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ABSTRACT

Additional refinements of an acoustic liner design
incorporating single-hole perforate septa were evaluated by
the NASA Langley Liner Physics Team. The design,
termed the ‘Simplified Septa’ concept, incorporates
embedded septa as found in traditional, multidegree-of-
freedom liners. Typically, such septa are either multihole
perforates or porous mesh, whereas the Simplified Septa
uses only one hole per cell. An optimization scheme was
employed to determine the liner geometry based on a target
absorption cost function. These optimized designs
incorporating one and two septa were tested in the NASA
Langley Normal Incidence Tube (NIT) to determine
impedance and absorption spectra for swept tonal excitation
at 120 and 140 dB. Experimental results were compared to
predictions from a liner model based on the Zwikker-
Kosten Transmission Line (ZKTL) code and showed good
agreement for no-flow conditions. Absorption performance
was found to be good over a wide portion of the frequency
range tested. The single-septum design geometry was
applied to a larger sample suitable for evaluation in the
NASA Langley Grazing Flow Impedance Tube (GFIT).
The sample was subjected to grazing flow speeds up to
Mach 0.5 and swept tonal excitation at 120 and 140 dB to
determine its impedance under these conditions. The results
gave confidence that the concept could be used successfully
in a grazing flow environment.
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1. INTRODUCTION

Certification requirements limit the noise levels commercial
aircraft can produce during operations. Aircraft engines are
typically the primary contributor to the overall noise
spectrum with the engine fan being a significant contributor
[1]. The application of acoustic liners to the walls of the
inlet and aft bypass ducts of turbofan engines has been
highly effective in reducing total engine noise [2-4]. Engine
design trends have led to reduced tonal levels relative to the
broadband components of the total noise spectrum [5].
Thus, liner concepts with wider absorption bandwidth are of
interest for future applications.

Examples of liners typically used in aircraft engines are
shown in Figure 1. Single-degree-of-freedom (SDOF) liners
provide excellent absorption for a narrow range of
frequencies (approximately one octave) controlled through
the choice of cavity depth and facesheet geometry.
Widening this frequency range can be achieved by
embedding a porous septum within the liner core to create a
two-degree-of-freedom (2DOF) liner. The additional
resonant frequencies extend the effective absorption range
to two octaves. Using additional septa can widen this
further but with additional complexity and cost.

perforate facesheet

liner core

embedded septum

backsheet

Figure 1. Conventional liner construction.
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A previous paper detailed the development of the
Simplified Septa (SS) liner concept whereby embedded
septa employing a single perforation were used. Results
showed good broadband performance for optimized 2- and
3-septa configurations [6]. The current work continues the
development of the concept through testing a new set of 1-
and 2-septa designs optimized for absorption from 600-
3000 Hz at 140 dB tonal excitation. Samples were
manufactured using stereolithography and evaluated in the
NASA Langley Normal Incidence Tube (NIT) at source
sound pressure levels (SPLs) of 120 and 140 dB to
determine their acoustic performance. One configuration
was also evaluated using the NASA Langley Grazing Flow
Impedance Tube (GFIT) for the same frequencies and SPLs
at Mach numbers up to 0.5 to determine if the concept
performs adequately when exposed to flow.

2. BACKGROUND

2.1 Simplified Septa Concept

The SS concept is an alternative embodiment of the typical
2DOF liner that may be attractive for certain applications.
The use of a single-hole septum perforate can simplify
manufacturing of the liner core. The required perforations
could be punched, drilled or lasered (depending on
diameter) either before or after septum placement. Additive
manufacturing (AM) could be readily applied as the
perforations are large enough to be within the limits of such
methods. The use of a single hole generates dissipation
through the creation of vortical structures separating from
the hole edges, especially at high SPLs. The resultant liner
is, therefore, nonlinear with increasing acoustic levels.

2.2 Septa Optimization

Determination of the liner facesheet properties along with
septa placement, hole diameter and liner depth were done
via an optimization process. The liner was modeled using a
version of the NASA Zwikker and Kosten Transmission
Line (ZKTL) impedance prediction code [7-10]. The
impedance modeling approach was implemented in a set of
Python scripts and coupled with a nonlinear optimization
routine, NLopt [11]. Specifically, the BOBYQA [12]
algorithm was implemented, which is a derivative free
bound constrained local minimum solver.

Constraints were imposed upon the various geometric
parameters of the liner as shown in Table 1. The bounds
were chosen to ensure resulting designs could be
manufactured with available methods but provides latitude
for parameter values outside of those found in production
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liners. Note that septa placement was done as a percentage
of the available height and bounded to prevent placement
either too close to the facesheet, backplate or other septa.
Figure 2 provides a diagram of a liner unit cell with
pertinent dimension labels. Note that the number of septa
used was a fixed parameter, not a variable in the
optimization.

