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Abstract

An experimental investigation into the acoustic suppression by single layer liners with simulated porous
honeycomb cores was conducted. The porous honeycomb was simulated by means of porous partitions
whose resistance was varied between zero (no partitions) and infinity (impervious partitions). In addition to
the resistance of the porous partitions, variation in the face sheet resistance was also included in the test
matrix. A wave tube test apparatus was designed, fabricated and set up. An array of 16 transducers was used
to measure the acoustic field in the wave tube. This allowed measuring of the acoustic attenuation data for
the different liner configurations. These data showed that for a given value of the face sheet resistance, the
variation in the resistance of the porous honeycomb had a significant impact on the acoustic attenuation.
r 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Acoustic liners are extensively used in the nacelles of turbofan engines for commercial aircraft.
The purpose of these liners is to absorb some of the noise generated by the fan before it radiates
out of the fan inlet and the fan exhaust ducts. In some instances, acoustic liners are also used in
the exhaust duct of the core engine to attenuate combustion and turbine noise. These acoustic
see front matter r 2004 Elsevier Ltd. All rights reserved.
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Nomenclature

c speed of sound
f acoustic frequency
h the depth of the liner cavity
i

ffiffiffiffiffiffiffi
�1

p

k acoustic wavenumber, k ¼ 2pf =c

m the coefficient of mass reactance
n a positive integer, including zero
p acoustic pressure
H the height of wave tube cross section
L length of the tube ðL ¼ 0:635mÞ

W the width of wave tube cross section
x location from source plane along the

length of wave tube
R normalized acoustic resistance
X normalized acoustic reactance
Z normalized acoustic impedance;

Z ¼ R þ iX
sdof single-degree-of-freedom (single layer)

acoustic liner

AN complex coefficient of the forward
propagating mode in segment #N

BN complex coefficient of the backward
propagating mode in segment #N

b the blockage (fraction of 1) of the
porous sheet used for partitions

CN ;1 the complex ratio sNð f Þs�1ð f Þ=
s1ð f Þs�1ð f Þ; the calibration of transducer
#N relative to transducer #1. s1ð f Þ and
sN ð f Þ are the signals sensed by the
transducers when subjected to identical
pressure oscillation pð f Þ

HN ;1 the complex ratio, pNð f Þp�
1ð f Þ=

p1ð f Þp�
1ð f Þ; of the acoustic pressures

measured by the transducer #N and the
reference transducer #1. The over-bars
denote the time averaging process in
signal analysis
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liners, based on the Helmholtz resonator principle, are normally of single or double layer design.
A great deal of attention is paid to the design and the fabrication of these liners to maximize their
effectiveness in order to meet the international noise regulations and the noise requirements of
some airports.
Conventional single-degree-of-freedom (sdof) or ‘‘single-layer’’ acoustic liners are constructed

with honeycomb core that has impervious cell walls. This ensures that there is little acoustic
transmission across the walls of honeycomb cells. It allows the liner to be treated as a uniform
array of Helmholtz resonators. Such liners are called ‘‘locally reacting’’. The acoustic damping
occurs due to viscous and rotational losses, as air particles oscillate through the porous face sheet.
The use of a porous honeycomb core will allow sound propagation across the cell walls. Thus

some damping of acoustic waves will also occur in the cell walls. Such liners are of the so-called
‘‘extended reaction’’ type. It was postulated [1,2] by some researchers that such liners may perform
like bulk absorbers to provide superior attenuation over a wider frequency range than conventional
single layer liners. The experiments described in this paper were designed to investigate the impact of
porous honeycomb on the acoustic suppression obtained with single layer liners.
Due to the great difficulty and the high cost of fabricating honeycomb cores with porous walls

