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Abstract

An acoustic liner concept is developed that increases the effective thickness of perforate sheet
holes by bending the perforation paths within the facesheet. This significantly increases both the
viscous-loss resistance and mass reactance properties of the acoustic liner, creating low-frequency
absorption utilizing a small amount of liner volume. An initial concept is designed, 3D-printed,
and tested in a normal-incidence impedance tube to verify the acoustic properties. Comparisons
to an impedance model are shown with good agreement to test data, although further work needs
to be done to more accurately capture the losses associated with bends within the hole. Follow-on
concepts are also discussed that attempt to address the current shortcomings of the initial design.

Nomenclature

Symbols Description

« normal-incidence absorption coefficient

b chamber depth

C, p air speed of sound and density

Cp,Cp,Cy discharge coefficient and specific heat at constant pressure and volume

d,d, perforate sheet hole and chamber diameter

Vs Ky, 02 air specific heat ratio, thermal conductivity, dynamic viscosity, and Prandtl number
I''n propagation constant and value used during calculation procedure

J imaginary number, v/—1

Im() Bessel function of the first kind of order m

k,s,w, T free-space wavenumber, shear wavenumber, angular frequency, and time

Q ratio of the acoustically active surface area to the total surface area of the liner
DB iterated value for acoustic pressure at the backplate, normalized by pc?

Diy DiH acoustic pressure at it" liner position and inside perforate hole, normalized by pc?
o, t perforate sheet open area ratio (OAR) and thickness

Tii transmission coefficient

0,0, liner resistance and perforate sheet nonlinear resistance, normalized by pc

Wy Ui [ particle velocity at i** liner position and inside perforate hole, normalized by ¢

X5 Xe liner reactance and perforate sheet radiation reactance, normalized by pc

e liner surface impedance and element characteristic impedance, normalized by pc

1 Introduction

Future aircraft continue to trend toward higher bypass ratio engines and shorter length nacelles
for increased fuel efficiency. This negatively impacts the effectiveness of current acoustic liner
treatments on fan noise, not only because of reduced treatment area but also because dominant
fan noise is transitioning to lower frequencies. Therefore, it is important to investigate ways of
improving acoustic liner absorption at lower frequencies, especially solutions that do not require
additional space or weight.

A single-degree-of-freedom (SDOF) acoustic liner shown in Fig. 1 is composed of a perforate
facesheet over honeycomb with a rigid backing. The acoustic characteristics of a liner can be defined



by its surface impedance, which is the ratio of the acoustic pressure to the acoustic particle velocity
normal to the liner surface. This can be seen as Eq. (1) below, where the terms are normalized by
the characteristic impedance of the environment air.

p

(= —— =6+ jx (1)
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Figure 1: Single-degree-of-freedom (SDOF) liner with a standard perforate facesheet [Source:
NASA].

The impedance contains both real (resistive) and imaginary (reactive) components, with contri-
butions from both the facesheet and honeycomb. One way to improve the low-frequency absorption
of the acoustic liner is by increasing the facesheet reactance. This is typically done by altering the
thickness, hole diameter, or open area ratio (OAR). Weight concerns due to thick facesheets limit
options in that regard. Additionally, dropping the OAR or increasing the hole diameter can lower
the target absorption frequencies. However, a large hole diameter is not desirable due to resistance
degradation and increased drag [1], while lowering the OAR increases sensitivity of liner perfor-
mance to the sound and hydrodynamic environment, which is often an undesirable trait for an
aircraft liner design.

Perforate sheet resistance tends to be very sensitive to the sound pressure level (SPL) of the
incident source to which it is exposed. This is due to nonlinear effects of the acoustic particle
velocity, where there are turbulent mixing losses associated with the acoustic waves exiting the
holes. This can present a challenge to acoustic liner design for an engine nacelle that will experience
a wide variety of noise intensities during flight. It is often preferred to have an acoustic liner be
dominated by linear viscous losses instead, since these losses are essentially independent of SPL.
However, this tends to be very difficult in practice for a perforate facesheet, unless the facesheet has
very small holes (i.e., microperforate dimensions) or is very thick. Additionally, the acoustic liner
OAR needs to be relatively high in order to mitigate the SPL-driven resistance, and this further
reduces the impact of the viscous-loss resistance.