Table 1. Simplified Septa liner optimization
constraints.
o Lower Upper
Description Bound Bound
hole dia. (dn) 0.5l mm  1.52 mm
SUSUES thickness () 051 mm 254 mm
POA 4% 16 %
Septa hole dia. (dr) 0.51mm  3.81 mm
P thickness (t)) 0.5l mm  1.52 mm
total length 762 mm 43.18
(L) mm
Cavities Ln (% of
available 10 90
height)
=
LS oA
N
d; ®>— t2
\: Lz
dy @>— ty
N

Figure 2. AM liner core unit cell diagram.

An objective function based on maximizing the computed
absorption coefficient over a desired frequency range was
used. If X is a vector of the liner design variables, then the
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average absorption coefficient over a given frequency range
can be expressed as:

a =

a(X)d
f2=h f 3 )af Q)

where f; and f, are the lowest and highest frequencies of
interest. For the current study, these frequencies were set to
600 and 3000 Hz to reflect the majority of the testing range.
A source SPL of 140dB was chosen for the optimization to
more closely match the expected SPLs of a practical engine

application.

3. EXPERIMENT

Liner samples were constructed using AM and consist of
the liner core and a separable facesheet fabricated via a
stereolithography process whereby liquid plastic resin is
photopolymerized to build the part. The experimental
investigation involves two phases of testing. The first
evaluated two configurations in the NASA Langley NIT to
determine their impedance and absorption spectra. These
results were used to downselect a configuration for Phase 2
testing in the grazing flow environment of the GFIT test rig.

3.1 Liner Core Construction

The AM liners for the NIT testing employed a 5x5 grid of
7.62 mm square unit cells separated by 2.54 mm partitions
forming a total sample area of 2581 mm?. This sample area
matches the cross-section area of the NIT waveguide. Table
2 lists dimensions for the two Phase 1 core samples, the first
with one embedded septum per cell (AM1S) and the second
with two embedded septa per cell (AM2S). Images of the
core samples are provided in Fig. 3 showing the embedded
septa in each cell.

Table 2. Liner core unit cell dimensions.

1 Septa
AM1S

Dimension

2 Septa
AM2S

1.32 1.35
0.56 0.99
26.49 24.08
0.30 0.30
1.19 1.42
16.76 12.19
N/A 0.30
N/A 0.79
N/A 7.7

Total Length

29.85
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b) AM2S

a) AMIS

Figure 3. Side view of AM liner core samples.

An additional core sample, based on the AM1S unit cell
geometry, was constructed for Phase 2 testing in the GFIT.
The sample was an extended replication of the NIT liner
geometry, creating a 5x40 cell grid with dimensions of 50.8
X 254 mm (width x length).

3.2 Liner Facesheet Construction

Each core was paired with a printed facesheet with unique
porosity, hole geometry, spacing and thickness. The AM1S
sheet (Fig. 4a) is 1.32 mm thick and has a percent open area
(POA) of 13.3 using 28 0.56 mm diameter circular holes
per cell distributed in a staggered pattern. The facesheet for
AM2S (Fig. 4b) is 1.35 mm thick with a POA of 11.8 and
ten 0.99 mm diameter holes per cell (again in a uniform,
staggered pattern). The facesheet for the GFIT sample is
based on the AM1S geometry from Table 2, but rather than
being a separate part, was integrally constructed with the
core.

a) AM1S b) AM2S

Figure 4. Top view of AM liner facesheets.

3.3 Experimental Test Rigs
3.3.1 Normal Incidence Tube (Phase 1)

The NIT consists of a group of six electromagnetic acoustic
drivers coupled radially into a cylindrical tube that
transitions to the 50.8 mm x 50.8 mm square cross-section
waveguide. Samples are placed at the exit of the tube to be
exposed to the generated sound field. Individual digital-to-
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analog converters for each speaker allow for the creation of
arbitrary waveforms to energize each driver. Typically,
tonal or broadband signals are employed for impedance
eduction. Impedance spectra for each sample are obtained
in the NIT via the switching Two-Microphone Method
(TMM) [13] and the Multipoint Method of Jones and Stiede
[14]. Figure 5 is a diagram of the acquisition system while
Figure 6 is a rendering of the NIT showing the pertinent
features. Further details on the experimental setup can be

found in Ref. 6.

