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Abstract

A High Intensity Modal Impedance Tube (HIMIT) was developed for evaluation
of acoustic liners in a normal incidence, high sound pressure level (SPL), and high
frequency environment. Capabilities of the HIMIT are demonstrated here by test-
ing three classes of acoustic liners: a narrow chamber liner, conventional single
degree of freedom liners, and over-the-rotor liners. The experimental results are
compared to results in NASA Langley’s Normal Incidence Tube (NIT) for valida-
tion. The Zwikker and Kosten Transmission Line (ZKTL) model is also compared
to the HIMIT results for selected configurations to study applicability of the model
at high SPLs and frequencies. The HIMIT and NIT impedance spectra compare
favorably up to 3.0 kHz, which is the upper frequency limit of the NIT analysis. The
ZKTL model was used at frequencies up to 6.0 kHz and showed good agreement
with HIMIT results for the entire frequency range tested, indicating that the model
may be used at high frequencies when the plane wave mode is dominant.

1 Introduction

Acoustic liners are typically installed in the nacelle walls of jet engines to reduce the
amount of noise radiated to the communities surrounding airports. A common type
of acoustic liner is a single degree of freedom (SDOF) liner, which is comprised of a
wire mesh or perforate facesheet (FS), followed by a honeycomb core, and terminated
by a rigid backing plate. The amount of noise reduction (attenuation) depends on
an intrinsic parameter, acoustic impedance, that is related to the geometry of the
individual components of these SDOF liners [1]. As such, the impedance is an
important parameter for designing acoustic liners.

Experimental characterization of impedance is commonly performed in a normal
incidence tube (NIT) as a first step for verifying liner designs, since the test is quick
and easy [2]. However, techniques commonly used to educe the liner impedance
based on the two-microphone method (TMM) [3] are limited to test conditions
where the acoustic field consists solely of plane waves. This can be an issue at high
frequencies where higher-order modes (HOM) are cut on. The cut on frequency of
the [m,n] mode in a rectangular duct is given by [4]

f =
c

2

√(m
a

)2
+
(n
b

)2
, (1)

where c is the speed of sound, m is the vertical mode order, n is the horizontal mode
order, and a, b are the side lengths of the duct. Therefore, in a 2.0′′×2.0′′ square
duct, the first higher-order modes cut on at approximately 3.4 kHz at ambient
conditions. The two-microphone method cannot be used above this frequency.

The frequency range of liner characterization can be expanded by incorporating
higher order mode propagation into the data acquisition and analysis methods.
This approach has been demonstrated previously in normal incidence, higher-order
mode test rigs [5–8]. The general rig design consists of a no-flow waveguide with
a number of microphones flush-mounted along the inner walls with a speaker and
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test specimen mounted on either end. The number of microphones is dependent
on the number of modes to be measured. For example, in the case of four modes
propagating toward the liner and four propagating away from the liner, eight modes
would be cut on necessitating a minimum of eight microphones. Åbom [6] and
Schultz et al. [7] used eight to ten microphones to accurately measure the first eight
modes and analyzed the data with a direct modal decomposition method (MDM).
A comparison of the impedance eduction in the plane wave regime saw alignment
between the modal decomposition method and the TMM to within 95% confidence
of the TMM results [7].

NASA Langley’s liner physics team recently developed a test rig that supports
higher order mode propagation and measurement called the High Intensity Modal
Impedance Tube (HIMIT) [5]. The 2.0′′×2.0′′ square cross-section tube contains
eight microphones, enabling testing at frequencies up to 6.0 kHz to evaluate modal
content. A unique feature of this test rig is its ability to generate high sound
pressure levels (SPLs). By introducing a Hartmann generator, SPLs up to 170 dB
may be achieved. Jones et al. [5] first demonstrated the HIMIT by testing two
well-known samples: a narrow chamber liner and an SDOF liner. The two liners
were tested at 120 dB up to 6.0 kHz and 155 dB up to 3.0 kHz. The results up to
3.0 kHz aligned well with the NIT results of the same samples, validating both the
impedance eduction technique and the experimental setup.

