriate resistance calculation.

The discrepance between measured and calculated reactance at

250 and 500 Hz can be explained as follows. At low frequencies,
the acoustic compressions in a fiber-filled layer are isothermal
rather than adlabatic, because of heat transfer to the fibers.
The effective stiffness 1s therefore reduced by the factor

/IT.T = 1.2 which yields calculated stiffness values cf -1.75 at
250 ¥z and -0.8 at 500 Hz.

The pulse reflection technique was also used to measure the im-
pedance of the bare asphalt ground plane, and the raw reflection
coefficient data are shown con Fig. 12, At a frequency of 3000 Hz,
the magnitude and phase of the reflection coefficient shown in
Fig. 12 are 0.67 and -20°, respectively, which translate to an
impedance of Z = 3 - 2.51. Limited avallable information on the
impedance of asphalt ground surfaces sugge.ts that at a fre-
quency of 3000 Hz the normalized impedance might be Z = § - 21,
which translates back to a reflection coefficlient magnitude and
phase angle of 0.7 and -10°, respectively.

It 1s informative to explore the errors in the calculated im-
pedance due to uncertainties in the reflection coefficient phase
angle caused in turn by uncertainties in the source and micro-
phone positions described by Eq. 1. Figure 13 shows the impedance
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uncertainty resulting from a *1 centimeter distance uncertainty

at 3000 Hz, which results in a phase angle uncertainty of £30°.
Figure 13(a) indicates that, for a high impedance surface such

as the asphalt ground plane, a #30° uncertainty in the reflec-

tion coefficient phase angle for the case of 0.7 magnitude yields

a range of resistances 2 < R < 6 and reactances -3 < X < + 3,
Alternately, Fig. 13(b) indicates that for a low impedance sample,
an uncertainty in the reflection coefficient phase angle of #30°

for a 0.7 magnitude ylelds a range in resistances of 0.17 < R < 0.19
and of reactances of -0.,3 < X < +0,3.

Measurements of the magnitude of the reflection coefflcient are
subject to less errors than the phase, A recent report describes
a similar measurement technlique which uses a single microphone
and a broadband random noise source, for measuring only the
absorption (Reference 3), and which ylelds reflection coefficients
within +10%. Possible sources of error in measuring the magni-
tude of the reflection coefficient include signal-to-noise prob-
lems for very absorptive samples where the reflected wave 1is

very small compared to the direct wave; and the aforementioned
errors due tc editing which can delete significant portions of
the pulse enercy, rarticularly in the low frequency regime where
significant information 1s contained in the tails of the pulse.

These experiments confirm the feasibillity of the pulse reflection
impedance measurement technique, but additional experimentation
is required in order to quantify the bias and random errors and
to further refine the technique,
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2.0 IMPEDANCE TUBE TESTS

An impedance tube was used to quantify the acoustical properties
of a number of candidate materials for the 80 x 120 foot wind
tunnel mufflers. A conventional Briiel and Kjaer lU-inch diameter
impedance tube was used to measure the properties of the candi-
date fiberglass configuration, and a specialized setup using

the same apparatus with an open-end exposed to grazing flow

was used for candidate perforated plate muffler materials.
Herein the speclalilzed measurement and analysis techniques
utilized in the experiments are described, and then the imped-
dance data are presented and compared with the avallable theory.

2.1 Measurement and Analysis Techniques

2.1.1 Data Analysis

Figure 14 illustrates the basic impedance tube instrumentation
and measurements used in these experiments. The B&K standing
wave apparatus Type 4002 was used in conjunction with a sine-
wave generator and power amplifier for excitation, and a sound
level meter and SD 360 narrow-band analyzer for analysis. The
FFT narrow-band analyzer greatly simplifles the use of the
impedance tube s*nce, used in the single channel configuration,
the analyzer provides 1024 narrow-band filters which may be
spread across the frequency range of interest--in our case

0 to 2000 Hz. The 60 dB of resolution provided by each of
these filters filters eliminates some of the conventional
impedance tube measurement problems such as harmonic speaker
and probe distortions.

