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Abstract

Acoustic liner samples with rectangular, sharp chamber bends are 3D-printed and tested in the
NASA Normal Incidence Tube. The angle of the bend is varied from 0° to 180°. Four different
methods are used to predict the impedance behavior of these samples: (1) midline-length assump-
tion, (2) Cummings correction for curved duct bends, (3) Cummings prediction for 180° sharp duct
bends, and (4) Helmholtz equation via finite element method. Trends in the experimental data are
discussed, predictions are compared to the experimental data, and recommendations are made on
prediction method usage. Follow-on work is suggested, including capturing additional test points
at higher frequencies and with different chamber geometries. Future modeling strategies are also
briefly described.
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Description

admittance for entire sample and for the i*" chamber

sound speed and density of air

total mass-end correction value of i*® chamber

mass-end correction value of i chamber due to j* chamber
radiation impedance intermediate calculations

term used in acoustic modal solution, dependent on mode number
imaginary number (y/—1) and imaginary portion of value

Bessel function derivatives of first and second kind with order ¢
free-space and angular wavenumbers, angular frequency, and time

axial wavenumber for mode m and i section of a chamber

chamber side and midline lengths, partition thickness between chambers
straight chamber lengths and slot height used in prediction analyses
mode orders for rectangular duct

number of open chambers on the surface of the sample

ratio of acoustically active surface area to total surface area of liner
acoustic pressures for three sections in a chamber

incident /reflected (£) modal (m) amplitudes for i'" section of a chamber
inner and outer radii of curved duct bend, chamber bend angle (radians)
reflection coefficient and integer value used during prediction process
radiation impedance intermediate calculations

center coordinates of an open chamber surface within the impedance tube
impedance tube width and height

it" chamber surface impedance and chamber reactance, pc normalization
liner surface impedance, resistance, and reactance, pc normalization

1 Introduction

Modern aircraft engine nacelles are trending towards higher bypass ratios, which consequently low-
ers the dominant fan noise frequencies. Longer chamber depths are then needed for the integrated



acoustic liners to effectively attenuate the fan noise. Since space for the acoustic liner continues
to be limited, bending the acoustic liner chambers at various angles for efficient volume usage is
a viable option for improved lower-frequency attenuation. It is critical to accurately model these
bend effects to ensure future designs are targeting the proper frequencies. A chamber bend can
either be curved or sharp, and this is shown in Fig. 1. If a sharp bend is 180°, one can also define
a slot height (b), which is the minimum distance from the end of the partition to the back of the
chamber.
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(a) Sharp bend (b) Curved bend

Figure 1: Chamber bend types with bend sections shown with a dashed line and the slot height
denoted as b.

The theory of sound propagation within chamber bends has been looked at previously, although
work has mostly excluded sharp bends. Rostafinski [1] provides a detailed summary of numerous
works on curved chamber bends. Cummings [2] computed a correction in the impedance calculation
for a chamber with a curved bend. He followed this up the subsequent year with formulations that
can be used to solve for the surface impedance of 180° sharp bends, both with rectangular and
circular annulus cross-sections [3,4].

Chamber bends have been used successfully in the past to mitigate low-frequency noise in a
flow environment. Sawdy & Beckemeyer [5] presented an extended-reaction analysis to predict the
behavior of a folded-chamber lining the walls of a circular duct. Yu & Chien [6] and Martinez [7]
designed and tested a folded-chamber acoustic liner design for use in the center plug of a commer-
cial aircraft engine nacelle to reduce low-frequency combustor noise. The folded-chamber design
replicated the volume of a straight chamber designed for the frequencies of interest. Testing showed
significant combustor noise mitigation due to the folded-chamber design. More recently, Nark &
Jones [8] tested a bent-chamber liner embedded within a simplified engine bifurcation geometry in
the NASA Curved Duct Test Rig. The reactance correction provided in Cummings [2] was used to
model the impedance, and this was subsequently used as a boundary condition within an approxi-
mated convected Helmholtz equation solver for design and prediction purposes. This was followed
up by Nark et al. [9], which designed small diameter bent-chamber acoustic liners to maximize
volume usage in a highly limited space within an engine nacelle. These particular designs in Nark



et al. [9] may be tested in a static engine environment in the near future.