Drivers

Mics

~<=

Figure 5. Normal Incidence Tube acquisition system
diagram.
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Figure 6. NASA Langley Normal Incidence Tube
(NIT) general arrangement.

3.3.2 Grazing Flow Impedance Tube (Phase 2)

Grazing flow tests are performed on the liner samples
using the GFIT. A schematic diagram of the setup is shown
in Fig. 7. The GFIT is an acoustic wind tunnel with a 50.8
mm x 63.5 mm cross-section at the test section capable of
centerline flow Mach numbers up to 0.6. Either of the two
speaker arrays can be energized to achieve SPLs up to
150 dB depending on the desired orientation. For this

investigation, the upstream array was employed to simulate
conditions in the aft duct of a turbofan engine. An array of
95 pressure-field condenser microphones positioned along
the length of the duct were used to measure the acoustic
pressure profile. SPL and phase readings from each
microphone were used to educe the liner acoustic
impedance using the Straightforward Method of Watson
and Jones [15].

1782

Figure 7. NASA Langley Grazing Flow Impedance
Tube (GFIT) general arrangement.

3.3.3 Measurement Process

For both phases of testing, the Swept-Sine Method (SSM)
[16] was used to obtain the complex acoustic cross spectra
between the measurement microphones and the source
signal supplied to the acoustic drivers. The acoustic source
signal increases linearly in frequency from 400 to 3000 Hz
during the measurement process and was amplitude
modulated such that the total SPL at the sample surface was
constant. A Vold-Kalman order tracking filter was
employed to extract complex acoustic pressures at each
microphone for the frequencies of interest. These pressures
provided input for the various impedance eduction methods
employed.

In the GFIT, grazing flow speed was set to duct centerline
Mach numbers of 0.0, 0.3, and 0.5. At each Mach number,
the acoustic source generates sine sweeps at SPLs of
120 dB and 140 dB for the same frequency range as used in
the Phase 1 NIT testing.

4. RESULTS

4.1 Phase1l-NIT

The impedance spectra for sample AM1S are shown in
Figs. 8-9 at the two SPLs along with matching predictions.
For both sound pressure levels, the model predicts the
impedance behavior well with some deviation around
antiresonance (~1800 Hz). Such deviations can be expected
between model and experiment at 140 dB because the
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model does not account for nonlinearities that create a
reactance loss associated with perforates at high SPLs.
There is work planned to incorporate a correction. Note that
the frequency variation in both resistance and reactance
decreases for the higher SPL which is a desired
characteristic in a broadband absorber.
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Figure 8. Comparison of measured AM1S acoustic
resistance spectra to model predictions.
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Figure 9. Comparison of measured AM1S acoustic
reactance spectra to model predictions.

Figure 10 shows the computed and predicted absorption
coefficient spectra for this configuration. As with
impedance, the predictions are well matched to
experimental results. Liners with normal incidence
absorption coefficients above 0.4 have, historically,
provided significant attenuation when evaluated in a
grazing incidence environment such as the GFIT. Thus, one
could expect reasonable broadband performance for this
configuration above approximately 800 Hz and especially
for higher sound pressure levels.

The addition of a second septum to the AM2S sample
altered the characteristics of the impedance spectra as
evident in Figs. 11-12. One can see in the 120 dB resistance
spectra the appearance of a second antiresonance peak in
the upper frequency range. The magnitudes of the peaks,
however, are lessened compared to AMI1S. Similar
behavior is noted in the reactance, where the antiresonant
spikes are not as sharp as AM1S.
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Figure 10. Comparison of measured AMI1S
absorption spectra to model predictions.
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Figure 11. Comparison of measured AM2S acoustic
resistance spectra to model predictions.

At 140 dB, there is little difference between the impedance
spectra for both configurations. Interestingly, the agreement
between experiment and modeling improved slightly for
this configuration especially at the antiresonance
frequencies. Enhanced absorption characteristics in the
midfrequency range are observed for the 120 dB SPL case
(Fig. 13), but performance at the design point of 140 dB
was relatively unchanged compared to the simpler AM1S
design.
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Figure 12. Comparison of measured AM2S acoustic
reactance spectra to model predictions.
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Based on these results, a decision was made to downselect
the AMLS configuration for Phase 2 testing in the grazing
flow environment of the GFIT. The addition of the second
septum for AM2S does not appear to offer a significant
acoustic benefit to justify the complexity and cost of
production for flightworthy engine applications.
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Figure 13. Comparison of measured AM2S
absorption spectra to model predictions.

