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Results achieved with three acoustic liner configurations are used to evaluate the effects of
recent modifications to the NASA Normal Incidence Tube and Grazing Flow Impedance
Tube. These include a calibration liner, a wire mesh liner, and a perforate liner. The effects
of source type, source level, and mean flow Mach number on the impedances educed with
these liners are explored. Existing models are used to predict the impedance for each test
condition, and are compared with educed impedance spectra to determine their validity.
The results suggest that educed impedances are similar for either a stepped sine or swept
sine source. The predicted models are acceptable for the perforate liner, and are quite
good for the calibration and wire mesh liners.

I. Introduction

Acoustic liners are used extensively throughout the aircraft nacelle inlet and aft-bypass duct to absorb
tonal (e.g., noise due to rotor-alone and rotor-stator interaction) and broadband (e.g., noise due to turbulent
flow through the nacelle) noise generated by the fan in commercial subsonic aircraft. Although these liners
provide significant fan noise reduction, there is continual pressure to develop improved liner concepts in
order to meet the ever-tightening noise restrictions imposed by the International Civil Aviation Organization
(ICAO) and the Federal Aviation Administration (FAA) for commercial aircraft. A key parameter in the
development of improved acoustic liners is acoustic impedance, which is the ratio of the Fourier transforms
of the acoustic pressure and the normal component of acoustic particle velocity time histories at a point of
interest (e.g., at the surface of the liner).1

The NASA Langley Research Center has developed multiple test rigs for use in the eduction (inference)
of acoustic impedance.2 Two of the more commonly used test rigs are the Normal Incidence Tube (NIT)
and Grazing Flow Impedance Tube (GFIT). The NIT supports evaluation of acoustic liners over a range
of frequencies and source sound pressure levels (SPLs) in the absence of flow. Complex acoustic pressures
measured at two distances from the liner surface are used to compute the acoustic impedance of the liner.
The GFIT allows the effects of tangential mean flow to be taken into account, albeit via a more complicated
computational analysis. Complex acoustic pressures acquired along the wall opposite the liner are used to
educe the acoustic impedance of the liner.

The purpose of this study is three-fold. The first goal is to acquire data in both test rigs using a set of
common liners: (1) a calibration liner, (2) a wire mesh liner, and (3) a conventional perforate liner. These
liners are chosen to cover a range of linearity (sensitivity to source SPL). Data are acquired in the NIT
and GFIT with different source types and multiple source SPLs, frequencies, and mean flow Mach numbers.
The second goal of this study is to compare acoustic impedance spectra measured with these two test rigs.
The Two-Microphone Method2–4 and Prony Method5,6 are used with NIT and GFIT data, respectively.
The third goal is to compare the educed impedances with those predicted using two impedance prediction
codes, ZKTL7 and TPM.8 The surface impedance spectra for the calibration and wire-mesh liners should
be predictable from first principles, whereas the models used to predict the impedance for the conventional
perforate liner are semiempirical. Finally, these data will be made available to the public to enable others
to compare their respective analysis techniques with the NASA results on a common database.
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This paper is organized into seven sections. Sections II and III provide descriptions of the test rigs and
test liners. Sections IV and V present the impedance eduction and prediction methods used to evaluate
these test liners. Results are presented in Section VI, and key findings are summarized in Section VII.

II. NASA Test Rigs

Figure 1 provides a photograph of the NASA Normal Incidence Tube (NIT). This device uses six 120 W
compression acoustic drivers to produce a sound field that impinges on the surface of the acoustic liner.
The 2”×2” waveguide is approximately 36” long and contains three flush-mounted microphones. A reference
microphone located 0.25” from the surface of the liner is used to ensure that the liner is exposed to the
desired sound pressure level (SPL). Two measurement microphones are positioned 2.50” and 3.75” from the
liner surface, and are mounted within a rotating plug such that their positions can be precisely interchanged.
This capability is of particular value for the Two-Microphone Method,3,4 in that it allows intrinsic amplitude
and phase errors due to mismatched calibrations of the two microphones to be eliminated.

(a) Full NIT. (b) Close-up view of measurement section.

Figure 1: NASA Normal Incidence Tube (NIT).