The work described here follows the study of Jones et al. [5] to further evaluate
the HIMIT test capabilities. This includes testing five different liners – one narrow
chamber, two SDOF, and two over-the-rotor – and testing at a finer frequency reso-
lution and an additional SPL. The experimental results are compared to impedances
educed with the data measured in the NIT and impedances predicted with analyt-
ical models to validate the results up to 6 kHz. The results presented here will
be used for a qualitative comparison; a more detailed quantitative analysis will be
part of future work. The paper is organized as follows. Section 2 describes the
experimental setup and the test articles that are evaluated here. Section 3 presents
experimental results in the HIMIT. Finally, Section 4 provides concluding remarks
and future work the NASA Langley Liner Physics Team wishes to accomplish with
the HIMIT.

2 Experimental Setup

2.1 Setup

A schematic of the HIMIT is shown in Figure 1. The setup is an impedance tube
with two speakers on one end and a sample on the other. The tube has a 2.0′′×2.0′′

square cross section with a distance of 14.0′′ between the speakers and sample. The
higher-order mode cut on frequencies, calculated using Equation 1, are shown in
Table 1. Between the two ends are nine flush-mounted microphones where eight
0.125′′ microphones are mounted in rotating plugs and one 0.25′′ microphone is
mounted in the tube 0.25′′ away from the sample. The standalone microphone is
referred to as the reference microphone, or “Ref Mic” in Figure 1, and is used to set
the SPL at the sample. There are four rotating plugs, each with two microphones
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spaced 1.25′′ (d) apart. Two plugs are mounted in the side wall while the other two
are mounted in the top wall. The plugs can rotate in the tube to allow different
measurement points along the duct to accurately capture higher order modes. The
centers of plugs 1 and 3 are the same distance from the sample at a distance of
3.125′′ (r) from the sample while plugs 2 and 4 are 9.250′′ (r+s) away from the
sample. The configuration of the plugs tested here is shown in Figure 1, with plugs
1 and 4 rotated 30◦ relative to the horizontal and plugs 2 and 3 rotated 60◦.

Sample

Rotating Plug 1

Mics 1 & 2 

Figure 1: Schematic of HIMIT and annotation of rotating plug orientation.

Table 1: Cut on frequencies of HIMIT in standard sea-level dry air conditions based
on Equation 1.

[m,n] 0 1

0 0.00 kHz 3.38 kHz
1 3.38 kHz 4.77 kHz

For the tests described here, the speakers generate tones in 0.2 kHz increments
to produce an SPL at the reference microphone of 120 dB, 140 dB, or 150 dB, to
within ± 0.5 dB. At 120 dB and 140 dB, the tested frequency range extends from
0.4 – 6.0 kHz, while at 150 dB SPL the tested frequency range is 0.4 – 3.0 kHz.
Future studies will include data acquired with both high SPL (> 140 dB) and high
frequencies (> 3.0 kHz). The microphone responses are sampled at 25.6 kHz and
analyzed using a discrete Fourier transform with a frequency resolution of 6.25 Hz.

The plug microphones are calibrated using an in situ method described in Jones
et al. [5] and briefly described here. The reference microphone is first calibrated using
an external calibrator. A calibration test sample, named CSQ3 and to be described
in Section 2.3, is mounted in the sample holder and the speakers are used to generate
a 1 kHz tone. The SPL is set to 120 dB at the reference microphone; the phase
of the reference microphone’s response is defined as 0 degrees. Acoustic pressures
are measured with all rotating-plug microphones, with the plugs successively set
to 0 and 180 degrees relative to the horizontal axis (following the switching two-
microphone method). The acoustic pressures measured with the two microphones
in plug 1 are used with the TMM [3] to determine the impedance at this frequency.
With this information, the standing wave pattern in the duct is estimated. At
this point, the pressure at each microphone is backed out from the standing wave
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pattern and compared to the measurements for all eight measurement microphones
to determine the sensitivity of the microphones.