of different porosity, it was decided to simulate the honeycomb core by means of partitions, as
illustrated in Figs. 1 and 3. These partitions divide the space behind the face sheet into small
cavities in the longitudinal direction. Within the frequency range of interest, the acoustic pressure
over the liner has no transverse variation. Therefore, there is no need to subdivide these cavities in
the transverse direction to simulate the honeycomb. It was observed [3] that liners with impervious
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Fig. 1. Picture of a liner without the face sheet.
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partitions, as described above, were ‘‘locally reacting’’ within the frequency range of interest, as
defined in this paper. Though not perfect, this simulation is considered to be a very good
approximation of honeycomb. Therefore, porous partitions do also simulate porous honeycomb
in the direction of sound propagation in the test apparatus.
Earlier experiments [3], conducted at GE Aircraft Engines, showed that compared to the liner with

impervious partitions, porous partitions did provide a broader bandwidth of suppression but it was
at the cost of reduced suppression near the peak attenuation frequency. In these experiments the
honeycomb core was simulated by partitions made of laser-drilled, porous sheet material. The cell
size was represented by the spacing between adjacent partitions. The cell depth and the cell wall
impedance characteristics were kept unchanged while the cell size was varied. For porous partitions,
the best results were obtained with the spacing of 0.00635m between adjacent partitions.
This earlier work was considered to be preliminary. The work presented in this paper was

undertaken to conduct a more systematic and thorough investigation of the acoustic attenuation
performance of single layer liners with porous honeycomb cores.
The measurement technique described in this paper, based on the cross-correlation of signals,

has been widely used by numerous researchers [5–8], and therefore it is well understood. The
success of the technique depends on the care taken in the calibration of the transducer channels
used in data acquisition, as highlighted in Section 4.
2. The test apparatus

2.1. Hardware

2.1.1. Liners
The parameters of interest in the design of a liner with porous honeycomb core are as follows:

(1) The impedance characteristics of the face sheet which depend on its geometrical details
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(thickness, hole-diameter, porosity, etc.). (2) The impedance characteristics of the porous walls of
the cells. These depend on its geometric details (effective porosity, hole-diameter of perforations,
thickness of cell walls). (3) The depth, h; of the honeycomb core and (4) the size of the cell.
The experiments were designed with constant values of the cavity depth ðh ¼ 0:0254mÞ; and the

size of the honeycomb cell (0.00635m). The honeycomb was simulated by means of partitions at a
spacing of 0.00635m. A liner sample, without the face sheet, is shown in Fig. 1.
It was decided to use so-called ‘‘linear’’ materials as face sheets in order to avoid additional

complexity due to the sensitivity of the acoustic impedance to the acoustic excitation levels. Three
wire-mesh-on-perforate type sheets were selected to simulate the variation in the impedance
parameters of the face sheet.
A laser drilled fiberglass-epoxy sheet simulated the porous honeycomb. The variation in the

resistance and the mass reactance of the porous partitions was achieved by the blockage of a
fraction of the holes in the sheet. This concept is illustrated in Fig. 2. Two different orientations of
the blockage strips were used, normal and parallel to the face sheet. The nominal values of
blockage used for the acoustic liner samples are shown in Table 1. The blockage value of 100%
signifies impervious partitions. The value of 0% blockage refers to the baseline (laser drilled)
porous sheet material. An additional liner with no partition in the cavity was also included for
testing. Parameters for the porous sheet partitions in the acoustic liner test samples are shown in
Table 2.
The case of no partitions represents zero impedance—the opposite of zero admittance,

for the impervious partitions. Thus a wide variation in the impedance of porous partitions
was simulated in the nine different cavities described above. Each one of these liner cavities
was tested with three different face sheets. Thus 27 different single layer liners were tested
(Table 3).