Two source types are considered, stepped sine and swept sine. For the former, tones at selected frequencies
(0.1 kHz increment) are tested one at a time. A controlled-amplitude, swept-sine source9 allows the source
magnitude to be maintained to within ±0.5 dB of the target while the frequency is swept through the range
of interest. This method provides data at approximately 5 Hz increments over the frequency range of 0.4 to
3.0 kHz. Data are acquired at source levels of 100, 120, and 140 dB to allow evaluation of the effects of liner
nonlinearity.

The NASA Langley Grazing Flow Impedance Tube (GFIT, Fig. 2) has a cross-sectional geometry of
2.0”-wide by 2.5”-high, and allows evaluation of acoustic liners with lengths from 2.0” to 24.0”. The surface
of the test liner forms a portion of the upper wall of the flow duct. Twelve acoustic drivers form an upstream
(exhaust mode) source and six acoustic drivers form a downstream (inlet mode) source. Exhaust mode data
are used for the current investigation.

The same source types are employed for the GFIT, except the frequency resolution for the swept-sine
source is set to 10 Hz. Data are acquired at frequencies of 0.4 to 3.0 kHz and at centerline Mach numbers of
0.0, 0.3, and 0.5 (Mach 0.5 data will be made available, but are not presented herein for the sake of brevity).
There are 95 microphones mounted in the rigid walls of the waveguide, with 53 flush-mounted in the lower
wall (opposite the liner) of the GFIT. Acoustic pressures measured with these lower-wall microphones are
used with the Prony Method to educe the impedance of the test liner.
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Figure 2: Sketch of Grazing Flow Impedance Tube (GFIT).

III. Acoustic Liners

Three liner configurations were considered (Fig. 3) for this investigation. Two samples were constructed
for each configuration to allow testing in the NIT and GFIT.

(a) Calibration liner. (b) Wire mesh liner. (c) Perforate liner.

Figure 3: Sketches of test liners.

The first configuration, labeled CSQ3, is comprised of 0.05”×0.05” square chambers with a core depth of
3.0” (Fig. 3a). The NIT version of this liner consists of a 19×19 array of chambers distributed over a 2”×2”
active surface, providing an open area ratio of 0.22. No facesheet is required because of the small diameter
of the chambers. Instead, acoustic resistance is achieved via viscous losses along the inner walls. The GFIT
version of the CSQ3 consists of eight replications of the active portion (19×19 array) of the NIT geometry,
and has a total liner length of 16”. The CSQ3 liner is labeled as a “calibration liner” because it can be easily
modeled using the ZKTL model (Sec. V). Also, the chamber length to diameter ratio is greater than 50,
which causes the liner to exhibit linear behavior (i.e., minimal effects of source SPL or tangential flow on
the surface impedance).

The second configuration consists of a wire mesh facesheet mounted over a core (Fig. 3b). The NIT
version of this liner, labeled E15R27, consists of a piston sleeve adjusted to provide an empty core depth
of 1.5” with a rigid backplate. A 27 cgs rayl wire mesh is mounted to the surface of the piston sleeve via
double-back tape to minimize vibration. Since this sample has a cross section of 2”×2”, only plane waves
are present within the core over the frequency range of interest (up to 3.0 kHz). Therefore, honeycomb
core material is not required to ensure local reaction. The corresponding GFIT version of the wire mesh
liner, labeled C1R27, has a 2.0”×23.5” active surface and contains 1.5”-deep conventional honeycomb core
mounted over a rigid backplate. The diameter of the core chambers is approximately 0.375”. The 27 cgs rayl
wire mesh material is used as the facesheet for this liner.

The last configuration considered is the conventional perforate liner (see Fig. 3c). Nearly all acoustic
liners currently used in commercial aircraft are constructed in this manner. Depending on the particular
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application, there may also be a porous septum embedded within the core, but this configuration was not
included in the current study. NIT and GFIT versions of a perforate liner, labeled GE01, were used in this
study. Each of these liners has a 1.5”-deep honeycomb core (same as used for the wire mesh liner) covered by
a perforated facesheet. This 0.025”-thick facesheet has 0.039”-diameter perforations and an open area ratio
of 0.087. The NIT version has a 2”×2” active surface, and the GFIT has a 2”×16” active surface.

