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Impedance Theory and Measurements on
Porous Acoustic Liners

Andrew B. Bauer*
Douglas Aircraft Company, Long Beach, Calif.

The impedance of a point-reacting liner consisting of a thin, porous surface sheet backed by cavities filled with
air or with porous materials has been predicted mathematically for a duct with flow. The mathematical model
has been compared with experimental results obtained by using the two-microphone technique for various liners
mounted in a 1-ft2 duct with flow at Mach numbers of 0 to 0.6. The predicted and the measured sound pressures
were found to be in good agreement for liners consisting of a single layer of either air-filled or porous cavities
covered by a thin porous sheet. As expected, the porous-cavity liners have a wider attenuated bandwidth and a
higher attenuation at high frequencies than the air-cavity liners. Since porous cavities might be considered to be
the equivalent of a large number of layers of air spaces separated by layers of porous plates, several such
multilayer liners were constructed and tested. However, the multilayer liners did not perform like a porous-
cavity liner, and a full understanding of the operation of the multilayer liners is yet to be attained.

Introduction

L INER impedance is the critical parameter that determines
the amount of sound absorption in an aircraft engine

duct. Present-day liners generally consist of a single layer of
air-filled cavities separated from the duct airflow by a porous
facing sheet designed to absorb acoustic energy as acoustic
waves pass through the sheet and into the cavities. Typically,
the liner is very effective over a bandwidth of about 1 octave,
and the attenuation falls off rapidly for frequencies outside of
the bandwidth. The root of the problem is that the impedance
of a single-layer liner changes rapidly with frequency; hence, a
suggested remedy is a multilayer liner configured to have a
near-optimum impedance over a bandwidth significantly
wider than that possible for a single-layer liner. A logical
extension of the multilayer liner is a liner with a very large
number of layers, as would be obtained by using a porous
material in place of the air cavities. Porous materials are
known to be good acoustic energy absorbers over a wide range
of frequency, as contrasted to the air cavity of Helmholtz
type. This paper has been written to show some of the main
effects of using porous materials and multilayer liners as
contrasted with air-cavity liners.

Liners may be subdivided into point-reacting and bulk-
reacting types,' depending on whether waves within the liner
are free to travel only normal to the liner surface or in all
directions. Since most air-cavity liners are point-reacting, the
porous liners tested were made essentially point-reacting by
using a number of impervious walls to subdivide the liner into
a number of independent areas. This permitted a direct
evaluation of the effects of replacing the air cavities by porous
materials. A second line of investigation, which has not been
done here, would be to study bulk-reacting liners as compared
to point-reacting liners of either the air-cavity or the porous-
cavity types.

A mathematical model of the acoustic performance of a
porous-cavity, point-reacting liner has been developed. Since
the porous material resistivity is a parameter that may be set
equal to zero, the model may be applied to zero-resistance or
air-cavity liners as well. The model includes the effect of a
thin, porous plate over the liner surface.
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Since materials with very fine pores are good acoustic
energy absorbers but tend to be mechanically unsuitable for
aircraft engine applications, a number of multilayer liners
having pores large compared with those of a typical porous
material have been built and tested. The test results have been
compared with the mathematical model. Air-cavity and
porous-cavity liners also have been built, tested, and com-
pared with the mathematical model. The testing has been done
using the two-microphone method2 to find liner impedance
and other parameters. The method has been modified to
account for the effects of porous materials rather than air
only in the liner cavities.

Experimental Setup
An acoustic test duct, illustrated in Fig. 1, has been in-

stalled as a part of the 1-ft2 (0.305 m) wind tunnel, which is
located at the Douglas Aircraft Company Aerophysics
Laboratory. The duct freestream Mach number is variable
over the range of 0<Moo < 1.0, and the duct pressure level is
approximately atmospheric. The duct, which is 72 in. (1.829
m) long, is built with permanent sidewalls of clear plexiglas.
The upper and lower walls are removable so that the siren and
various acoustic liners may be installed to form the 1-ft (0.305
m)duct.