2.1.2. The wave tube

The acoustic measurements were conducted in the wave tube shown in Figs. 3 and 4. The wave
tube was of 0.0381-m �0:0381-m cross section and 0.635m long. On one end it was attached to an
acoustic driver and on the other end an acoustically absorptive termination was provided by a
0.0762m deep cavity filled with ‘‘bulk absorber’’ foam material. The acoustic liner was installed in
the middle of the wave tube, as shown in Fig. 3, to measure its acoustic attenuation.
A total of 16 miniature piezoresistive pressure transducers, (Endevco model 8506-2) were

installed to measure the acoustic field in the wave tube. There were two objectives for the acoustic
measurements. These were: (1) to measure the acoustic attenuation obtained by the liner sample
Fig. 2. Diagram showing stripes of blockage which increase the resistance and the mass reactance of the porous sheet

used for partitions: (a) 6 samples; (b) 2 samples.
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Table 1

Nominal values of blockage

Sample no. 1 2 3 4 5 6 7a 8a

Blockage (%) 0 40 60 70 80 100 60 80

aThe samples 7 and 8 were with the strips of blockage parallel to the face sheet.

Table 2

Parameters for the porous sheet partitions in the acoustic liner test samples: the effective porosity (POA), the

normalized resistance (R) and the mass reactance coefficient ðmÞ for different values of the blockage

Sample no. Blockage (%) Effective POA Coeff of mass Specific

reactance m (m) acoustic

resistance R

1 0 6.7 0.0071 0.57

2 40 4 0.0119 0.94

3 60 2.7 0.0178 1.41

4 70 2 0.0236 1.88

5 80 1.3 0.0356 2.83

Table 3

Acoustic resistance and the coefficient of mass reactance data for the three face sheets

Face sheet Resistance R Mass reactance

number coefficient (m)

1 0.14 0.0074

2 1.25 0.0056

3 1.68 0.0045

Fig. 3. Schematic diagram of the acoustic wave tube apparatus with the acoustic liner.
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with the transducer arrays ð1; 2; 3Þ and ð14; 15; 16Þ; and (2) to educe the acoustic characteristics of
the liner sample from the data measured just over it by the transducers #4 through #13.
The work of analyzing the data from transducers #4 through #13 is in progress at NASA

Langley Research Center. The results of this analysis, when completed, will be published in a
separate paper.
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Fig. 4. Photograph of the acoustic wave tube.
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2.2. Software

LabVIEW programming was developed for the acquisitions and the processing of the
transducer signals and for the computation of the acoustic attenuation spectra from the measured
data. The theory behind the calculation is described below.
3. Theoretical background

3.1. Wave propagation in the hard wall segments

Sound propagation in a hard-walled rectangular duct of uniform cross section, as illustrated in
Fig. 3, can be expressed in terms of the solutions (modes) of the wave equation, as

pðx; y; z; tÞ ¼
X

m

X
n

ðAmn expf�ikmnxg þ Bmn expfikmnxgÞ cos
mpy

H

� �
cos

npz

W

� �
expðiotÞ; (1)

where m ¼ 0; 1; 2; 3; 4; . . . ; n ¼ 0; 1; 2; 3; 4; . . . ; p is the acoustic pressure, Amn and Bmn are the
coefficients of the forward and backward propagating modes, o ¼ 2pf is the angular frequency, f
is the acoustic driving frequency, H is the duct height, W is the width of the duct, and kmn is the
axial wavenumber defined by the dispersion relationship

kmn ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fk2

� Z2mng

q
; (2)

where k ¼ o=c ¼ 2pf =c; Z2mn ¼ ðmp=HÞ
2
þ ðnp=W Þ

2:
It can be shown that for an acoustic mode to propagate and transmit acoustic energy, kmn must

be real [4]. This condition is satisfied if

kXZmn: (3)

Eq. (3) defines the frequencies at which an acoustic mode, of order ðm; nÞ; is able to propagate and
transmit acoustic energy. The mode ‘‘cut-on frequency’’ is defined as