There have been numerous studies on bent-chamber liners within the normal-incidence en-
vironment as well. Parrott et al. [10] and Howerton & Parrott [11] analyzed skewed resonator
configurations, where the chambers are narrow and bend sharply up to 180°. It was found that
modeling the skewed resonators as straight resonators of an equivalent midline length was satisfac-
tory for modeling purposes, although it should be noted that the nondimensional frequencies (kl.)
were quite low for these samples. The success of the simplified model is due to the fact that the
propagating waves in a bend behave largely in a one-dimensional manner when the frequency or
chamber diameter is small enough. Some recent research has also successfully used a midline-length
assumption for bent chambers and perforates [9,12], but again, the kl. values were low. Sugimoto
et al. [13] assessed 90° bent-chamber liners computationally through Actran TM [14]. They de-
termined that a 90° bent-chamber liner impedance aligned reasonably well at low frequencies with
the impedance prediction of a straight chamber with an equivalent midline length. As the fre-
quency went up, the 90° bent-chamber gradually became more similar in impedance to an assumed
straight chamber depth equivalent to that of the length from the liner surface to the wall of the
bend. This further supports the notion that as kl. increases, using a midline-length assumption for
the impedance prediction is not adequate.

Marinova et al. [15] developed a code to efficiently pack bent chambers in a given volume to
maximize space usage. Chambers et al. [16] assessed numerous different bend types as an attempt to
maximize low-frequency absorption. This included chambers with multiple bends as well as spiral-
shaped chambers. These samples were tested in a normal-incidence impedance tube, and impedance
predictions were made with a midline-length assumption. Excellent low-frequency absorption was
obtained. Palani et al. [17] analyzed variable-depth, bent-chamber liners with embedded septa
for both low-frequency and broadband performance. Jones et al. [18] utilized the slots needed for
water drainage in engine nacelle honeycomb core to create a bent-chamber. The work provided in
Cummings [2] was used to complement the impedance predictions in Jones et al. [18], and it was
found that varying the height of the slot was a significant tuning parameter that should be explored
further.

More recently, extensions to the bent-chamber concept have been applied to other aspects of
an acoustic liner. Jones et al. [19] shows the ONERA long elastic open neck acoustic resonator
(LEONAR) concept. Here the perforations in the facesheet are extended into the chamber, and it
is shown that these extensions can be straight, spiraled, etc. Kreitzman [12] also took the bent-
chamber idea and applied it to perforations in a facesheet. In that study, the perforations are bent
at two 90° angles to support efficient packing in a standard thickness facesheet.

It is clear that numerous researchers and engineers over the years have used the bent-chamber
concept successfully. However, work pertaining to improved impedance prediction of these concepts
has remained limited. The intent of the current paper is to assess a number of bent-chamber liner
samples, both experimentally and analytically. These samples are meant to assess the impedance
characteristics when the midline lengths are kept nearly constant, but the bend angle changes. This
helps evaluate the accuracy of a midline-length assumption model. Additionally, other samples
are created that both vary the slot height and the straight chamber lengths that connect to the
bend. Four different impedance modeling strategies are assessed: (1) midline-length assumption,
(2) Cummings correction for curved duct bends, (3) Cummings prediction for 180° sharp duct
bends, and (4) Helmholtz equation via finite element method. In doing so, one can verify the
accuracy of certain models (via comparisons to experimental data) that numerous researchers have
used over the years to predict bent-chamber acoustic liners.



The remaining sections of the paper are as follows. A brief description of the test rig and
experimental setpoints is provided in Sec. 2. This is followed by a detailed description of the test
samples themselves in Sec. 3. After this, Sec. 4 shows the impedance prediction theory behind all
four methods. In Sec. 5, trends and observations in the experimental data are discussed, and com-
parisons to predictions are provided in Sec. 6. Finally in Sec. 7, a detailed summary of all findings
is provided followed by future work that needs to take place to confirm the findings suggested in
this paper.

2 Normal Incidence Tube (NIT) Test Rig

The NASA Normal Incidence Tube (NIT) is a 2”x2"” waveguide of approximately 36” in length
and shown in Fig. 2. It uses six BMS Speaker 4599ND 2” compression acoustic drivers to generate
a sound field that impinges on the acoustic liner surface. There are three flush, wall-mounted
microphones associated with the rig. One is a reference microphone 0.25” away from the sample
surface that is used to provide feedback in setting the appropriate total sound pressure level (SPL)
(incident plus reflected) for the test. Two other microphones, located 2.50” and 3.75” from the liner
surface, are mounted in a rotating plug so that their positions can be interchanged [20]. This allows
errors associated with the amplitudes and phases due to mismatched microphone calibrations to
be eliminated during the two-microphone method process [21,22].