The siren was designed to generate two-dimensional
wavefronts invariant across the 1-ft width between the
plexiglas sidewalls, as implied by Fig. 1. The waves were
generated at the apex of the siren horn, where the rotor served
as a valve to alternately open and close a 1-ft-long row of 24
holes of 0.312-in. (7.9-mm) diam. The valve action permits
compressed air to enter the horn from the siren housing. The
wave amplitude is controlled by the pressure level psir in the
siren housing, which was varied from zero to 10 psi (69,000
Pa) above the test section static pressure. The mass flowrate
through the siren was 0.08 kg/s for many of the tests, which
were done at psir = 1.5 psi (10,300 Pa), and was 0.20 kg/s for
psir = 10 psi. Hence, the mass flow from the siren was much
less than the duct flowrate, which was typically 15 kg/s at
Moo = 0.4. For psir > 3.0 psi (20,600 Pa), the wave amplitudes
were sufficient that weak shock fronts were formed.
Examples of these wave fronts were recorded by the
shadowgraph technique and were compared with wavefronts
calculated from linear theory. Agreement between the
calculations and the shadowgraphs was excellent, as
illustrated by the example in Fig. 2. The waves in the figure
are numbered in proportion to the time since each wave
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Fig. 2 Comparison between the shock wave diagram calculated by
linear theory and a shadowgraph.

emanated from the siren, taken to be a point source. The
visible part of wave 9 has been reflected four times, twice
from the bottom hardwall and twice from the top hardwall,
without being noticeably distorted from its circular shape in
spite of traveling four times through M00=0.39 turbulent
boundary layers on the two walls. In other examples the lower
duct wall was made soft, which resulted in a more com-
plicated wave pattern, but again showing excellent agreement
between the calculations and the experiments.

A boundary-layer survey made near the upper wall at
station 32 in the duct for M^ =0.40 showed a velocity profile
very close to the usual 1/7 power shape; the layer thickness
was 1.5 in. (38 mm), which corresponds to a distance of about
9 ft (2.75 m) from a virtual origin on a flat plate. However,
the distance from the plenum inlet region to station 32 is only
about 8 ft (2.44 m), and so the boundary layer evidently was
thickened by the siren horn and the perforated liner. The siren
was located between stations 12 and 27, the same as in Fig. 1,
and the remainder of the upper wall was paneled with a
perforated plate liner. No airflow was run through the siren.
It is interesting that the boundary layer had the 1/7 power
shape in spite of any flow disturbances generated by the siren
and the liner.

Of the 20 liners tested, five of them are the air-cavity type,
with perforated surface plates, as shown in Fig. 1 and Table 1
of Ref. 3, and designated by the numbers P-513, P-515, P-
517, P-519, and P-521. These were mounted one at a time on
the test duct, as shown in Fig. 1, and type P-501 perforated
liner panels3 were used to line the remainder of the duct upper
surface and all of the lower surface. Unfortunately, as
described more fully in Ref. 3, this test arrangement resulted
in an undesirably high level of self-noise generation in the
duct, caused by the interaction of the boundary layers with the
perforated holes. Nevertheless, some testing was done,
prinicpally at M^ = 0 and 0.2. Typical wave shapes are shown
in Fig. 3; in each photograph the upper trace is the pressure

1950 Pa
j( 159.8 dB)

c) M=0.2, Psjr 1.5 PSIG d) M=0.2, Psjr 10.0 PSIG

Fig. 3 Waveforms on test liner P-515,/= 1660 Hz.

time-history obtained from microphone no. 1, a /s-in. (3.2-
mm) B&K microphone located at the bottom of one cavity of
the test liner; the lower traces were obtained from microphone
no. 2, a !/8-inch (3.2-mm) B&K microphone on the surface of
the liner, as implied by the microphone holder in Fig. 1.

In Fig. 3a, taken with no flow in the duct, the waveforms
are almost sinusoidal, but Fig. 3b, taken with a higher am-
plitude from the siren, shows the presence of a number of
shock waves, particularly for the lower trace, which is that
from the lining surface microphone. The microphone in the
lining cavity is partly shielded from the irregular pressure
fluctuations on the lining surface; the cavity waveform
generally is more sinusoidal than that on the lining surface. In
Fig. 3c, it can be seen that for a duct flow Mach number of
0.2, the pressure fluctuations from the duct flow are added to
the waveform. Figure 3d shows the effects of both the higher
amplitude siren output and the duct flow. Sound pressure
levels both in Pascals and in decibels relative to 20 x 10"6 Pa
are given to the right of the waveforms. Such waveforms have
been digitized and processed by computer to obtain the
Fourier series fundamental components, which in turn have
been used to calculate the lining impedance.

The pseudosound level generated by a turbulent boundary
layer on a flat plate with zero pressure gradient for low-speed
flows is given by Willmarth4 as

pw = 0.005q

where q is the dynamic pressure of the freestream, yp^M^/2.
Since px of the test section is about 105 Pa, and since 7 = 1.4,
the following is obtained:

pw=350M2
00(Pa)

Hence, the pseudosound levels are as given in Table 1.
These levels are much below those typically generated by the
siren, as those in Fig. 3, and represent a possible lower limit to
the self-noise generated by a liner. The levels are far below
those for the self-noise of the perforated plate liners, where
the levels were on the order of 300, 1500, and 750 Pa for
MO,, = 0.2, 0.4, and 0.6, respectively.