ð f mnÞcut-onX
c

2p
Zmn: (4)
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For frequencies at or above the cut-on frequency, the ðm; nÞ mode can propagate. At frequencies
below the cut-on frequency the ðm; nÞ mode is naturally damped and cannot propagate. Note that
the plane wave mode (0,0) can propagate at all frequencies.
In this research project, measurements were limited to frequencies below the cut-on frequency

of the first transverse mode ðm ¼ 1; n ¼ 0Þ: For the duct height of 0.0381m, the cut-on frequency
of the first transverse mode, at room temperature (294K), is 4500Hz approximately. Therefore,
the acoustic wave propagation is reduced to a one-dimensional problem, as schematically
illustrated in Fig. 6. Below the cut-on frequency of the first transverse mode (4500Hz), the
acoustic pressure at any location x; is given by

pðx; f Þ ¼ A expð�ikxÞ þ B expðikxÞ: (5)

The transfer function for the acoustic pressures measured by a transducer #N; and the reference
transducer #1, is defined as

HN;1ð f Þ ¼ jHN;1ð f Þj expðifN;1Þ ¼
pNð f Þp�1ð f Þ

p1ð f Þp�
1ð f Þ

; (6)

where N ¼ 2 to 16. The over-bars in Eq. (6) denote the time-averaging process.

3.2. Relative calibration

The calibration of each transducer ð#NÞ; relative to the reference transducer (#1), was
conducted in a tube of 0.03175m diameter. The transducers were flush mounted in a hard wall
termination at one end of the tube while the other end was connected to a sound source. Up to the
frequency for the cut-on of the first circumferential mode, the two transducers were subjected to
identical acoustic signals. The relative calibration of the two transducers (the reference transducer
#1 and transducer N) is defined as

CN;1ð f Þ ¼
sNð f Þs�1ð f Þ

s1ð f Þs�1ð f Þ
; (7)

where N ¼ 2 to 16; s1ð f Þ and sNð f Þ are the voltage signals from the transducers when subjected to
identical pressure oscillation pð f Þ:
The measured values of the complex transfer-function HN;1ð f Þ; as defined in Eq. (6) are

corrected as

HN;1ð f Þcorrected ¼
fHN;1ð f Þgmeasured

fCN;1ð f Þgcalibration
: (8)

3.3. Verification of the relative calibration

After the calibration process was completed, the transducers were installed in the tube at
locations x1; x2; x3; . . . ;xN ; as illustrated in Fig. 5. The walls of the wave tube were acoustically
hard throughout its length. In addition, there was a hard wall termination at x ¼ 0:635m: The
verification of calibration consisted of a comparison of the measured data with the theoretical
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Fig. 5. Schematic diagram of the wave tube with two acoustically hard walls: one in place of the acoustic liner and a

hard-wall termination at x ¼ 0:635m:
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values given by

fHN;1ð f Þgcorrected ¼ AN;1ð f ÞeifN ;1 ¼
cosfkðxN � LÞg

cosfkðx1 � LÞg
; (9)

where L is the length of the wave tube ðL ¼ 0:635mÞ:
3.4. Acoustic attenuation

In the configuration illustrated in Fig. 6, the wave tube is divided into three segments.
In segments 1 and 3, both opposite walls are acoustically hard. In segment 2, one of the walls is
lined with an acoustically absorptive liner. The acoustic field in segment #1 consists of forward
(+ x-direction), and backward propagating plane waves. From the acoustic data, measured at
locations 1, 2, and 3, the following set of linear equations can be obtained:

expð�ikx1Þ expðikx1Þ

expð�ikx2Þ expðikx2Þ

expð�ikx3Þ expðikx3Þ

2
64

3
75 A1

B1

( )
¼

1

~H2;1

~H3;1

8><
>:

9>=
>;p1ðx; f Þ: (10)

Similarly, from the data measured at locations 14, 15, and 16, we get the following set of linear
equations:

expð�ikx14Þ expðikx14Þ

expð�ikx15Þ expðikx15Þ

expð�ikx16Þ expðikx16Þ

2
64

3
75 A3

B3

( )
¼

~H14;1

~H15;1

~H16;1

8><
>:

9>=
>;p1ðx; f Þ: (11)