4.2 Phase2-GFIT

The intent of this investigation phase is to determine if the
broadband absorption performance of the Simplified Septa
concept observed in Phase 1 would carry over to a grazing
flow environment. Ideally, one would see similar
impedance characteristics for the design between the two
test rigs, but it should be noted that the liner geometry was
not optimized for the GFIT and grazing flow.

For the AMI1S liner geometry, educed resistance and
reactance spectra for an SPL of 120 dB are provided in Fig.
14 and 15, respectively, at the three test Mach numbers. At
M=0.0, resistance and reactance are very similar to that
seen in Phase 1 (Figs. 8-9) testing. Increasing flow speed
shifts antiresonance to slightly higher frequencies with
reduced peak values for both impedance quantities.
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Figure 14. Educed AML1S acoustic resistance spectra
for various flow Mach numbers, 120 dB SPL.

Resistance away from the peak increases as expected while
reactance seems to flatten slightly for frequencies below
antiresonance.

——M=0.0, 120 dB
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Figure 15. Educed AMLS acoustic reactance spectra
for various flow Mach numbers, 120 dB SPL.

Increasing the acoustic excitation levels to 140 dB reduces
the frequency variation in the impedance spectra for all
Mach numbers, but variation is greater than observed in
Phase 1 (Fig. 16-17). Resistance follows similar trends as
the 120 dB data while reactance is only marginally affected
by increasing the flow Mach number. The relative
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Figure 16. Educed AMLS acoustic resistance spectra
for various flow Mach numbers, 140 dB SPL.

insensitivity to Mach number is somewhat expected given
the POA of the facesheet as it is on the higher end of values
used in engine liners. Such behavior could be desired in
achieving predictable acoustic performance in practical
applications.
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Figure 17. Educed AM1S acoustic reactance spectra
for various flow Mach numbers, 140 dB SPL.

For both source SPLs, the educed impedance spectra
exhibit an interesting characteristic with grazing flow. Some
‘waviness’ is observed in the impedance spectra, especially
at lower frequencies and around antiresonance and becomes
more pronounced at the higher Mach numbers. As the
effect appears at both source levels, it is likely not
acoustically induced but driven by some flow phenomenon.
An initial hypothesis centers around possible compliance of
the septum as its thickness (0.3 mm) is less than half of a
typical facesheet. Further study is warranted to determine
the cause, but the effect does not change the overall
character of the spectra or the conclusions from this
investigation.

Combining microphone SPL, relative phase and location
data, one can compute the incident and reflected levels
upstream and downstream of the liner sample. By
subtracting pressure levels of the waves travelling with the
flow, a simple measurement of liner attenuation can be
computed. Data for both SPLs showed similar trends as the
flow Mach number increased. As the higher source SPL is
more relevant to most applications of this concept, only
those results are presented. Figure 18 provides frequency
spectra of this attenuation calculation for the AM1S sample
at the three flow conditions for an SPL of 140 dB.

In keeping with the results from Phase 1 where the
calculated absorption coefficient was above 0.4 for
frequencies above 800 Hz, attenuation levels are generally
greater than 5 dB up to the point the first higher-order mode
is cut on (~2700 Hz @ M=0.0, ~2400 Hz @ M=0.5). Such
levels have been shown previously to be sufficient for
accurate impedance eduction [17]. The peaks in attenuation
seen for the no-flow case are significantly reduced as Mach
number increases. This is expected as the propagating wave
has less time to interact with the liner due to flow
convection.
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Figure 18. Calculated AML1S attenuation spectra for
various flow Mach numbers, 140 dB SPL.

Improved performance could be realized by altering the
optimization objective function to target an impedance
spectrum that produces greater attenuation in the GFIT. In
developing SS liners for practical applications, this would
be the likely approach.

5. CONCLUSIONS

Liner samples based on the Simplified Septa concept were
constructed via AM and tested to determine their acoustic
performance. Data from NIT were used to calculate
impedance and absorption coefficient spectra for optimized
single- and two-septa liners at two SPLs for frequencies
between 400 and 3000 Hz. Comparisons of experimental
results to predictions from a liner model based on ZKTL
showed very good agreement. Both designs provided good
absorption over a wide frequency range. The single-septa
configuration was employed to create a larger liner for use
in the GFIT to explore the effect of grazing flow. Acoustic
data over the same frequency range, at 120 and 140 dB SPL
and for Mach numbers up to 0.5 was used to educe
impedance spectra and calculate the resulting attenuation
levels. This phase of testing confirmed the introduction of
grazing flow did not markedly alter the impedance
characteristics of the liner. Thus, there is confidence the
concept can be successfully employed in such noise control
applications.
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