All of the remaining 15 liners which were tested were
designed with surface openings that are, at most, only a few
thousandths of an inch in diameter, in contrast with the 0.156-
in.-(4-mm) diam holes of the perforated plate liners, with the
intent of greatly reducing the self-noise to levels near those in
Table 1. This effort generally was a sucess, since the self-noise

Table 1 Turbulent boundary-layer pseudosound levels

Ma, pw, Pa pw, dB___
0.2
0.4
0.6

14
56

126

116.9
128.9
136.0
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Fig. 4 Cross-sectional sketch of a porous liner construction.

level turned out to be near 100 Pa for M^ = 0.2 and near 200
Pa for M^ = 0.4 and 0.6, which is encouraging in view of the
perforated liner values and the lower limits given by Table 1.

Seven of the 15 liners were constructed as illustrated in Fig.
4. The liner cavities were filled with Scottfelt foam of various
grades. The thin surface sheets were Brunsmet, which consists
of a thin mat made up of many 8-^-diam stainless steel wires
sintered together and bonded to a perforated plate having an
open area ratio of 0.35. The plate is then used only for the
purpose of supporting the mat, which is the part exposed to
the airstream. The mat surface is very flat and smooth to the
touch, which helps to account for the low self-noise levels.
The Brunsmet material has a thickness of 0.025 in. (0.63 mm)
and was used in several grades, which had flow resistance
ratings of either 100, 200, or 400 mks rayls.

Six of the remaining eight liners had surfaces made up of
Brunsmet; the other two were made entirely of resin-
impregnated woven fiberglass. The six liners had one or more
layers of air-filled cavities separated by layer(s) of either
Scottfelt, Brunsmet, or perforated plate(s).

For the tests of each of the 15 Brunsmet and the woven
fiber-glass test panels, shown in Fig. 1, the linings, which
extend along the upper surface from stations 0 to 12 and
stations 36 to 72, were made up of a 2-in. layer of Scottfelt 2-
900 covered with a Brunsmet surface having a flow resistance
of 100 mks rayls. The same construction was used for the
entire lower surface of the duct.

All of the liners were tested, as illustrated in Fig. 1, using
microphone no. 1 at the bottom of the liner cavity and
microphone no. 2 on the liner surface. Because of the two-
dimensional nature of the wavefronts, the two microphones
could be moved perpendicular to the plane of the paper in Fig.
1 without affecting the microphone outputs. This permitted
the surface microphone to be placed some distance away from
the cavity microphone in order to minimize the effect of the
surface microphone holder, which extends through the cavity,
on the cavity microphone output.

For the tests of the 15 Brunsmet and the woven fiberglass
panels, the microphone signals were passed through
narrowband filters, which were then used to calculate liner
impedance parameters, which are a function of the siren
pressure psir and liner sound pressure levels, as well as other
factors. The effects of noise at other than the siren frequency,
which may interact in a nonlinear manner with the siren
frequency energy, were not evaluated for these experiments.

Mathematical Model of Liner Performance
A mathematical model is needed to relate the two-

microphone measurements to liner impedance. A model has
been developed for air-cavity liners2'5; the model is extended
here to apply to porous, point-reacting liners.

Governing Equations within the Porous Material
The equations of motion and mass conservation in a porous

medium have been discussed by Nayfeh et al.' and earlier by
Zwikker and Kosten.6 For a point-reacting liner material they

Pe
du
dt

dp-Z-
dy

= 0

TTT-dp dt

(1)

(2)

where R is the porous media resistivity, p0 is the density of the
ambient gas, pe is the effective density of gas in the porous
media, and Q is the porosity, defined as the ratio of void
volume to total bulk volume of the material. The effective
density usually is given as

pe=sp0/Q (3)

where s is a structure factor, which accounts for the apparent
increase in the air density as a result of the passage of the air
around constrictions in the material. The acoustic pressure
and density are related by

(4)

where ce is the effective speed of sound. In general, ce is a
complex number6; it is real and equal to the adiabatic speed
of sound only when the porous Reynolds number

*,= (5)

is much greater than 1; ce is real and equal to the isothermal
speed of sound when Rp is much less than 1. For the
remainder of this paper, the simplifying assumption that
ce — c, where c is a real number, will be used. Also, as
illustrated in Fig. 4, y is the coordinate normal to the solid
backing structure, and b is the liner backing or porous
material depth.