Figure 14(b) 1s a schematic of an incident and reflected wave
impinging upon the samp): end of the tube. The four quantities
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actually measured in each of the impedance tube tests are
illustrated in Figure 1l4(c): the distance from the sample

end of the tube to the first minlimum, dmin; the sound pressure
at the first minimum, Pmin® the sound pressure at the first
maximum, Ppax’ and the half wavelength of the standing wave
measured between two successive standing minima.

We 1nvestigated two methods of calculating the impedance from
these measured quantities. The first method employs the
technique set forth in the B&K instruction manual by which
these measured parameters are used to calculate the magnitude
Ir| and phase angle A of the reflected wave, Fig. 14(b),
according to the formula:

Ir| = pmax/pmin -1 (6)
pmax/pmin +1
d
A =[:%}§ -1l (7)

where the ratio pmax/pmin usually expressed in decibels 1is
called the standing wave ratio. Two charts are avallable in
the B&K manual for calculating the real and imaglinary parts
of the sample impedance from the reflectlon coefficient
magnitude and phase angle (one of these types of charts is

shown in Fig 13).

In this study, for more accuracy we used an alternatlve
technique based on the analysis presented in Reference 4.
Thereby the sample impedance 1s expressed in ternz of the wave
propagation parameters a and B described by the equation in
Fig. 14(b), which 1s conveniently evaluated by means of

plate 1 of Reference 4. These wave propagation parameters
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are related to the measurement properties shown in Fig. 14(c)
by the following relations:

1

-1

a = T tanh (pmin/pmax) (8)
2d

g =1 - 00 (9)

Plate 1 of Reference U4 1is also used to evaluate a given
by Eq. 8.

2.1.2 Grazing Flow Test Configuration

The test setup for measuring the impedance of perforated
plates with grazing flow is shown in Fig. 15. The sample
was mounted in the open end of the 4-inch diameter tube and
a 6:1 aspect ratlo nozzle was positioned adjacent to a half-
inch thick plywood collar at the end of the tube. Alr was
supplied in a blow-down mode from large tanks with two quiet
valves used to regulate the upstream total pressure Po to
control the exit velocity V. The tests were run with nine
different velccities involving nozzle total pressures ranging
from 0 to 5.85 inches of water and nominal exit velocities
from 0 to 160 ft/sec as indicated in Table 2.

TABLE 2
GRAZING FLOW VELOCITIES
Run No. 1 2 3 by 5 6 7 8 9
A in, H20 .00 .04 .24 ] .69 (1.38}2.3|3.29 |4.48|5.85
V nominal [ft/sec] 11 33 55 77 99 120 140 160
V average [ft/sec] 81 24 uo | 5% 71 86 | 101 115
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Pigure 15(b) shows velocity profiles measured on the perforated
plate face for the two conditions of V nominal equal 33 and

55 ft/sec. The calculated average velocities on the plate for
these two conditions were 24 and 40 ft/sec, respectively. On
the basis of these data, the nominal velocities in Table 2

were discounted by the factor 0.72 to yleld the average velo-
cities used 1n presenting the impedance data.

2.1.3 Combined Impedance Analysis

T2 impedance and therefore the acoustical performance of a
bullt-up muffler is the net effect of several constituent parts
of the configuration. Similarly, 1n an impedance tube the
effective impedance at the end of the tube may be due to
several components. The diagram in Fig. 16(a) describes this
situation for the case of a 5 inch slug of fiberglass mounted
at the end of a closed impedance tube. Here the primary two
elements in the frequency range from 0 to 2000 Hz are the
resistance of the fiberglass and the stirfness of the 5-inch
air column. In thils configuration, as in the ctandidate
fiberglass muffler configuration without a facing material,

the effective impedance 1s simply the sum of the fiberglass
resistance and the air column stiffness reactance.