A bent-perforation-path acoustic liner attempts to (1) provide a reactance increase to improve
lower-frequency absorption and (2) reduce sensitivity to the incident sound pressure level while
maintaining its target resistance requirements. To accomplish this, the effective thickness of the
facesheet holes is increased by bending the perforation paths within the facesheet. A simple example
of the proposed change can be seen in Fig. 2. The actual facesheet thickness is not impacted, but
rather the perforation holes bend and extend within the plane of the facesheet, thereby extending



the propagation paths of the holes. In doing this, facesheet reactance and viscous-loss resistance
are significantly increased.
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Figure 2: Proposed design change for a facesheet perforate hole. Propagation paths illustrated with
an arrow.

The intent of the current study is to design, print, and test an acoustic liner concept that
includes the bent-perforation-path facesheet. The desire is to validate the capability of the concept
and not derive an optimized design at this stage. In the following sections, the conceptual design
that was printed will be shown in detail. The model used to help characterize the impedance of the
design will then be shown. This will be followed by a description of the impedance tube used during
the test as well as test conditions considered. Finally, a discussion of the results with comparisons
to the model will be provided, along with descriptions of follow-on concepts.

2 Conceptual design

The conceptual design for the bent-perforation-path acoustic liner shown in Fig. 3 was 3D-printed
via stereolithography (SLA). Please note that the images include transparency of the facesheet
and partitions to improve the view of the bent-perforation paths. The geometric parameters of
the acoustic liner are shown in Table 1. The acoustic liner was printed as one integrated piece
(facesheet and chambers together) to improve structural rigidity. A chamber depth of 1.5” was
selected to back the facesheet, which is representative of space typically available within an engine
nacelle. As mentioned in the previous section, this is not an optimized design but is simply an
attempt to demonstrate the concept. The “Facesheet effective hole diameter” referenced in Table 1
refers to the diameter of a circular perforation of equivalent cross-sectional area to the square
perforation that was used. Additionally, the “Facesheet perforation midline length” is referring to
the midline length through the bent path of the perforation. It should be noted that there was no
quality assurance performed on the sample (i.e., no measurements were taken to verify geometric
parameters were printed properly) other than a visual inspection of the sample. Due to the unique
nature of the sample, certain geometric parameters cannot be measured easily.

The perforation paths are maximized by starting the holes near one edge of the chamber cross-
section and having them exit near the other edge. To do this, the perforation paths go down a small
distance into the facesheet, perform a 90-degree bend, go across most of the width of the chamber
cross-section, and then perform another 90-degree bend and exit to the lower side of the facesheet.
Figure 3d shows a diagram of a single chamber, where the white squares indicate the openings at the
top of the facesheet, and the red squares denote where the holes exit to the air chamber backing
the facesheet. The section cut also shown in this diagram displays the perforation path within
the facesheet. Square perforation shapes were chosen for this conceptual design to minimize the
complexity of the perforation bends. Some preliminary impedance tube testing conducted before
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(a) Isometric view (b) Top view
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(¢) Zoomed-in view of the facesheet holes (d) Single-chamber diagram

Figure 3: Conceptual design of the bent-perforation-path acoustic liner.

this study confirmed that the performance of a square perforation was nearly identical to a circular
perforation of the same cross-sectional area.

It is important to note that the acoustic liner OAR is very low. Future studies will explore ways
to help raise the OAR of the bent-perforation-path acoustic liner, as a low OAR increases both
SPL-driven resistance and grazing-flow resistance. A concept for raising the OAR will be shown
later in the report. The overall goal of the preliminary conceptual design is to increase the effective
thickness of the facesheet perforation holes, thereby increasing the mass reactance and viscous-loss
resistance of the liner. It is seen in Table 1 that a facesheet thickness of 0.06” is utilized (reasonable



Table 1: Geometric parameters of the bent-perforation-path acoustic liner.

Geometric parameters Values
Array layout 5%H
Chamber size 0.3757x0.375”
Partition thickness 0.0300”
Chamber depth (b) 1.50”
Facesheet open area ratio (OAR) (¢) 0.0357
Facesheet thickness () 0.0600”
Facesheet perforation shape Square
Facesheet effective hole diameter (d) 0.0400”
Facesheet perforation midline length 0.380”

for modern engine nacelles) but the perforation midline length has been increased dramatically to
0.38”.