2.2 Data Analysis

For general liner testing, a mode decomposition method (MDM), described in Jones
et al. [5], is used to educe the acoustic impedance of the test liner mounted in the
HIMIT. This method uses all eight measurement microphones to enable the sound
field in the waveguide to be decomposed into modes, as long as no more than eight
modes (four propagating toward the liner and four propagating away from the liner)
are cut on. The normalized specific acoustic impedance can be expressed by

ζnm,nm =

(
k

kx

)
1 +Rnm,nm

1−Rnm,nm
, (2)

where k is the free space wavenumber, kx is the axial wavenumber, the reflection
factor for the nm mode is Rnm,nm = A+

nm/A
−
nm, and A±nm are the reflected and

incident mode amplitudes. The mode amplitudes can be used to calculate the
pressure in the duct
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W

)
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This can be used to calculate the power in each mode

P+
nm =

εnm
2

kx
ρck
<
[
A+

nmA
+∗
nm

]
, (4)

where

εnm =


WH, if n = m = 0
0.5WH, if n 6= 0 and m = 0, or n = 0 and m 6= 0
0.25WH, if n 6= 0 and m 6= 0.

(5)

Both the normalized specific acoustic impedance and mode power will be evaluated
in the results section.

2.3 Samples

The goal of this series of tests is to evaluate a range of liners, from simple to complex.
Five samples are tested with descriptions and dimensions as listed in Table 2. The
simplest sample in Table 2 is the test article named CSQ3, consisting of a narrow-
chambered liner with an array of 19 × 19 square cross section tubes, each with a
cross section of 0.05′′ × 0.05′′ and a chamber depth of 3.0′′ (Fig. 2a). The liner
is linear and has a predictable impedance with its large depth to chamber width
ratio. This simple liner is not only used to evaluate the HIMIT but also used to
calibrate the microphones (as described in the previous section, Section 2.1). The
next liner sample, C15R27, is an SDOF liner consisting of a mesh over honeycomb
(Fig. 2b). Complexity is added by removing the mesh top sheet and replacing it
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with a perforate FS (shown in Fig. 2c), resulting in the liner sample GE01, which is
frequently tested at the Liner Technology Facility (LTF). Next, two over-the-rotor
(OTR) liners [9] are studied. The A015 OTR liner is an SDOF liner filled with metal
foam and with grooves placed above the FS (see Fig. 2d). Finally, the A024 OTR
liner is an expanded chamber design, see Fig. 2e. Rather than having cavity walls
that are perpendicular from the FS to the backing plate, the walls narrow inwards
and expand outwards to decrease and increase the cavity cross section, respectively.
Although not pictured, grooves are also placed on top of the FS with dimensions
as shown in Table 2. All liner samples are mounted onto the HIMIT as shown in
Figure 1.

Table 2: Dimensions of the liners tested here. All dimensions are in inches unless
otherwise noted.

Facesheet Cavity Grooves

Name Diameter Thickness POA Width Depth Width Rib Depth

CSQ3 — — — 0.050 3.000 — — —

C15R27 — — — 0.375 1.500 — — —

GE01 0.039 0.025 8.7% 0.375 1.500 — — —

A015 0.035 0.060 10.0% 1.000 0.500 0.250 0.125 0.500

A024 0.035 0.060 10.0% — — 0.250 0.125 0.500

3 Results and Discussion

3.1 Power Level

The total incident power level and incident power for each mode are plotted in
Figures 3a – 3d for two liners: CSQ3 and A024. The incident power level curves
for the other liners are similar to the results for CSQ3, shown in Figures 3a and 3b.
For most of the frequency range, the plane wave is dominant. The only frequencies
where the plane wave does not dominate are 3.8 kHz and 4.0 kHz. This happens to
be true for all liners, including the calibration liner, SDOF liners, and OTR liners.