The situation in the 1mpedance tube measurement of the per-
forated plate with grazing flow, illustrated in Fig. 16(b),

is somewhat peculiar, in comparison to the candidate perforated
plate muffler configuration. In the impedance tube experiment
the measured net impedance Z 1s the sum of the perforated plate
impedance Zp and the radiation impedance ZPad for the end of
the tube. Both the plate impedance and the radiation impedance
have resistive and mass reactive components. On the basis of

the analysis in Fig. 16(b), demonstrating that the impedances
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are simply additive, the plate impedance 1s calculated by
subtracting the adlation impedance measured with the plate
removed from the net 1impedance measured with the plate in
position. The measured radlation impedances are compared 1ir
Table 3 with theoretical values for a baffled and unbaffled
piston taken from Reference 5. The measured reactances are

in good agreement with the theoretical values for a baffled
piston, as are the measured reslstances at 500 and 1000 Hz.

At 125 and 250 Hz the measured resistances are more comparable
to the unbaffled theory. In all cases the measured resistance
and reactance values were used to correct the measured net

impedance.
TABLE 3
RADIATION IMPEDANCES
Theoretical Theoretiral
Measured Baffled Unbaffled
Treguency R X R |, X R X
125 .003 .10 .015 .10 .01 .06
250 .016 .20 .03 .21 .016 .1
500 .08 .40 .12 .40 .09 .34
1000 .35 .70 .37 .61 .21 U6

2.2 Results
2.2.1 Theoretical Values

The analvses for -he resistance and stiffness of the fiber-
z1a33 configuration ar=s described by Eg. 4 and 5 and the

ensulng discussion in Sec. 1.
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For the perforated plate, the resistance must be studled in two
regimes: a linear regliie where resistance depends only on the:
plate properties, and a nonlinear regime where the resistance
is linearly proportional to the grazing flow velocity. 1In the
linear regime the porous perforated plate resistance is glven

(Reference 6) by £3. 10:

$ i

‘\

R = (i‘-‘%)-"—)— (3 + t/d) = 0.034r¥(1 + t/d) (10)
where u is the fluid viscosity, p the density, f the frequency,
t the plate thickness, d the hole diameter, and F the perfor-
ated plate fraction open. Equation 10 applies for a single
hole when F 1s taken equal to unity.

In the nonlinear regime the perforated plate resistance is
given by the very simple relation:

R = Q?QZ pV (11)
where V 1s the grazing flow velocity. It 1s interesting to
note that in the nonlincar regime the flow resistance depends
only on the fraction oren of the plate and not on “he hole
diameter or plate thickness. It has been known for some
time that in the nonlinear regime the resistance is equal to
the product of the density and the velccity through the hole
(Beference 6), zut the importanc2 ¢’ rracing flow and the
constant of gprnportionality in Eq. 11 have only recently
been recognized, Reference 7. The constant of proporiion-
ality in Ec. 11 was Ade<errmined here (crudely) by averaging
the constants of pr-o-reionality for plus and minus acoustic
half cycles involving alt=rnately inflow and outflow through
the hole using the results firom Reference 7.
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The mass reactance of a perforated plate with no flow is given

by:

Xnass™ B -f-l‘- (t+0.85d) (12)
where A 1s the acoustic wavelength Reference 8. The effect

of grazing flow velocity on the reactance is not well under-
stood but Reference 9 1ndicates thrt the reactance value with
high grazing flow 1s one-half the linear value given in Eq. 12.
These theoretical values are compared with measured data for
the 3% open perforated plate configuration in Figures 20 and
21.

2.2.2 Fiberglass Baseline

Figure 17 shows the calculated and measured impedance of a
five-inch slug of Type 701 fiberglass in the closed end of
the impedance tube. The calculated resistance and stiffness
values are taken from Eqs. L and 5, respectively. The
measured stiffness values agree closely with the calculated
stiffnesses and do not show the isothermal effect discussed
in Section 1. The measured resistances, however, do not
agree well with the value calculated from the steadystate
flow resistance but rather increase with frequency over the
range from 125 to 1000 Hz. (The data point at 2000 Hz is
somewhat suspect because at this point the four-inch dia-
neter impedance tube has several cross modes.) The measured
Increase in resistance with frequency 1s similar to that
observed with the pulse reflection measurement of the fiber-

glass blanke: described in Section 1.