3 Impedance prediction model

The impedance prediction tool used for this study is based on theory from the NASA Zwikker and
Kosten Transmission Line (ZKTL) impedance prediction code [2-4], where the acoustic pressures
and velocities are calculated by stepping through the acoustic liner, from the backplate to the liner
surface. Figure 4 shows the computational layers for a single acoustic liner channel, where the
thickness of the perforate sheet has been exaggerated for the clarity of the drawing. It should
be noted that the acoustic liner channel of interest in this study is a perforate sheet backed by
an air chamber, where it is assumed in the model that the bent-perforation paths of the holes
are actually straight. The midline length (or effective thickness) of the holes is then used as the
facesheet thickness in the model. Recent research has used the work demonstrated in Cummings [5]
to modify the midline length to account for bends and sharp corners of bent chambers, thereby
better predicting the impedance [6,7]. This was explored as an option in this study, but ultimately
it was found that using the midline length without any corrections provided the best impedance
prediction. It should also be noted that for both the predictions and test data impedances shown
in this paper, the e/*7 time convention is used.

The current code implements an iterative method at the backplate of the liner to adjust the
acoustic pressure until the surface pressure matches the target SPL. Therefore, this method at-
tempts to account for the acoustic particle velocity effects at the facesheet. The backplate is
assumed rigid with the acoustic pressure and velocity starting values given by Eq. (2) below, where
these values are normalized by pc? and c, respectively.

(2) = (%) i

The value pp is the current iterated guess for the backplate acoustic pressure. This value will
update after every iteration utilizing a simple bisection method. For the air chamber, the acoustic
pressure and velocity at the top of the chamber can be calculated via transmission coefficients using
the acoustic pressure and velocity at the bottom of the chamber, see Egs. (3) and (4) below.
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Figure 4: Example of computational layers in the acoustic liner impedance prediction tool.
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Uit Tor T ) \u;
T11 = Tay = cosh(kTb); Tio = (sinh(kTb); Tyy = ¢ 'sinh(kTD) (4)

To calculate the transmission coefficients, one must first solve for the propagation constant, I,
and characteristic impedance, (.. This is done by solving for the shear wavenumber, s, as well as
the Prandtl number, o2, and the specific heat ratio, +y, all shown in Eq. (5).

de [pw. o _ Cp _ Cp

= = )

The propagation constant is then calculated as Eq. (6) below, where the n value in the propa-
gation constant formulation is also shown.

Jo(@22s) [y )y 2G| (6)
n

J2(]‘3/23) v Jo(53/20s)

Once the propagation constant is calculated, the characteristic impedance can be calculated via
Eq. (7).

= Jo(5*%s)
“TT () g

This is the basic structure for solving the acoustic pressures and velocities within the air chamber
of the liner. A similar model can also be used to calculate the transfer impedance of the top layer
facesheet. The wave propagation model shown in Jones et al. [8], recently assessed for accuracy
in Jones et al. [9], is used with some added modifications that were first reported in Kreitzman et
al. [10]. It is assumed that as one goes from an air chamber to a single perforate hole, continuity



of acoustic pressure is maintained while the acoustic particle velocity increases due to conservation

of mass. Equation (8) below shows the assumptions being made.
W

PiH = Pi;UiH = é (8)

Once the acoustic pressure and velocity are defined at the entrance of a given perforate hole,

Egs. (3)-(7) can be used again to calculate the acoustic pressure and velocity at the other side of

the hole, noting of course that instead of the chamber diameter, d., and chamber depth, b, being

used, the perforate sheet hole diameter, d, and sheet thickness, ¢, are used. Once the acoustic

pressure and velocity are defined at the other end of the perforate hole, similar logic to that shown

in Eq. (8) can be applied for the acoustic pressures and velocities just above the holes. Equation (9)
below shows this.

Dit1 = P 1) H} Uil = U(i41)HP 9)

There are additional assumptions that can be made to further modify Eq. (9). For one, this

method for the impedance prediction does not capture the nonlinear resistance of a perforate caused

by the turbulent mixing loss of the acoustic waves exiting the holes. Equation (10) can be used to

account for this [11].
(1-¢%

Ons = W\“Hﬂ (10)

Additionally, this model only properly accounts for acoustic behavior inside the holes and

neglects the radiation impedance effects, typically applied using a mass-end-correction term in the

reactance. This term is given in Eq. (11) below for a normal incidence environment [12]. Note that

this equation is formulated for a uniformly-distributed perforate facesheet, and as shown in Fig. 3b,

the conceptual design does not have a uniform perforate hole layout. Work is ongoing to more
appropriately model radiation impedances for nonuniformly-distributed perforate facesheets [13].

1—1.25\/¢ (11)
¢
Equation (9) for the acoustic pressure can be modified with Eqns. (10) and (11) to represent an
additional acoustic pressure change associated with the nonlinear resistance and radiation reactance,
shown below as Eq. (12). Note that the perforate sheet is treated as a lumped element (i.e., no
change of particle velocity across the sheet) for these added terms.