Now the momentum equation is satisfied if

(6)

(7)

where $ is an unknown function. By putting Eqs. (4, 6, and 7)
in Eq. (2), the result is the modified wave equation

c2 PO dt2
 Poc2 dt

which has a solution in the form

•=0 (8)

(9)

Boundary Condition
In order to satisfy the differential equation and the

boundary condition w = 0 at y = Q, the following equation is
used:

(10)

where

K j = KJ\ i

Kj = (5/2-1- 1

K2=Qr/2Kj

1 / 2 t / 2
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Using Eq. (10) in Eqs. (6) and (7), the particle velocity and
acoustic pressure are obtained

u = A0e'"t (k2

Zinn13 obtained the expression

jy)smhk2y

' ) (11)

p= —iA0e^((s — i^lr) (pw/fi) ((cos/TyjOcosh/^.y

+ /(sin£y>0sinh/:2.y) (12)

Liner Impedance
The specific acoustic impedance of the cavity porous

material measured at y = b is

where

G=

//=-
i[Kj-iK2)s'mkb

tt{(s'mklb)coshk2b-i(cosk]b)smhk2b}

and the specific acoustic impedance of the liner is

(13)

(14)

(15)

(16)

where Os and \s
 are tne specific acoustic resistance and

reactance of the thin surface sheet shown in Fig. 4. Notice
that, as the cavity porous material approaches zero density, so
that 12 and 5-— 1 and r—0, the result is G-~coskb, //— -/, and
fc —• — / cotkb, which is the solution for an air-filled cavity.
Expressions for Os and \s

A number of papers, Refs. 7-11, for example, have given
various expressions for the specific acoustic resistance and
reactance of liner surfaces. From these and other results, a
useful representation for ds has been obtained as follows:

6s=Q0 + Q]+B2Mn+63M00 (17)

Here 60 is the resistance for surfaces with holes so small that
the flow is completely viscous and the porous Reynold,
number Rp [see Eq. (5)] is much less than 1. The resistance
Ap/pcus often is obtained by measuring the pressure drop Ap
and the steady flow velocity us through the surface sheet in
the limit as us goes to zero. For example, a Brunsmet sheet
with a steady flow rating Ap/ws of 200 mks rayls would have

For surfaces with holes that are large enough so that Rp is
much greater than 1, and thus the flow is not completely
viscous, the specific acoustic resistance is

2/apc] (1 + t/d) (18)

which was obtained by Ingard,12 where / is the surface sheet
thickness, d is the diameter of the holes, and a is the ratio of
open or hole areas to total area. Since 60 and 0y both are used
to represent the resistance, depending on whether Rp is much
smaller or much larger than 1, 60 must be 0 when Rp > 1 and
dj must be 0 when Rp<\. Further work needs to be done to
determine 60 and/or 0y for Rp near or equal to 1. For a
Brunsmet sheet Rp usually is much less than 1, whereas for
perforated plates Rp generally is much greater than 1;
however, for other materials Rp may be on the order of 1.

The resistance 02Mn is the nonlinear effect, which results
from large values of un, the rms amplitude of the acoustic
velocity normal to the liner surface, and the corresponding
Mach number, Mn-unlc. For a sheet with circular orifices,

(19)

which again works well for perforated sheets, as shown by
Zinn's comparison with experiments, but is open to question
for sheets like Brunsmet with very fine pores.

The term 63M00 is the "grazing flow'* effect, a result of the
freestream and boundary-layer flow over the liner. In order to
measure this effect, a number of steady-flow experiments14"16

have been run in which the pressure difference across a
perforated sheet has been obtained as a function of
MOO,My,a,//tf, 6/d, and Rd, where Ml is the average Mach
number of the mass flow through the holes, 6 is the boundary-
layer thickness, and Rd is the Reynolds number based on M^c
and d. The pressure difference can be defined as p^—pb^
where p^ is the freestream pressure and pb is the pressure on
the cavity side of the sheet at some distance from the hole. As
suggested by Bauer,7 the data may be organized in a simple
manner by nondimensionalizing the pressure differences and
plotting them as a function of My/M^. This is done by
defining

(20)

where y is the specific heat ratio (7 = 1.4 for air), and/?0 is the
value of (Pa, — pb) for M7 = 0. Here M7 is defined positive
for flow away from the grazing stream. Note that, for zero
orifice flow, the asymmetry of the grazing flow causes p^ to
be different frompb, so that/fy is not zero. Evidently because
p0 is quite small compared to p^y p0 already has been sub-
tracted out of the data presented in Refs. 14 and 16, and the
actual value of p0 seems to have little practical consequence.
Figures 5 and 6 show typical plots of Cp as a function of
My /M^. The data in Figs. 5 and 6 and other related plots can
be represented in the form

M,
(21)

where G2 and G3 are weak functions of the nondimensional
parameters M^, a, t/d, d/d, Rd, and the sign of M7. If Eq.
(21) is multiplied by V2

00/(2c2M]o), where cMy = K;, the
result is

Ap G 2 l M y l
' To (22)

which is the result of steady-flow experiments. The assump-
tion can be made that this equation applies for oscillatory
flows, as discussed in Ref. 16. Since Ap/(p0 0cKya) is of the
form of specific acoustic resistance, and since Mn =M7a, the
result is

(23)

(24)

Note that the absolute value sign of M7 must be dropped in
changing Eq. (22) from a steady-flow to an oscillatory flow
result.