The prevalence of the (0,1) and (1,0) modes just below 4 kHz is likely a result of
some intrinsic characteristic of the HIMIT causing the speakers to more effectively
drive these HOM. Since the plane wave was not dominant between 3.8 – 4.0 kHz,
difficulties were encountered when attempting to set the SPL at the reference mi-
crophone. Setting the SPL at the reference microphone is acceptable when plane
waves are dominant since the acoustic pressure is nominally constant across the liner
surface. However, when the frequency is sufficiently high to support higher-order
modes, the acoustic pressure field may not be constant across the liner surface. For
this condition, the current procedure for setting the incident level at the reference
microphone is not a consistent approach. Different approaches to setting the incident
level in the HIMIT will be investigated in the future to resolve this issue. However,
for the current investigation we merely advise caution in interpreting results in the
range 3.8 – 4.0 kHz.
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(a) CSQ3
(b) C15R27

(c) GE01
(d) A015

(e) A024

Figure 2: Schematics of the samples tested in the HIMIT.
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(a) CSQ3 Power Level at 120 dB
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(b) CSQ3 Power Level at 140 dB

1000 2000 3000 4000 5000 6000

Frequency, Hz

60

65

70

75

80

85

90

95

100

In
c
id

e
n
t 
P

o
w

e
r 

L
e
v
e
l 
(d

B
)

Mode (0,0)

Mode (1,0)

Mode (0,1)

Mode (1,1)

Total Power

(c) A024 Power Level at 120 dB
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(d) A024 Power Level at 140 dB

Figure 3: Power level plots of the samples CSQ3 and A024 at 120 dB and 140 dB.

An outlier of the power level data set is the results for liner A024 at 120 dB (see
Fig. 3c). Rather than the plane wave mode dominating for the entire frequency
range, mode (1,0) also has significant power. This could either be a liner dependent
result or an anomaly since the higher power level is not seen for the 140 dB case
(Fig. 3d). This will be explored further in future studies.

3.2 Impedance

The normalized specific acoustic impedance (ζ = θ + iχ), simply called impedance
for the remainder of the paper, is plotted for each liner in Figures 4 - 8 for frequencies
0.4 - 6.0 kHz and SPLs 120 dB, 140 dB, and 150 dB. The 150 dB SPL case was
only tested up to 3.0 kHz to focus on high levels without the complications of HOM.
Educed impedances are indicated by the circles along the lines. Data at 3.8 kHz
and 4.0 kHz are omitted since the plane wave mode does not dominate, as shown
in Figure 3. Each figure contains at least two subplots with varying axis ranges,
plotted with tight bounds unless otherwise noted. The liner impedance at the SPLs
tested is plotted in subplot (a). Subplot (b) compares the 120 dB and 140 dB cases

7



to NIT results up to 3.0 kHz. Figures 4 - 6 have a third subplot (c), which compares
the HIMIT results to an in-house ZKTL code [10] out to 6.0 kHz. Figures 7 - 8
do not have a subplot (c) since modeling the behavior of the A015 and A024 liners
would require higher fidelity methods, beyond the scope of this work.

The impedance of the narrow chamber sample (CSQ3) is shown in Figure 4a. The
impedance varies only slightly with SPLs across the entire frequency range. This was
expected due to the linear nature of the liner, with a large depth relative to the cavity
side length. The largest variation appears to be the 150 dB case near antiresonance
at 2.0 kHz, where the results show a slight shift in the antiresonance peak. The
HIMIT, NIT and predicted results align well in Figure 4b with an exception at
antiresonance. This could indicate a mounting issue or that the MDM does not
adequately resolve the impedance when there is minimal attenuation. The model
and HIMIT results are plotted in Figure 4c for the entire frequency range tested and
compares favorably. This indicates the model can be accurately used to predict the
impedance even in the presence of higher-order modes, as least when plane waves
are dominant.
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Figure 4: Impedance (ζ) of CSQ3 for varying SPLs tested in the HIMIT. The HIMIT
results are also compared to NIT results and ZKTL predictions.