Ye = 0.85kd

Pit1 = Dir1)a + (Ot + FXe) Uit (12)
The normalized surface impedance of an acoustic liner is then defined in Eq. (13), where the
impedance of a single acoustic liner channel is the ratio of the normalized acoustic pressure to
acoustic particle velocity at the surface of the liner. To account for partitions between these
channels, this definition is then divided by the ratio of the acoustically active surface area to the
total surface area of the liner exposed to the incident source, 2. This definition is only valid for
acoustic liners where the impedance does not change between channels, which for the purposes of
this paper is a valid approximation.

_1py
¢= Qu, (13)



In addition to the surface impedance, normal incidence absorption coefficients («) are calculated
using Eq. (14) below utilizing the resistance (#) and reactance (x) terms of the calculated surface
impedance (().

46
DR -

4 Normal Incidence Tube (NIT) test rig

The test is conducted in a normal incidence impedance tube, specifically the NASA Normal Inci-
dence Tube (NIT). The NASA NIT is a 2” x 2” waveguide of approximately 36” in length. It uses
six 120 W compression acoustic drivers to generate a sound field that impinges on the acoustic
liner surface. There are 3 flush-mounted microphones associated with the rig. One is a reference
microphone 0.25” away from the sample surface and is used to help achieve the appropriate to-
tal SPL (incident plus reflected) for the test. Two other microphones are then placed 2.50” and
3.75” from the liner surface and are mounted in a rotating plug so that their positions can be
interchanged. This allows errors associated with the amplitudes and phases due to mismatched
microphone calibrations to be eliminated during the two-microphone method process [14]. The
NIT allows for 4 different source types: stepped-sine, swept-sine, multitone, and broadband. For
this study, swept-sine is used, which is a controlled amplitude swept-sine source that can maintain
+0.5 dB amplitude accuracy with approximately 5 Hz analysis resolution from 400-3,000 Hz [15].
A drawing of the NIT is shown in Fig. 5. For this particular test, the sample was tested at 120,
130, and 140 dB.

Reference Measurement
Microphone Microphones
Incident and
reflected waves \
Waveguide
Test Sample \

Figure 5: Normal Incidence Tube (NIT) test rig [Source: NASA].

5 Analysis of results

Figures 6 and 7 show the test data and predictions of the bent-perforation-path acoustic liner at
120, 130, and 140 dB. It is shown that the prediction model aligns quite well with the test data
absorption, reactance, and acoustic liner resonant frequency, where resonance is defined where the
reactance curve crosses zero with a positive slope. There is only one prediction line shown for the
reactance, as the model predicts the same values across all SPLs. The test data show a shift in the
resonance to slightly higher frequencies as the SPL is increased. This is well-known behavior as the



particle velocity effect lowers the mass-end-correction term of the radiation impedance [11]. This
effect is not currently included in the impedance model. The model also appears to under-predict
the resistance away from resonance and strong particle velocity effects. It is theorized that since
the model is assuming a straight hole, it is not capturing additional losses associated with the tight
bends within the perforation pattern. This will need to be studied further if these types of acoustic
facesheets are to be modeled more accurately in the future.

It should also be noted that the discharge coefficient, C'p, was used as a tuning parameter
for the resistance at the 130 dB case. Cp values in the model typically range from 0.75-0.90 for
standard perforate facesheets. Due to the uniqueness of the bent-perforation-path facesheet, it was
decided to adjust Cp to match the resistance data near resonance at 130 dB. It should be noted
that this approach is really only tuning the nonlinear resistance due to the SPL, as the particle
velocity effects are strongest at resonance. In doing this, a value of 0.45 was used for the Cp in the
model, which is much lower than typically used values. However, due to the unique propagation
path of the acoustic waves through the holes, this may be physically realistic. More investigation
on this matter should be explored further. The value of 0.45 was then used to predict data at both
120 and 140 dB, and it is seen that the resistances near resonance are well predicted.

One can see in Fig. 6 that the peak absorption frequency of the liner sample hovers around
500 Hz for all three SPL values. This is a low frequency considering the chamber depth behind
the facesheet is only 1.5”7. The large effective thicknesses of the perforation holes greatly increase
the mass reactance of the facesheet. For comparison, the model was used to predict the impedance
of an acoustic liner with the same geometric parameters as the conceptual design, only with the
holes straightened out like a typical facesheet. This drops the facesheet thickness used in the model
down to 0.06”. In this case, the peak absorption frequency is almost 1,000 Hz, indicating that the
bent-perforation paths of the conceptual design lower the resonance by 500 Hz.