The measured resistance and reactance of the five-inch slug

of Type 701 riberglas is In clsse agreement at a freaquency
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of approximately 500 Hz with the theoretical optimum impedance
for maximum sound absorption (Reference 10):

2h

2 = (0.92 - 0.7T4) (13)

optimum
where h is the half duct width equal to one foot in the case
of the baseline 80 x 120 foot wind tunnel muffler design.

In addition the resistance increases with frequency, as
desired, but 1is not proportional to frequency as 1is required
by Ei. 13. In practice it 1is good to design for resistance
values somewhat higher than the optimum value which ylelds

a phenomenal attenuation of 19 dB per half duct width, in
order to obtaln broader band performance. Unfortunately,

as with all nmuffler configurations involving a tuned cavity,
the stiffness decreases with frequency rather than increases

with frequency as reqguired by Eq. 13

2.2.3 Fiberglass Cloth

Because flberglass cloth is often used as facling to protect
fiberglass mufflers against low velocity flows, we have
measured and presented in Figs. 18 and 19 the resistance and
reactance, respectively, of a commonly used fiberglass cloth,
Style 126, for various grazing flow velocities, using the
open end 1mpedarce tube configuration shown in Fig. 15(b).
3oth the resistances and the reactances of the fiberglass
cloth for the range of flow velocities tested are approximately
10% of the values for the five-inch fiberglass slug presented
in Fig. 17. The cloth resistances will add to those of the
fiberglass slug, but the reactances will subtract, since the
cloth reactances are mass and those of the slug are stiffness.
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2.2.4 Three-Percent Open Perforated Plate

Pigures 20 and 21 show the measured values of resistance and
reactance of the 3% open perforated plate recommended for the
baseline design for the 80 x 120 foot wind tunnel inlet and
exhaust sllencers. Also shown are the theoretical impedance
values given by Eqs. 10 through 12. Resistance values shown
in Fig. 20 agree well with the theoretical predictions except
that the nonlinear values are approximately 10 to 20 percent
lower than theory depending on the velocity range. This may
be due to uncertainty in the proportionality factor of Eq. 1l
or perhaps may be assoclated with the vena contracta effect
reducing the effective hole size and therefore the fraction
open of the plate.

The resistance values at frequencies of 125 to 1000 Hz and at
the velocities appropriate to maximum fan speed in the 1inlet,
87 ft/sec. and in the exhaust, 120 ft/sec, are approximately
500 to 800 mks rayls. These resistance values are very
comparable to those for the 6 inch layer of fiberglass con-
figuration. At lower velocities than maximum, particularly
at zero flow velocity, the resistances are considerably lower
than what we desire for optimum performance. This is of
concern with respect to silencing test-section model noise
since the fan noise itself falls off as 50 log of the wind

tunnel velocity.

The measured reactance values of the 3% open perforated plate
are again in close agreement with theory as shown in Fig. 21
for velocities below U0 ft/sec. At velocities between 55

and 71 ft/sec the reactance values show a surprising dip,

the explanation for which is not avallable. This phenomenon
should be investigated further because it might be advantageous
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if the dip could be moved to the tunnel meximum velocity.
Unfortunately at the maximum velocities of interest between
86 and 115 ft/sec, the reactance values, shown in Fig. 21,
increase to approximately 200 to 300 mks rayls. Not shown

in Fig. 21 1s the stiffness reactance which will result when
the perforated plate 1s mounted in the wind tunnel muffler
configuration with a 6 inch cavity backing. 1In this btuillt-up
configuration, the stiffness reactance will be like that shown
in Fig. 17 and will thus mask or cancel the perforated plate
mass reactance at frequencies below 500 to 1000 Hz. Thus

the resistance of the bullt-up perlorated plate muffler 1s
predicted to be primarily resistive at frequencies below