Eqs. (10) and (11) can be solved to obtain the complex coefficients A1;B1;A3;B3: The acoustic
attenuation (dB) due to the liner is defined as

Attenuation ðdBÞ ¼ 10Log10
jA1j

2

jA3j
2
: (12)

Note that the reflected or backward propagating coefficients are not included in the calculation of
the acoustic attenuation.
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Fig. 6. Schematic diagram of acoustic wave propagation in a two-dimensional duct.
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4. Results and discussion

In each of the two hard wall segments, we needed to determine two unknown coefficients
(A and B) for which we required only two equations, and therefore, acoustic measurements at
only two locations. Instead we measured data at three locations. Thus the values of the
coefficients determined from Eqs. (10) and (11) represent a least-squares fit of the measured data
at three locations. It also provides accurate data over a larger range of frequencies than obtained
with measurements at only two locations. The spacing between the transducers was determined to
provide good accuracy between 500 and 4000Hz.
The acoustic test data have to be accurate, repeatable, and reproducible so that any conclusions

from these data may be drawn with confidence. Therefore, a test process and procedures,
described in Fig. 7, were established to accomplish this. The experiments were conducted in four
steps: (1) a relative calibration of the transducers was performed to correct for any differences of
sensitivity or phase when the transducers were subjected to an identical acoustic signal; (2) a
verification of this calibration, devised to conduct an in situ check of the relative calibration of all
transducers; (3) the attenuation tests of the liner test samples; and (4) attenuation tests with a
different orientation of the blockage strips to check if this orientation has an impact on the
acoustic attenuation.

4.1. Relative calibration of the acoustic transducers

The rationale for the relative calibrations is to correct for the small differences in the response
characteristics of the different transducers to identical acoustic signals. An example of the
calibration of transducer #2 relative to the reference transducer #1 is shown in Figs. 8 and 9.
If transducers #1 and #2 had identical response characteristics, then the calibration, C2;1ð f Þ;

would be unity at all frequencies. However, real transducers have slightly different response due to
variations in manufacturing processes. In addition, the signal conditioning amplifiers and cables
also contribute to differences in response. Therefore the real part of the calibration C2;1ð f Þ is
expected to be close to unity, and the imaginary part is expected to be close to zero. This is what is
shown in Figs. 8 and 9. Note that the measured calibration data show slight sinusoidal
contamination, which seems to grow in magnitude with increasing frequency. This is probably due
to the contribution of the first higher order cut-off mode ðm ¼ 1Þ in the calibration fixture.
Alternatively, this may be due to resonance phenomena based on the overall length of the tube.
The data were smoothed by fitting second-order polynomials through measured values between
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Fig. 7. The process map used for conducting attenuation tests on acoustic liner samples in the wave tube apparatus.
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500 and 5000Hz. These polynomials were used to generate calibration data files that were used to
correct all subsequent test data.

4.2. Calibration checks

The measured data for the transfer-function, H3;1ð f Þ; of pressures at locations #3 and #1 are
shown in Figs. 10 and 11. The measured values of the magnitude and the phase indicate a small
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amount of damping in the wave propagation inside the wave tube. Thus, good agreement between
the measured and the computed data was obtained when a damping coefficient value of 0.118/m
was used. It is noted that this value for the damping coefficient is a rough approximation only.
The test data indicate that the damping varies with frequency.
Examination of Fig. 10 shows that the difference between the computed and the measured data

can be significant at the frequencies of the peaks of the transfer-function, H3;1ð f Þ: At these
frequencies, the acoustic pressure at the reference transducer approaches zero. Therefore,
measurement uncertainties are magnified. These frequencies are given by

f n ¼
ð2n þ 1Þc

4x1
; (13)

where n ¼ 0; 1; 2; 3; 4; . . . .
Another way to check the accuracy of the transducer calibrations is to plot the ratio of the

acoustic pressure at any location x (from the hard termination), and the pressure at the reference
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location #1. A typical example of such plots is shown in Fig. 12. It shows the measured and the
computed values of the magnitude and the phase of the ratio pðxÞ=pðx1Þ; plotted against the
location, x: There is very good correlation between the computed data and the measured values at
the 16 transducer locations.
The calibration checks were performed before and after conducting the tests on the acoustic

liner configurations of Table 1. The quality of these checks was judged to be satisfactory.