The impedance of C15R27 (mesh over honeycomb) is shown in Figure 5a. The
impedance is invariant with SPL across the entire frequency range. This is expected
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due to the linear nature of the wire mesh facesheet. NIT results are plotted in
addition to the HIMIT results in Figure 5b; note the reduced y-axis range in the
plot relative to 4b. The reactance shows good agreement while the HIMIT resistance
values show increased variability. The variation between test rigs will be reevaluated
with other samples to determine its importance. The predicted impedance of the
liner is plotted in Figure 5b alongside the HIMIT and NIT results. The ZKTL
model tracks very well with the reactance although it overshoots at antiresonance,
likely due to the failure to include damping in this version of the model. The model
compares favorably with the resistance, but the antiresonance peak is not predicted
by the model. This was expected since the simplistic model used for this type
of liner assumes a constant resistance equal to the manufacturer’s quoted DC flow
resistance of 27 cgs rayls and does not account for interaction between the resistance
and reactance near antiresonance. Agreement is good at both SPL levels due to the
linear nature of this liner.
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Figure 5: Impedance of C15R27 for varying SPLs tested in the HIMIT. The HIMIT
results are also compared to NIT experimental results and ZKTL predictions.

The impedance of liner GE01 (an SDOF liner) is shown in Figure 6a. The
impedance spectrum remains approximately the same for the different SPLs, with
only a slight increase in resistance below 3.0 kHz with increasing SPL. The HIMIT
results are compared to the ZKTL model and NIT results in Figure 6b, which shows
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good agreement for the reactance where the lines are almost indistinguishable for
the different cases shown. The educed resistance varies, between the two test rigs,
but has approximately the same order of magnitude. The model and HIMIT results
are plotted out to 6.0 kHz in Figure 6c. The model predicts the impedance well,
including the antiresonance frequency. This suggests that the ZKTL model can
be used while HOM are present but not necessarily while HOM are dominant. As
observed with the C15R27 sample, it appears the resistance is higher overall in the
HIMIT than in the NIT. Because the effect is seen across samples, it is likely due
to the mounting procedure in the HIMIT or an issue with the MDM. Regarding
mounting, the HIMIT sample is mounted to the end of the tube using a plate and
four bolts. The plate is placed behind the liner and the bolts are used to press the
plate and liner up to the side of the tube. The NIT sample on the other hand, is
pressed up to the NIT using a plate and jack-screw mechanism, which provides a
true uniform pressure distribution. It is possible that the bolting method does not
provide uniform pressure across the liner. Both topics are the subject of an ongoing
investigation.
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Figure 6: Impedance of GE01 for varying SPLs tested in the HIMIT. The HIMIT
experimental results are also compared to NIT experimental results and ZKTL pre-
dictions.
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The impedance for A015 (the SDOF liner filled with metal foam) is shown in Fig-
ure 7a. The reactance hovers near zero between 2.0 – 3.0 kHz except for frequencies
near antiresonance, at which point the reactance crosses zero with a negative slope
and a global maximum is reached in the resistance. Like the SDOF liners tested,
the resistance for increasing SPL is slightly higher below antiresonance but is lower
at the antiresonance peak. Figure 7b plots both the HIMIT and NIT impedances.
The results between the two tests rigs align well below antiresonance. Near antires-
onance, the resistance peak frequency is approximately the same between both test
rigs and the reactance behavior appears to be approximately the same as well.
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Figure 7: Impedance of A015 for varying SPLs tested in the HIMIT. The HIMIT
experimental results are also compared to NIT experimental results and ZKTL pre-
dictions.

The impedance for A024 (the expansion chamber with a perforate FS) is shown
in Figure 8a. The impedance has a similar trend to GE01 up to 4.0 kHz. Above that
frequency the reactance appears to hover near zero with a weak antiresonance near
5.5 kHz. The resistance also has a similar trend to A015, with higher resistance
values for increasing SPL below antiresonance. The HIMIT data is plotted with
NIT results in Figure 8b. Away from antiresonance, the two measurements show
excellent agreement, such that it is difficult to discern the different lines. This gives
confidence in the HIMIT experimental setup and impedance eduction technique
away from antiresonance.