1000 Hz. with significant tunnel velocity.

2.2.5 One-Percent Open Perforated Plate

Tests of a 1% open perforated plate obtained by covering with
tape 2 of 3 holes of the 3% plate was tested in order to
investigate the sensitlvity of resistance and reactance to
the fractional open area of the plate 1indicated by Egs. 10 - 12.
As predicted the results shown in Figs. 22 and 23 show that
both the resistances and reactances for veloclity ranges of
interest increase by approximately a factor of three for the

1% open plate.

2.2.6 Three-Percent Open Perforate With Screen

Figures 24 and 25 present the impedance of the 3% open plate
plus a 36% open fine brass screen. These measured impedance
values are very similar to those obtained with the 3% open
perforated piate alone shown in Filgs. 21 and 22.
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3.0 MUFFLER CONFIGURATION EFFECTS

The acoustic performance of the 80 x 120 foot wind tunnel muf-
fler will depend not only on the acoustic impedance of the
muffler liner, but to a large extent on configuration detalls
and wind effects. In order to explore varinus configuration
effects and obtain deslign data for a varlety of full-scale con-
figurations, !ASA Ames Research Center personnel have con-
ducted an extensive serles of tests in the 7 x 10 foot wind

tunnel.

These tests have provlided invaluable data for the baseline
i'iberglass and perforated plate configurations, have provided
insight intc various modifications of these basellne designs,
2nd have served to uncover various potential performance prob-
lems. In this sectlon the baseline configuration performances
determined from the wind tunnel tests are compared with the
design goal, and the deficliencles quantified for various wper-
ating ccniitions. Jonfiguration changes of three Lypes for
prroviding =zdditional acoustic attenuation to alleviate the
predicted discreprancies and to provide additicnal conservatism
in the design are then described.

3.1 Basel’ne Designs and Performance

Figure 26(a) 1s a plan view of the three full-scale baffles
mounted in the 7 x 10 foot wind tunnel at NASA Ames Research
Center. Th> streamlined two-way noise scurce with broadband
capability ca. be mounted alternately upstream of the muffler
for exhaust muffler testing or downstream of the muffler for
inlet testing. The four microphones traversing the center duct
in Filg. 26(a) are used to determire rnuffler performance per
unit length. The baseline fiberglass configuration shown in
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Fig. 26(b) utilizes a 6-foct section of Type 701 Fiberglas
rartioned with a lengthwise center impervious plate and with
three equally spaced transverse plates. The flberglass was
covered with a 33% open perforated plate.

The baseline 3% open perfora:zd plate configuration is shown in
Fig. 26(c). The test results rerorted were generated with a
baffle containing a €~-foot long absorbing section, and those
results were extrapolated to the 10-foot long section shown in
Fig. 26(c), using the induct microphone data. In the perforated
rlate muffler tests, the 6-foot section was agaln segmented by
three equally spaced transverse rartitions, but the lengthwise
partition slanted from one side of the baffle at the leading
edge to the cpposite side at the trailing edge of the treated
section. Preliminary cnst analyses bb NASA Ames personnel in-
dicate that the 10-foot long perforated plate section muffler
will cost aporoximately the same as the baseline fiberglass-
filled nmuffler with € feet of acoustic treatment.