For parameter values typical of perforated sheet liners, that
is, for

0.02<a<0.20M00<0.7 M7

0<t/d<l

the available experimental data give the value G3 =0.6, and
seem to support the value G2 =2.3, so that Eq. (19) and (23)
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are in agreement. Note that Fig. 6, for which t/d =2, indicates
that G3 =0.52 for Ml positive and 0.38 for My negative. This
corresponds to the fact that levels of A/? on the right- and the
left-hand sides of the Mn =0 line in Fig. 7c of Ref. 15 are
different, which has caused some controversy. A similar but
less significant effect is noticeable in Fig. 5. In contrast, the
data of Ref. 16, which were taken for single square orifices
with t/d= 1.0 and d/d = 0.7, give G3 = 1.3.

Rice, H in an approximate theoretical study of grazing flow,
has found B3 to be 0.5, which compares favorably with
Gj/2 = 0.3 from Fig. 5. For M, positive and steady flow, Rice
found that the orifice discharge coefficient was, ap-
proximately,

cD=(M]/M00)'/> (25)

which, since Cp = ( Vtl V^cD) 2, corresponds to Gj = 1.0.
Dean17 reports that 03a, which is a, in his terminology, is
about 0.3 based on experimental data.

Considering all of the preceding material, the value of B3o is
believed to be about 0.3 for the typical perforated sheet liner,
but for other surface sheet configurations, such as Brunsmet
or woven fiberglass, the value of 63 should be determined
through experiments.

A number of different expressions for the specific acoustic
reactance of a perforated liner surface have appeared in the
literature, where a major problem is that of evaluating the
"end effect" of an orifice flow. As a starting point, it can be
assumed that the flow is inviscid and that the end effects are
zero; then the surface sheet impedance is a pure reactance
given by

(26)

which is valid for a surface sheet of any thickness t, whether
large or small, and for an air-filled cavity of depth b. Since the
terms a2 cot2kb and o(cotkb) tan/:/ usually are small as
compared to 1, Eq. (26) can be written as

= (l/o)tankl (27)

as used by Bell et al.,8 where / has been replaced by the ef-
fective length /, which is larger than / by the amount of the
end effect on the orifice flow. Since kl usually is small as
compared to 1, xs usually is written as

s = kl/o (28)

Various expressions have been given for /. An often cited
expression is

I=t + 0.85d0d(l-0.71a») (29)

which was given by Garrison.18 The factor 60 is 1.0 for
"small" values of M^ and Mn, but it decreases to 0.38 for
larger values of these parameters, as discussed by Bell et al.8

However, recently published information suggests that / may
be represented more simply by

(30)

where a0 is an end effect factor. Rice11 has calculated the
value 00=0.25 for grazing flows. Dean17 suggests, based on
experiments, that a0 should be about 0.25 for grazing flows
above 30 m/s and 0.50 for zero grazing flow. Experiments by
the author also have indicated that a0 is about 0.25 for
grazing flows and somewhat higher without grazing flow. If
o = 0.1 and d0 - 0.38 in Eq. (29), the second term on the right-
hand side reduces to 0.25d, which is in complete agreement
with the grazing flow results quoted for Eq. (30). Hence, Eq.
(30) appears to be a simple and useful representation of /
where #0 = 0.25 for most grazing flow conditions and a0>
0.25 when grazing effects are "small" by some measure. For
materials such as Brunsmet, where o and d are not easily
defined, because of the small size of the pores or holes, some
type of experiment is required to determine \s.