4.3. Acoustic attenuation data

4.3.1. Repeatability of testing

Before any discussion of the trends observed from the measured attenuation data, it is
appropriate to discuss the repeatability of the test data. Fig. 13 shows the data from four
different tests on the same liner configuration. The three continuous plots represent data



ARTICLE IN PRESS

0

2

4

6

8

10

12

14

0 1000 2000 3000 4000

Frequency (Hz)

A
tt

en
u

at
io

n
 (

d
B

)

Fig. 13. Plots show typical examples of the repeatability of measured attenuation spectra. Continuous charts were

obtained with broadband excitation. The squares show data obtained with discrete excitation. Solid line for first test,

dotted line for second test, dashed line for third test, and squares for test with tones.

N. Hillereau et al. / Journal of Sound and Vibration 286 (2005) 21–36 33
measured with broadband excitation. The frequency step for these measurements is 4.88Hz.
Thus, between 500 and 4000Hz, there are over 700 frequency points for which attenuation
data is computed. The fourth set of data was obtained with discrete (tonal) excitation. It is
clear from Fig. 13 that within the measurement repeatability, the data from the tests with
tones are not different from those obtained with broadband excitation. This is what was
expected from the so-called linear sheet materials used in the construction of liner test
samples.
4.3.2. The effects of the orientation of the blockage strips on the porous partitions
The two liner cavities with partitions that had the blockage stripes parallel to the face sheet were

also tested with each of the three face sheets. Fig. 14 shows that the orientation of the blockage
stripes had little impact on the attenuation spectra. Any observable differences may be due to
small differences in blockage and due to measurement repeatability.
4.3.3. The effects of changing the impedance of the porous partitions
The impedance of the porous partition was varied from 0 (no partitions) to very large values

(impervious partitions). The effects of this variation on the attenuation are plotted for each of the
three face sheets in Figs. 15–17.
It can be seen that for each face sheet, the effect of reducing the impedance of partitions caused

some improvement in the attenuation at higher frequencies. However, this was achieved at the
expense of reduction in suppression near the frequency of peak attenuation.
4.3.4. The effects of changing the impedance of the face sheet
It can be observed from the plots in Fig. 18 that the impedance characteristics of the face sheets

have a strong impact on the attenuation achieved by a liner.
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5. Conclusions

The simulation of porous honeycomb by means of porous partitions is considered to be
satisfactory for the experiments with single mode propagation, described in this paper. It is not a
complete simulation of the multi-mode propagation over an acoustic liner in an engine duct.
However, the data presented in this paper may point to a possible impact on the attenuation
performance of a honeycomb with porous cell walls, if incorporated in liner design. An
examination of the test data leads to the following conclusions:
�
 The robust test apparatus and measurement technique described in this paper are capable of
accurate and repeatable measurements of (1) the normal acoustic impedance; and (2) the (single
mode) acoustic attenuation (dB) for acoustic liner samples.
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�
 A reduction in the resistance of the porous partitions results in reduced suppression at and near
the peak of the attenuation spectrum, and a small increase in suppression at higher frequencies.
The reduction in suppression at and below the peak frequency is much larger than the
corresponding increase in suppression at the higher frequencies.
�
 For given values of the cavity depth and the face sheet resistance, the best attenuation results
appear to be achieved by impervious partitions. Thus, locally reacting liners represent the most
effective acoustic design.
�
 Fluid drainage slots, incorporated in the honeycomb core of single or double layer acoustic
liners installed in aircraft engine ducts, can significantly impair their sound suppression
capability.

Further investigation into the impact of drainage slots will continue.
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