The results of the wind tunnel tests and analyses conducted by
NASA Ames Research lernter personnel on the acoustic performance
of these two baseline nuffler ccnfigurations for the inlet and
exhaust cases are shown in Figs. 27 and 28, respectively. If
the zero and maximum veliocity inlet end exhaust configuration
ruffler rerformances presented in Figs. 27 and 28 are taken in
aggregate, the fiberglass and rerforated plate configurations
have comrarable re.:'formance. In general, the performance of
the fiberglass deslign can be improved by lengthing the treated
test sectlon. An exception to this 1s the inlet muffler con-
figuration in the high freguency reginme where the sound beams
down the center of the channels limiting the insertlion loss to
approximately 10 dB.
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In addition to further increasing the length of the perforated
plate design, a number of other acoustic performance enhancement
techniques are available and will be described in subsequent
parts of this section. For reference, the deficlencles between
the W-foot perforated plate muffler performance and the deslign
goals are tabulated from Figs. 27 and 28 in Table 4. In

general terms, there 1s a 2 to 3 dB average deficlency at
frequencies below 200 Kz and above 2,000 Hz.

TABLE 4

DESIGN DEFICIENCIES OF 14 FT. PERFORATED
PLATE MUFFLER (dB)

n o o N O O O O O O O O O O O O o o
NV O N - OO MO O WNnNO O O INO O O O
N = NN M T NN O O N O WNYNe- O O MO
~N ~ ~ 0NN M T DYDY
INLET
v=20 3 3 11 5 4
v = 56 ft/sec 2 4 2 32 24
EXHAUST
v=0 2 3 1 12 2 3 3
v = 120 ft/sec 6 1 1 3 2

3.2 Curved Baffles

From an acoustics point of view, curving the baffles to block
the llne of sight 1s the most powerful technique for obtaining
greater performance than the baseline design configurations,
which are already highly optimized. A suggested curved baffle
configuration designed to block the 1line of sight and minimize
effects on flow 1s shown in Fig. 29(a). This design is achileved
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by translating the tall section of each baffle 2 feet to the
side and connecting the nose and tail with a 7-foot S-shaped
perforated section 10llowed by a 3-foot stralght perforated
section before the tall. The additlonal acoustic atteauation
provided by the curved baffles relative to the straight baffle
configuration is estimated in Fig. 29(b). This estimate,
which 1s 5 dB of additional loss in the low frequency regime
and 10 4B additional loss in the high frequency regime, was
scaled from measured data for the Sound-Stream muffler con-
figuration described in Reference 11. NASA Ames personnel

are in a better position than the authors to determine the
feasibility of such a curved baffle design for use as the inlet
or exhaust muffler and to generate alternate curved designs
and estimates of the effect on wind tunnel flow conditions.

3.3 Partition Design

A number of varlatlons of the length-wise and transverse
sllencer partitions have been investigated by BBN and NASA
Ames with a view toward optimizing muffler performance. For
example, the diagonal lengthwlse partition of the type shown
in Fig. 26(c) was used in the NASA Ames wind tunnel test

in order to eliminate whistles caused by cavity resonances

(see next section).

The performance of a perforated plate muffler configuration
with no fuzz is generally enhanced at frequencies associated
with half-wave resonances between the transverse partitions.
Thus the performance of the baseline design wi“h approximately
20-inch partition separation 1s quite good in the vicinity

of 353 Hz. Changing the transverse partition spacing from
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20 inches to 40 inches in the 10-foot length section should further
enhance the muffler performance in the lower frequency regime.

Previous work, in particular the Reference 12 patent, shows
enhanced duct liner attenuation when the depth of the liner

is varled in steps along the muffler length. In order to
investigate applicability of this concept the 80 x 120 foot
wind tunnel muffler, a number of tests were conducted at BBN
using a filberglass-lined configuration. Results are shown

in Fig. 30. Four configurations were tested: A baseline
center partition, a ramp such as was used in the NASA Ames

test with the 3% perforated plate configuration, a sawtooth
configuration, and a sawtooth with a 0.3% perforated partition.

The ramp and sawtooth configurations gave poorer performance
than the baseline; but the perforated sawtooth gave improved
performance, particularly in the low frequency regime from
160 to 250 Hz. Because of the difference in absorption
mechanisms 1in the fiberglass and perforated plate designs,
these types of tests need to be repeated for a perforated
plate muffler exposed to grazing flow. It might be inferred
from the BBN tests that the ramp used to control whistles

in the NASA Ames perforated plate muffler slightly degraded
performance over that would be ottained with a non-whistling
center partition in the frequency range from 25C to 500 Hz.