Obtaining Liner Impedance Using
the Two-Microphone Method

As described earlier, the two-microphone test arrangement
has been used with either digital processing or narrowband
filtering to obtain the first Fourier components of each
pressure signal, which may be written in the form

(31)

for the cavity and the liner surface microphones, respectively.
The measured parameters A, B, and </> are used to obtain liner
impedance as a function of duct-flow Mach number,
frequency, sound pressure level, and liner geometry. The rms
sound pressure level on the liner surface is, of course, equal to
B\ and the duct Mach number and test frequency are known
from the test setup. The liner impedance may be calculated
from the equation

sinkb
:—————— <

H
sinkb

H (32)

a(cotkb)tankt]

In practice, the experimental values of El A and 0 are plotted
as functions of the dimensionless frequency kb, and these
functions are compared with calculations made for the
amplitude and the argument of J. Since the parameters 12, s, r,
Os, and x*» which are used to compute /, are known only to
some degree of approximation, some iteration of the
calculations generally is necessary to find values of the input
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Table 2 Liner design data

Identification
number
P-515

P-519

517
519
527

529

Cavity
material

Air

Air

Air
Scottfelt- 2-900
5 layers - air

layers alternating
with perforated
plate

1 1 layers - air
layers alternating
with perforated
plate

Cavity
depth
b, in.
0.650

0.351

0.750
2.000
0.830

0.875

Surface sheet
material

Perforated/ = 0.040 in.,
d=QA56 in., a = 0.0652

Perforated / = 0.040 in.,
rf=0.156 in., a = 0.0392

Brunsmet, 400 mks rayls
Brunsmet, 100 mks rayls
Brunsmet, 200 mks rayls

Brunsmet, 200 mks rayls

parameters so that computed values of J are in agreement
within experimental accuracy with the measurements.

Experimental Results
Experimental results are given here for several different

liner types, whose construction is summarized in Table 2. The
experimental data are compared with predictions by using Eq.
(32) and the appropriate input data.
Air-Cavity with a Brunsmet Surface (Liner 517)

Because of its air-filled cavities, liner 517 has ti = s= 1 and
r = 0, so that only 6S and xs

 nee^ be estimated for computing
J. Figures 7 and 8 show the experimental values of B, B/A,
and 0 as functions of M^ and kb. Also shown are
corresponding values of 171 and Arg /. These were calculated
using Eq. (17) and (28) with 07 =02 =0 and //a = 0.50 in. The
Brunsmet rating of 400 mks rayls implied that 60 = 1.0, but 00
had to be increased to 1.25 to obtain reasonable agreement
between / and Be'*I'A. Since a was unknown for the Brun-
smet material, values of l/o were varied until satisfactory
agreement with experimental results, but the scatter of the
results is such that the true value of 63 cannot be scatter
picked with precision. The parameters 00 and I/a were varied
simultaneously to obtain the results shown, as any change in
either parameter affected both I J\ and Arg J. Hence, the
main results of the testing were the experimentally determined
values of 6S and xs through the parameters 60, 03, and l/o.

Experimental values of B are shown in hundreds of Pascals
beside the data points in Figs. 7 and 8. Note that 200 Pa
corresponds to 140 dB and that 2000 Pa corresponds to 160
dB. When the siren pressure was reduced to zero, the overall

rms sound pressure level (SPL) on the liner surface was found
to be 97, 225, and 245 Pa for M^O.2, 0.4, and 0.6,
respectively. Hence, the flow noise, which was a broadband
noise, was much lower in any given narrow-frequency band
than the SPL in that same band generated by the siren.

Scottfelt-Cavity Liner with a Brunsmet Surface (Liner 519)
Liner 519 has a 2.00-in.-deep cavities filled with a Scottfelt

porous foam of grade 2-900, which can be compressed to
more than 10 times its initial thickness, indicating an open
volume ratio of Q>0.90. For this reason 0 = 0.9333 was
chosen in comparing experimental and calculated results.
These are shown on Figs. 9 and 10. Notice that /is a function
of both M,,, and/?5, where ps is the rms sound pressure level
on the liner surface; however, for an air-filled liner, as in Figs.
7 and 8, J does not depend on ps. This is a result of the fact
that the Scottfelt resistance parameter r is a function of u, and
that u is a function ofps. Data supplied by the Scott Company
were used in the equation

(33)

to compute R, where Ap is the pressure drop across a piece of
foam of thickness Ay with a steady-flow velocity v through
the foam surface. Then R was used in Eq. (10) with the result

r= (2400+ 720v)/f= ( r j + r 2 v ) / f (34)

where/is the frequency in Hertz and v is the velocity in meters
per second. For the calculated results, r was taken to be in the
form of Eq. (34) and v as the rms value of the acoustic
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Fig. 7 B/A and I J\ vs kb for liner 517.
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Fig. 8 </> and Arg / vs kb for liner 517.
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velocity. Then r}, r2, and s were varied until the experiments
and the calculations agreed, as shown in Figs. 9 and 10. For
this operation, r2 was maintained equal to 0.30 r/, and then
/•y and s were varied to fit the data. As was known by its
definition, s had to be larger than 1. The final values were r,
= 3900/s, r2 = 1170/m, and 5 = 2.0. As may be seen in the
figures, the agreement between calculations and experiments
was generally good, indicating that the solution to the dif-
ferential equations was representative of the physical
processes of the fluid flow in a porous liner.