IV. Impedance Eduction Methods

The Two-Microphone Method2–4 is used with data acquired in the NIT to determine the impedance at
the surface of the test liner. This method requires acoustic pressures to be measured at two prescribed
distances from the liner surface (Fig. 1). A switching method is employed via a stepper motor to precisely
interchange the locations of the two microphones, which are flush-mounted within a rotating plug. The
acoustic pressures are measured with the two microphones in one orientation, the plug is rotated, and the
acoustic pressures are measured again with the microphone locations in the reverse orientation. The two sets
of readings are geometrically averaged, taking into account the respective orientations, to determine the true
acoustic pressures at each location. These acoustic pressures are used to separate the incident and reflected
(from the surface of the liner) signals, thereby allowing the impedance of the test liner to be computed.

The Prony Method used with GFIT data is based on de Prony’s original analysis.10 It assumes the liner
has infinite length and the sound field is unidirectional. As such, reflections at the leading and trailing edges
of the liner are neglected in the analysis. Application of this method for liner impedance eduction has been
described in earlier papers.5,6 The axial wavenumber is determined from the acoustic pressures measured
with the microphones on the wall opposite the uniform-impedance liner. This wavenumber is input to the
Myers impedance boundary condition11 to compute the impedance of the test liner.

V. Impedance Prediction Methods

Different impedance prediction methods are used for each liner type. The Zwikker-Kosten Transmission
Line Method (ZKTL)7 is used for the calibration liner. This method uses a transmission line model based on
the analysis of Zwikker and Kosten12 to predict the acoustic impedance of an individual liner chamber. The
calculation starts with a rigid-wall backplate assumption, then marches through the individual layers of the
liner to compute the acoustic pressure and velocity at the surface of the liner, from which the impedance can
be computed. The transmission line calculations are based on the characteristic impedance and propagation
constant of each layer, which can be easily calculated based on the liner geometry.

The impedance of wire mesh liners is found from first principles. The wire mesh liners are comprised of
a wire mesh facesheet and a core. The core is empty for the NIT samples, and is filled with conventional
honeycomb material for the GFIT sample. Given the diameter of the core chambers (approximately 0.375”),
the acoustic resistance achieved via viscous losses along the chamber walls is negligible. Thus, the resistance
of the liner is almost entirely provided by the wire mesh. The wire mesh provides negligible mass reactance,
so the reactance of the liner is based on the cavity depth. As such, the surface impedance, ζwm, for a wire
mesh liner is well described by

ζwm =
Rf

ρc
− i cot (kD) , (1)

where Rf , k, and D are the DC flow resistance of the wire mesh, the freespace wavenumber, and the core
depth, respectively, and ρ and c are the density and sound speed of air. (An eiωt time convention is assumed
throughout this paper.)

Finally, the Two-Parameter Model (TPM)8,13 is used for prediction of the impedance change across a
perforate facesheet. This model seeks to account for viscous, nonlinear, and grazing flow contributions to
the facesheet resistance. The perforate facesheet is treated as a lumped element, such that the acoustic
oscillatory flow through the perforate can be treated as locally incompressible and quasisteady.

The first two methods (ZKTL and Equation [1]) are linear calculations, i.e., independent of source level.
However, the TPM employs a nonlinear calculation and therefore requires the source level to be specified.
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VI. Results

Figures 4 - 6 present impedance spectra educed with three liners (CSQ3, E15R27, GE03) mounted in
the NIT. Each figure contains results educed from stepped sine and swept sine data (denoted as St and Sw,
respectively) acquired at source levels of 100, 120, and 140 dB. Predicted impedances (denoted as P) are
also included. All impedances are normalized by the quantity ρc in this paper.
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Figure 4: Comparison of predicted (P) and educed impedance spectra - CSQ3 liner in NIT. St and Sw
represent impedances educed with stepped and swept sine data, respectively.