Unlike all other liners evaluated here, for the A024 liner at 120 dB the plane
wave was not dominant above 3.4 kHz. Instead, the plane wave (mode (0,0)) and
mode (1,0) each dominated depending on the frequency. The impedance predic-
tion for both dominant modes is shown in Figure 8c. Although either mode may
have a higher power level for a given frequency, the impedance trend differs for the
modes: mode (1,0) would indicate an additional antiresonance and essentially os-
cillates about the plane wave impedance. As mentioned, because both modes have
approximately the same power level at higher frequencies, it is difficult to say which
impedance curve is the obvious choice. Also, since there is no model to describe the
liner impedance, we cannot be sure which mode is correct. However, based on the
smooth nature of the impedances computed for the plane wave mode and agreement
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between the impedances of the 120 dB and 140 dB plane wave mode in Figure 8a, it
is likely that the plane wave mode is the correct choice. Liner impedance eduction
under the influence of multiple dominant modes is a topic that needs further study.
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Figure 8: Impedance of A024 for varying SPLs tested in the HIMIT. The HIMIT
results are also compared to NIT experimental results and ZKTL predictions.

4 Concluding Remarks

Five liners were evaluated using the newly built HIMIT test rig. Each liner was
tested at three SPLs: 120 dB, 140 dB, and 150 dB, where 150 dB is considered
a high SPL. The experiments were performed at 0.4 – 6.0 kHz for the two lower
SPLs and 0.4 – 3.0 kHz for the highest SPL. High SPL, high frequency effects will
be the subject of a future study. For four of the five liners, the plane wave was
dominant for the tested frequency range except between 3.8 and 4.0 kHz. Between
those frequencies, it is likely that the speaker arrangement and dimensions of the
HIMIT resulted in the higher-order modes dominating. Therefore, only the plane
wave impedance was presented for most cases.

The impedance trend between the different SPL levels remained approximately
the same, consisting of an increase in the resistance with increasing SPL for liners
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CSQ3, C15R27, and GE01, but a decrease in resistance for liners A015 and A024.
The impedance results from the HIMIT compared favorably with results from the
NIT for the SDOF liners but not as well for CSQ3 or the OTR liners. The ZKTL
model was also compared to the HIMIT results for CSQ3, C15R27, and GE01; the
other liners were too complex to be modeled by ZKTL and require higher fidelity
modeling to accurately predict their impedance. The model accurately predicted
the impedance for the entire frequency range of each liner modeled. This indicates
that ZKTL can be used to model liners in the presence of higher order modes as
long as the plane wave is dominant.

Continuing efforts on improving the test rig are under way. As observed in
the results here, there could be slight mounting imperfections resulting in higher
resistances than were measured in the NIT. Another potential issue could be failure
of the modal decomposition method to adequately resolve the impedance when there
is minimal attenuation. This is an issue with all impedance eduction methods and
warrants further study. Additionally, the effect of simultaneously exposing liners to
high frequencies (> 3 kHz) and high SPLs (> 140 dB) will be evaluated in future
work.

Other concerns include how the SPL is set in the duct. Issues arise when setting
the SPL at the sample surface when a higher-order mode is dominant over the plane-
wave mode, as indicated in Section 3.1. SPL varies in the transverse direction of
the duct for HOM. Thus, setting the SPL at the sample surface is not a consistent
approach that should be used in the HIMIT when HOM are dominant, since the
SPL will vary at the sample surface. Additional concerns arise from the possibility
that the reference microphone is not representative of the SPL at the sample surface
for high frequencies. This is because of the 0.25′′ standoff distance from the sample
surface and the potentially significant axial changes in the standing wave pattern
at those high frequencies. Future work will investigate alternative approaches to
setting the level in the HIMIT that resolve these issues.
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