Throughout the calculations, Eqs. (17) and (28) were used
for the impedance of the Brunsmet surface plate. As had been
found using liner 517,1/a was taken to be 0.50 in., and 00 was
equal to 0.32, or 25% larger than the value obtained based on
manufacturer's rating of 100 mks rayls. 63 was taken to be
0.6, which again is the right order of magnitude to give a
reasonable fit to the scattered data points in Fig. 10. With the
siren turned off, the flow noise levels on the liner surface were
90, 210, adn 235 Pa for M^ = 0.2, 0.4, and 0.6, respectively.
Air-Cavity Liner with a Perforated Sheet Surface (Liner P-519)

Experimental and calculated results for liner P-519 are
shown in Figs. 11 and 12. The calculations were performed
using 00=0, 0 y = 0.199 (kb) / / ',02 = 748, and B3= 7.91 in Eq.
(17) for 6S. These values for the 0's were obtained using Eqs.
(18, 19, and 24). Also, a0 = 0.3 was used in Eqs. (28) and (30)
to obtain \s. The comparison in Fig. 11 indicates general
agreement between B/A and \JI in Fig. 11 for thep5 = 200 Pa
and for M^ =0; however, forp5 in the range of 1000 to 2000
Pa, the B/A values generally are smaller than Ul, which
indicates that 62 should be decreased by about 25% from that
given by Eq. (19). The M^ parameter 03 is much too large for
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Fig. 11 B/A and I /I vs kb for liner P-519.

120

0 0.1
NUMBERS BY DATA
POINTS ARE MEASURED
VALUES OF B IN
HUNDREDS OF PASCALS

0.2 0.3
Kb

Fig. 12 o and Arg J vs kb for liner P-519.

good agreement. Tests of another perforated liner, P-515,
also indicate that 83 should be much smaller than that given
by Eq. (24) with G3=0.6. Hence, for these two liners, the
data indicate that the grazing flow effect is much less than
expected.

Figure 12 shows general agreement between 0 and Arg /,
although the scatter and inconsistency of the data prevent any
precise comparison. It is interesting that both the data and the
calculations show that, for the perforated sheet liner, the
relation between </> or Arg J and kb is more nonlinear than for
the Brunsmet sheet liner, shown in Fig. 8. The characteristics
of the curves are such as to reduce the absorptive bandwidth
of the perforated sheet liner in comparison to the Brunsmet
sheet liner. With the siren off, the flow noise levels on the
surface of liner P-519 were 250 and 1060 Pa for M^ =0.2 and
0.4, respectively.
Perforated-Plate Cavity Liner with a Brunsmet Surface (Liner 529)

As indicated by Table 2, liner 529 was built with a "cavity"
section consisting of 11 layers. Six of the layers are air spaces,
each with a thickness of 0.125 in. (3.2 mm). The six air layers
are alternated with five perforated sheet layers, each having a
thickness of 0.025 in. (0.64 mm) and an open area ratio of
0.21; the hole diameters are 0.046 in. (1.2 mm). The sheets
were aligned so that the holes of all sheets were in line with
each other. The intent of this structural design has been to
simulate the acoustic behavior of a porous material without
using very fine pore sizes, as would be obtained using an
acoustic foam. The perforated plate structure was judged to
be more practical than foam for aircraft applications, where
fluid contamination of the liner may be a problem.

Figures 13 and 14 show the experimental data and curves of
I / I and Arg J calculated for constant values of ps. Since the
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liner surface material is Brunsmet with a 200 mks rayl rating,
half the value of liner 517, 60 was taken to be 0.63. Also, it
was assumed that 0 y =0 2 =0 , 03=0.6, and I/a = 0.50 in. (13.6
mm). The volume ratio Q = 0.868, and s was at first estimated
to be 1.63. The parameter r was estimated to be (8.34
f~'/2 + \OQQvf~1), based on the perforated plate resistance
functions described earlier. Since these parameters resulted in
a bad match between the calculations and the experiments, the
values of r, s, and I/a were varied to find a better match. This
was only partly successful, as shown on the figures. The
figures were calculated using r=(8.34/~'/2 + 500i/~7),
5 = 2.0, and I/a = 0.25 in. The crux of the problem appears to
be the resistance paramter B0. To obtain better agreement, 00
needs to be small at high frequencies, kb near 1.0, so that \JI
can be as small as BlA\ however, at low frequencies, £&<0.5,
00 needs to be large, so that Arg J can be larger to match </>.
This brings into question whether the equation 0s = 00 + 03
MOO is the correct form for Brunsmet material; perhaps the 60
term should vary with frequency through some mechanism.
Notice that, when 0y is made nonzero, it varies like/'72, as
given by Eq. (18), which is opposed to the direction that 05
must follow if the experimental data are to be matched.