The first result is for the calibration liner, CSQ3 (Fig. 4). As shown in Figure 3a, the chambers are
quite small and there is no facesheet. Hence, the viscous losses along the walls of these chambers are
responsible for the majority of the liner resistance. As expected, the reactance follows a classical − cot(kD)
pattern. Because of the large depth of these chambers (3.0”), antiresonance occurs near 2.1 kHz, with a
corresponding strong peak in resistance. Differences between the results attained with two source types and
over this wide range of source SPLs are negligible; i.e., this liner is linear over this regime. The educed and
predicted impedances compare favorably except for frequencies near the strong antiresonance (approximately
2.1 kHz). This deviation near antiresonance is expected. The liner is a poor absorber at frequencies where
the magnitude of the impedance becomes large, which introduces potential error into the impedance eduction
process. However, impedances educed at these frequencies are generally of less importance because of this
poor absorption.
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Figure 5: Comparison of predicted and educed impedance spectra - E15R27 liner in NIT.

Corresponding results for the 1.5”-deep wire mesh liner are presented in Figure 5. Note that although
there are perceptible differences between the results attained over this wide range of source SPLs, this liner
is also very linear. As noted earlier, the resistance for this liner is provided by the wire mesh with DC
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flow resistance of 27 cgs rayls. This corresponds to a frequency-independent normalized resistance of 0.65.
Although there is some scatter in the educed resistance spectra at the lower frequencies, the educed and
predicted resistance spectra compare favorably over the full frequency range. Scatter in the low-frequency
data has been addressed in earlier studies,14 where it was demonstrated that poor attenuation reduces the
efficacy of the impedance eduction process. Specifically, this scatter could be reduced if the core depth was
adjusted to move resonance closer to this frequency range, albeit with a corresponding increase in scatter at
some other portion of the frequency range. As expected, the reactance follows a classical − cot(kD) pattern.

Figure 6 presents results for the GE01 conventional perforate liner. Again, due to the chamber diameter,
minimal resistance is provided by viscous losses along the chamber walls and the resistance is mostly due
to the perforate facesheet. Two key results are readily apparent in the resistance data. First, although the
predicted resistance spectra track the educed resistance spectra reasonably well (note the reduced scale), the
predicted values are consistently lower. However, the comparison becomes more favorable for the 140 dB
data.
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Figure 6: Comparison of predicted and educed impedance spectra - GE01 liner in NIT.

Also, the educed results are virtually independent of the source type (stepped and swept sine). The
nonlinearity of this configuration is readily apparent. An increase of the source SPL from 100 to 120 dB
has limited effect on the resistance, but an increase to 140 dB causes a noticeable increase in the resistance
spectrum. As is generally the case, the reactance spectrum is much less sensitive to changes in the source
SPL and, with the exception of an anomalous result at 2.1 kHz, the educed and predicted reactance spectra
compare favorably.

Figures 7 - 9 present results for data acquired in the GFIT at Mach 0.0 with source SPLs of 120 and
140 dB. These results should be very similar to those educed from NIT data, with a few key differences.
First, an acoustic pressure plane wave impinges uniformly onto the entire surface of the NIT sample at
the prescribed source level. This same source level is present at the leading edge of the liner in the GFIT.
However, attenuation over the length of the liner can cause nonlinear effects to become evident with changing
SPL. It should be noted that the Prony Method assumes the liner to present a uniform impedance. If the
liner is perfectly linear, changes in SPL over the length of the liner should have limited effect on the educed
impedance.

Another key difference is in the approach used to perform the impedance eduction. The Prony Method
assumes the liner to have infinite length, such that there are no reflections from the leading and trailing
edges of the liner or from the upstream and downstream terminations of the duct. Deviations from this
assumption cause the impedance eduction process to become less robust. Also, it is important to note that
there may be slight manufacturing differences between the NIT and GFIT samples.

The Mach 0.0 GFIT results for the CSQ3 liner (Fig. 7) are very similar to those acquired in the NIT
(Fig. 4). The effects of source type and source SPL on the educed impedances are negligible, and the largest
deviations from the predicted values occur near antiresonance (recall the limitations due to poor attenuation).
Otherwise, the comparison of predicted and educed impedances is very good, albeit slightly less favorable
than was observed with the NIT data.
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Figure 7: Comparison of predicted and educed impedance spectra - CSQ3 liner in GFIT, Mach 0.0.

Source type and source SPL effects remain minimal for the C1R27 liner (Fig. 8), confirming the linearity
of the sample. However, there is slightly increased separation relative to the NIT results shown in Fig. 5
(note the small scale of this figure) between the predicted and educed resistance spectra at the lower and
upper extremes of the frequency range. Recall that there are eduction limitations due to poor attenuation
at the lower frequencies. Note also that the C1R27 liner contains honeycomb core, whereas the E15R27
liner had an empty core. Regardless, the comparison is quite favorable. Again, the educed and predicted
reactance spectra are nearly identical.
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Figure 8: Comparison of predicted and educed impedance spectra - C1R27 liner in GFIT, Mach 0.0.