As mentioned earlier, the conceptual design shown here has a particularly low OAR, and Fig. 7
clearly shows that the resistance is strongly affected by the SPL. The intent of the conceptual
design was to increase both the mass reactance and viscous-loss resistance of the facesheet. One
can see in Fig. 7 that both of these have been achieved, as even at 120 dB where particle velocity
effects are lower, the resistance is still of a sufficient magnitude. The next step in the progress of
this concept is to increase the OAR to mitigate the SPL-driven resistance. A preliminary concept
for this is shown in the next section.

6 Next Steps

It was shown in this report that the low OAR corresponds to high sensitivity of resistance to the
incident SPL. This sensitivity is typically undesirable for aircraft liner design, therefore raising the
OAR of this concept is critical. One way of doing this is through the use of two layers of perforation
bends. This would allow perforations to bend underneath one another, and therefore more holes
could be placed on the surface. A potential perforation layout of this concept is shown in Fig. 8.
For this example, if the facesheet thickness was extended to 0.11”, up to 10 holes could be placed
on the surface. This would raise the OAR from 0.0357 to 0.0893, reducing sensitivity to acoustic
particle velocity and therefore SPL. It should be noted that this comes at the expense of more
liner volume and potentially added weight, although adding more perforation paths through the
facesheet may minimize any weight gain.

Another negative drawback of the concept is its narrow high-absorption frequency range. Al-
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Figure 6: Normal incidence absorption coefficient at 120 dB (black line), 130 dB (blue line), and
140 dB (green line). Solid lines are test data; dashed lines are predictions. Good agreement between
predictions and test data is seen across the full frequency and sound pressure level (SPL) range.
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is needed to accurately predict the resistance away from resonance.
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Figure 8: Preliminary concept for a two-layer, bent-perforation-path acoustic liner. Diagram shown
is for a single chamber.

though the intent of the conceptual design was to target a single low frequency, often an acoustic
liner is needed to provide high absorption over a wide range of frequencies. A drawback to adding
high amounts of mass reactance to a liner system is that the acoustic liner’s high-absorption charac-
teristics only exist over a small frequency range. One potential way to mitigate this issue is through
the use of variable-length perforation paths within the chambers. Similar to work performed on
variable-depth acoustic liners [4, 6, 8], variable-length perforation paths would, in theory, broaden
the absorption characteristics of the acoustic liner. Both one and two-layer bend concepts could
employ this, but it should be noted that variable-length perforations for the two-layer bend concept
would be restricted to the second lower layer.

Another potential use of the bent-perforation-path facesheet is coupling it with a larger cross-
section chamber. This would enable even longer bent-perforation paths, further lowering the reso-
nant frequency of the liner system. Recent research indicates that large chambers can maintain local
impedance behavior up to a 2”7 x 2” cross-section in a grazing incidence environment for frequencies
that are of interest in this paper [16,17]. One would need to be careful with this design possibility
though, as the viscous-loss resistance may get excessively high for long bent-perforation paths.
Additionally, it was noted in Kreitzman et al. [13] that vibration issues can exist for facesheets
with large cross-section chambers backing them. Despite these potential issues, the possibility of
the concept should be explored further to assess the design space. Future work should also include
varying the chamber depth behind the bent-perforation-path facesheet to provide more insight into
impedance characteristics and further validate the impedance prediction model.
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7 Summary

Low-frequency absorption characteristics are needed for future acoustic liners on engine nacelles,
where space and weight are extremely limited. A space-efficient approach to lower-frequency ab-
sorption is the bent-perforation-path acoustic liner, which bends the propagation paths of the holes
in the facesheet to increase the effective hole thickness. This adds significant mass reactance and
viscous-loss resistance to the acoustic liner. A bent-perforation-path acoustic liner was designed,
3D-printed, and tested in a normal incidence impedance tube. It was found that for a 1.5” chamber
depth and 0.06” facesheet thickness, the bent-perforation-path acoustic liner lowered the resonant
frequency down to ~500 Hz. Next steps are in place to look at additional concepts that (1) raise
the OAR to lower SPL sensitivity and (2) vary the perforation-path lengths within the chamber to
broaden the high-absorption frequency range. Larger chamber cross-sections will also be explored
to assess longer perforation paths.
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