Since this matching problem could not be resolved in any
simple manner, the data were examined for any obvious
errors, but none could be found. In fact, the data are
remarkably self-consistent in view of the greater amount of
inconsistency in the data of Figs. 7-12. Furthermore, when the
data of liner 527, which was designed to be quite similar to
liner 529 except for the reduction in the number of layers,
were examined, it was found that the liner 527 data have the
same general characteristics as shown for liner 529. The two
perforated plates in the cavity region of liner 527 were
designed with a = 0.15 and with thicknesses of 0.040 in. (1.0
mm) each, so as to provide roughly the same flow resistance
as the five perforated plates of liner 529. Hence, the

Fig. 15 Calculated I f I vs kb for liner 519.
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Fig. 16 Calculated Arg f vs kb for liner 519.

possibility that the liner 529 data are significantly in error has
been largely dispelled.

One should note that if the perforated plates were removed
from the liner cavities so that only air space remained, or, in
other words, if fi = 5 -1.0 and r = 0, the liner characteristics
would be much different than in Figs. 13 and 14. Hence, the
perforated plates have some effect on liner performance
which is not understood, particularly in view of the fact that
the effect is in the direction of reducing the magnitude of J
near kb= 1.0. With the siren off, the flow noise levels on the
surface of liner 529 were 97,220 and 245 Pa for M^ = 0.2, 0.4,
and 0.6, respectively.

A Comparison of Porous and Air-Filled Liners
The amplitude and argument of the impedance of liner 519

is plotted as a function of kb in Figs. 15 and 16. For com-
parison, the impedance of an air-filled liner, called liner A, is
shown in Figs. 17 and 18. Both liners have a surface plate with
the same reactance xs» but the liner A surface plate has a
resistance 05, which has been varied as shown on the figures in
order to show the effects of changes in 6S. Since Os is a func-
tion of both 00 and M009 a change in 6S is equivalent to some
change in the surface sheet resistance 00, and/or a change in
A/..

At low frequencies, kb<QA, both liners have I f I, which is
dominated by the cotkb term in the formula for the reactance
of an air column of height b\ also, Figs. 16 and 18 show that
Arg f is approximately the same in this range of kb if 6S is
near 1.7 for liner A. At high frequencies, kb> 1.2, liner A is
very ineffective as an absorber because Arg f is either near 0
or positive, whereas Arg f should have a negative value of 15
to 50 degrees for good absorption according to the equations
for sound attenuation in a duct.19 In addition, good sound
absorption requires that I f I be near 1.2 (H/2irb) (kb), where
H is the height of a rectangular duct, implying that H/b
should be of the order of 12 at kb= 1 for liner 519, and, for
the same application, 6S of liner A should be on the order of 2.
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Fig. 18 Calculated Arg $* vs kb for liner A.

In general, it can be said for H/b near 12 and for an op-
timum 6S for liner A that the absorptive performance of both
liners will be about equal and will have peak attenuation for
kb in the range of 0.4 to 1.2. For kb<QA, both liners are
about the same, but their absorptivity is small. For kb> 1.2,
liner 519 has moderate absorptive performance, whereas liner
A has very poor performance. Hence, the porous liner has a
much wider frequency range for sound absorption than does
the air-filled liner.

Conclusions
A mathematical model of porous, point-reacting acoustic

liners has been developed and compared with results of testing
liner panels using the two-microphone technique. The main
conclusions are as follows:

1) The mathematical model shows good agreement with
experimental results. The porous liner is much more ab-
sorptive at high frequencies than an air-filled liner.

2) Tests of multilayer liners, made up of alternate layers of
air and perforated plates, have shown that the liners do not
perform in the manner predicted by the porous liner
mathematical model. A new model needs to be developed to
explain the apparently contradictory nature of the ex-
perimental results.

3) Self-generated noise can be a problem for liners with
perforated surface sheets. The problem can be alleviated by

using sufficiently small holes in the surface sheet, but more
work needs to be done to predict self-noise sound pressure
levels.

4) Mathematical models of liner surface sheet impedance
have been established for perforated sheets having hole
diameters of approximately 0.040 in. (1.0 mm) or larger, but
more work needs to be done, both theoretically and ex-
perimentally, to evaluate the impedance of porous sheets, in
particular where the hole sizes are much smaller than 0.040 in.
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