The corresponding GE01 results are presented in Figure 9. Again, the stepped sine and swept sine source
results compare favorably. The resistance spectra educed for a source level of 140 dB are slightly higher than
those for a 120 dB source, but the difference is less than that observed with the NIT data.

Note the strong difference between the predicted (black dashed line) and educed (blue dashed line)
resistance spectra for the 140 dB case, especially for frequencies near resonance where the impedance eduction
process would be expected to provide quality results. Recall that the Prony Method assumes the liner to
present a uniform impedance over the length of the liner. This assumption is valid for a linear liner, where
the impedance is independent of the SPL present at the liner surface (this explains the favorable comparisons
seen in Figures 7 and 8). However, attenuation over the length of a nonlinear liner such as the GE01 causes
the SPL to continuously decrease, and this attenuation may be significant for frequencies near resonance.
When this occurs, the impedance of this nonlinear liner will also change over the length of the liner. Since the
Prony Method treats the entire liner as having a single uniform impedance, this educed impedance should
be expected to be a ‘weighted average’ of the impedances present over different portions of the liner. Thus,
since the attenuation for the GE01 liner (140 dB case) is driving the SPL toward (or perhaps below) 120 dB,
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the impedance educed with the Prony Method approaches that predicted for a liner subjected to a 120 dB
sound field (black dotted line).

Similarly, the resistance educed for the test with a 120 dB source should compare more favorably with the
prediction for a liner subjected to a 100 dB sound field. However, recall that the 100 and 120 dB predictions
are quite similar (linear regime), so this effect is less pronounced. While there is a slight separation from the
prediction, the educed reactance spectra are relatively unaffected by changes in the source level.
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Figure 9: Comparison of predicted and educed impedance spectra - GE01 liner in GFIT, Mach 0.0.

Figures 10 - 12 present the corresponding GFIT results acquired with Mach 0.3 tangential flow. Recall
that the ZKTL model that is used to predict the impedance for the CSQ3 liner does not include effects of
source SPL or mean flow. Thus, the favorable comparison between educed and predicted impedances (away
from the antiresonance frequency) confirm that these effects are negligible for this type of liner.
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Figure 10: Comparison of predicted and educed impedance spectra - CSQ3 liner in GFIT, Mach 0.3.

Note the increased scale for the resistance results acquired with the C1R27 liner in Mach 0.3 tangential
flow (Fig. 11). This change is needed to allow presentation of the anomalous behavior at the lower fre-
quencies, and therefore tends to obscure small differences between predicted and educed resistance spectra.
Nevertheless, the educed and predicted impedances are very similar except at the lowest frequencies (up to
about 0.7 kHz).

Again, the perforate liner (Fig. 12) provides interesting results. As shown earlier, there is increased scatter
at the lower frequencies. Otherwise, the effects of source type are again demonstrated to be negligible.
Perhaps more interesting, the effects of source SPL are also quite minimal. The increase in resistance
(predicted and educed values of about 0.7 and 0.8, respectively) due to the mean flow tends to linearize the
liner, i.e., reduces the effects of acoustic particle velocity (and thus, the effects of source SPL) on the educed
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resistance. It is perhaps useful to note that the amount of attenuation achieved at Mach 0.3 is typically less
than that achieved at Mach 0.0. Thus, the effects of attenuation on the impedance eduction process should
be subdued. There is also more separation between predicted and educed reactance spectra for this case.
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Figure 11: Comparison of predicted and educed impedance spectra - C1R27 liner in GFIT, Mach 0.3.