The increased performance of the perforated partition design

in Fig. 30 also might merit additional investigation for the
perforated plate muffler. The motivation for using a slightly
perforated partition 1s to provide enough reactance so that

the two sides of the muffler are essentially acoustically
independent, and the high acoustic velocities are still obtained
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at the muffler face for the 500 Hz design frequency. However,
the slight perforation provides some flow resistance and
therefore additional loss at the partition where the pressure
gradients are very high.

The performance characteristics for a 1% open perforate with
zero flow can be taken from Figs. 22 and 23. The figures show
that the mass reactance varies from approximately 300 to 1500
mks rayls for frequencles between 250 and 1000 Hz, and the
resistance variles from approximately 100 to 250 mks rayls

over the same frequency range. In view of the measured factor
of three increase 1n impedance when the percentage open area
was changed irom 3% to 1%, one might expect these values to
increase by ancther factor of three for 0.3% open plate. Tests
might be conducted with both 1% and 0.3% perforated partitions
to determine the optimum.

3.4 Whistles and Wind Noise

Early tests conducted with the 3% perforated plate muffler
configuration with a central lengthwide partition were plagued
with very loud grazing-flow-generated whistles. This pheno-
menon was investigated analytically and experimentally in
Reference 13. The frequency of the whistles in the NASA

Ames tests correlated very closely with the grazing-flow
velocity and hole diameter when a Strouhal number of 0.2 was
used. When the flow veloclity was increased, either by increas-
ing tunnel speed or by blocking part of the channels, the
whistle frequencies in the NASA Ames tests would jump pro-
gressively through those frequencies characteristic of half-
wave recsznances in the cavity depth.

Figure 31(a) 1llustrates a number nf candidate techniques
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for eliminating whistles in a perforated plate muffler configu-
ration. The techniques 1illustrated on the left hand side of
Fig. 31(a), namely, using a thin absorbing layer in the
cavities and slanting the center partition, were used effec-
tively in subsequent NASA Ames tests with the 3% open muffler
configuration. The techniques on the right-hand side of

Fig. 31(a) are suggested on the basis of previous BBN exper-
ience. By making the perforation holes diamond-shaped rather
than circular, the singular hole diameter dimension which
determines the frequency of the whistle is eliminated. The
second concept 1nvolves punching the perfeorated holes so as
to elevate the hole leading edges and depress the trailing
edges so that the free shear layer does not oscillate at the

hole trailing edge.

NASA Ames wind-tunnel tests of the 3% open perforated plate
muffler with grazing flow velocities of 120 feet/sec¢ 1indica: .u
that the perforated plates generated wind nolse which limits
the nolse reduction provided by the muffler in the high fre-
quency regime around 4000 Hz. Although no technique will
eliminate self noise generated by perforated plates exposed
to grazing flow, several candidate techniques are avallable
for minimizing this self noise. The muffler configurations
tested in the 7 x 10 foot wind tunnel utilized a perforated
tall section for possible enhanced acoustic performance.

Th!s may have contributed tc flow instability just downstream
of the start of the diffuser tail section. If this mechanism
proves important for self nolse generation, it might be

eased by elimirating the perforations on the tail and even
for a short distarce ups<ream as 1llustrated on the left in

Fig. 31(b).
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A second candidate technique for minimizing wind noise would

be to manufacture the perforated plates so that the hole 1lips
are slightly indented into the plate thus removing the edges
somewhat from the shear layer. A third candidate technique

for minimizing flow noise due to the grazing flow 1s to elongate
the holes along the direction of flow so that the hole edge
length perpendicular to the flow velocity is small. These
latter two techniques must be viewed as speculative and subject
to experimental verification, bccause the flow pattern in the
vicinity of the hole involves u complicated interaction of the
grazing and acoustic flow velocities as described in Reference 7.
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