The last set of figures presents comparisons of predicted and measured acoustic pressure profiles. This is
the key test for an impedance eduction process, as the main goal is to be able to properly describe the effects
of the acoustic liner on the propagated sound field. For each of the three GFIT liners, the measured source
and exit plane acoustic pressures and the corresponding liner impedances are used as input to the CHE
propagation code15 to predict the sound pressure and phase axial profiles. These input impedance values are
taken from those educed with the Prony Method at 1.0, 1.5, and 2.0 kHz for the Mach 0.3 flow and 140 dB
source. Predicted acoustic pressure profiles are compared against the corresponding measured data. In these
figures, solid and dotted lines depict predicted and measured results, respectively, and different colors are
used for each of the three selected frequencies.
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Figure 12: Comparison of predicted and educed impedance spectra - GE01 liner in GFIT, Mach 0.3.

Figure 13 presents the results for the CSQ3 liner. This liner provides significant attenuation (∼30 dB)
at 1.0 kHz. According to the results shown in Figure 10, resonance occurs very near 1.0 kHz, so this result
should not be that surprising. Note also that the predicted and measured profiles (both SPL and phase)
compare very well. Much less attenuation is observed at 1.5 kHz, and virtually no attenuation occurs at
2.0 kHz (near antiresonance). Nonetheless, the predicted and measured profiles continue to track well.

For the wire mesh liner (Fig. 14), excellent attenuation (>35 dB) is achieved at the upper two frequencies,
and about 10 dB attenuation is achieved at 1.0 kHz. Favorable comparisons between the predicted and
measured results are again observed.
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The perforate liner (Fig. 15) also provides good attenuation - approximately 8 dB, 18 dB, and 23 dB
at frequencies of 1.0, 1.5, and 2.0 kHz, respectively. Again, the predicted and measured acoustic pressure
profiles track very well.
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Figure 13: Predicted (P) and measured (M) acoustic pressure profiles; CSQ3 liner, Mach 0.3, 140 dB source.
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Figure 14: Predicted (P) and measured (M) acoustic pressure profiles; C1R27 liner, Mach 0.3, 140 dB source.

90

100

110

120

130

140

150

0 5 10 15 20 25 30 35 40

SP
L,

 d
B

Axial location, in

P (1.0 kHz) M (1.0 kHz)
P (1.5 kHz) M (1.5 kHz)
P (2.0 kHz) M (2.0 kHz)

(a) Sound pressure level.

-180

-120

-60

0

60

120

180

0 5 10 15 20 25 30 35 40

Ph
as

e,
 d

eg

Axial location, in

(b) Phase.

Figure 15: Predicted (P) and measured (M) acoustic pressure profiles; GE01 liner, Mach 0.3, 140 dB source.
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VII. Concluding Remarks

This paper has presented the results of an ongoing study to evaluate the effects of recent modifications
to the NASA Langley Research Center Normal Incidence Tube (NIT) and Grazing Flow Impedance Tube
(GFIT). Three liners were evaluated in both test rigs to explore the effects of source type, source level, and
mean flow Mach number on the impedance eduction processes. These included a calibration liner, a wire
mesh liner, and a conventional perforate liner, chosen to cover a range of linearity. Impedances educed in
the NIT and GFIT were compared against impedances predicted with three methods, one for each type of
liner. A number of conclusions can be drawn from these results:

1. Good agreement is observed between impedances educed with stepped sine and swept sine sources.

2. The reactance spectra for each of the three test liners is virtually independent of source level, source
type, or Mach number.

3. The effects of source SPL up to 140 dB on the educed resistance are neglibile for the calibration and
wire mesh liners.

4. The resistance for the perforate liner increases slightly as the source level is increased from 100 to
120 dB, and experiences a more pronounced increase as the level is further increased to 140 dB. An
increase from Mach 0.0 to Mach 0.3 causes the resistance to increase further (higher than that attained
for 140 dB at Mach 0.0).

5. The impedance eduction process becomes less robust at frequencies with poor attenuation (e.g., near
antiresonance).

6. Acoustic pressure profiles predicted with the CHE propagation code, based on impedances educed
using the Prony Method, compare favorably with acoustic pressure profiles measured in the GFIT.

It is the intention of the authors to extend this study to include additional liners. These will include
additional wire mesh liners to explore the effects of chamber depth on the resonance and corresponding
increased attenuation frequency. Additional perforate liners will also be considered to explore the effects of
perforate facesheet geometry and corresponding liner nonlinearity on the eduction process, and to further
explore the validity of the Two-Parameter Model. Finally, these data will be made available to the public to
enable others to compare their respective analysis techniques with the NASA results on a common database.
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