Acoustic

Measurement Drivers

Microphones

Waveguide

Microphone

Figure 2: Normal Incidence Tube (NIT) test rig [Source: NASA].

The NIT allows for four different source types: stepped-sine, swept-sine, broadband, and mul-
titone at frequencies of 400-3000 Hz [20,23]. The highest frequency tested in the NIT is kept
sufficiently low so that only plane waves propagate within the waveguide. For this particular test,
the swept-sine source is used at SPL levels of 120 and 140 dB. For computing the impedance,
the multi-point method is used [22,24], which uses a weighted residual technique to minimize the
error between measured data and an assumed one-dimensional standing wave pattern. Note that
when only two microphones are used, this method becomes deterministic, and the error between
measured and predicted data is zero. With regards to uncertainty, the 95% confidence intervals on
the NIT normalized impedance spectra should be less than 0.02 and 0.04 for SPL values of 120 and
140 dB, respectively, at least for the samples considered in this study [25].



3 Sample Geometries

A typical NIT sample consists of a 5x5 array of 0.3”x0.3” square chambers, separated by 0.1”
thick partitions. This sample setup is typically selected for modeling purposes as well as increased
resistance from the chamber walls. However, for this particular test, in order to prevent the chamber
bends from interfering with one another, the standard array needs to be modified slightly. For these
samples, every other chamber surface is now open to allow sufficient space for the bends, noting
that the chambers are still 0.3”x0.3” square cross-sections. It is also important to note that these
samples contain no facesheet to more easily assess the characteristics of the chambers themselves.
There are two bend layouts used, shown in Fig. 3. Bend directions are denoted with an arrow.
The orange squares represent the chamber surfaces that are open, while the blue squares represent
closed surfaces. Bend layout 2 is only used for the 180° chamber-bend samples.

(a) Bend layout 1 (b) Bend layout 2

Figure 3: Bend layouts showing the direction of bends with an arrow. Orange squares indicate
open chamber surfaces; blue squares indicate closed surfaces.

The sample names and geometry for each are displayed in Table 1. Please note that samples
BC-1 through BC-8 are all designed to have the same total midline length of 2.00” but differing
bend angles. Since the 180° bends must bend back toward the liner surface, there exists a 0.03”
backplate layer, and hence BC-9 has a total midline length that is slightly smaller than BC-1
through BC-8. Additionally, the varying slot heights of BC-10 and BC-11 modify the chamber
midline lengths as well. The component midline lengths defined in Table 1 represent the chamber
midline segments that are separated by bends, hence why BC-1 only has one component midline
length. These component midline lengths are in order of closest to furthest from the liner surface
(assuming the total midline lengths are “unwrapped” to be straight). Figure 4 shows an example
of the midline-length breakdown for BC-5.

The geometric differences for each sample may be observed in Fig. 5. It is important to note
the variation in samples BC-5 and BC-6, where although the total midline lengths are the same



Table 1: Acoustic liner geometries.

Sample Total Midline Component Midline Bend Slot
Name Length (in.) Lengths (in.) Angle (degrees) Height (in.)
BC-1 2.000 2.000 0 N/A
BC-2 2.000 1.000, 1.000 30 N/A
BC-3 2.000 1.000, 1.000 60 N/A
BC-4 2.000 1.000, 1.000 90 N/A
BC-5 2.000 1.250, 0.750 90 N/A
BC-6 2.000 0.750, 1.250 90 N/A
BC-7 2.000 0.855, 0.290, 0.855 120 N/A
BC-8 2.000 0.832, 0.336, 0.832 150 N/A
BC-9 1.970 0.800, 0.400, 0.770 180 0.300
BC-10 1.770 0.700, 0.400, 0.670 180 0.500
BC-11 2.120 0.875, 0.400, 0.845 180 0.150
0.75”
et
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Figure 4: Component midline length diagram for sample BC-5.

between the two, the long and short ends of the chambers are reversed. This is evident from the
component midline lengths in Table 1 as well. Additionally, one may see that a surface offset is
added to samples BC-7 and BC-8. Due to the bending of the chambers back towards the liner
surface, the samples would not be able to fit within the NIT mounting sleeve without an offset
added. This offset is simply measured and applied in the post-processing to accurately compute
the impedance.

Once the samples exceed a bend angle of 90°, the chambers always have a 0.1” straight section to
transition the bend. This is meant to replicate the partition thickness of the sample. This straight
section is included in the midline length calculation. It is important to note that chamber bends
greater than 90° without this transition section (i.e., the chamber bends back sharply instead) are
not considered in this study but should be assessed in the future.



(a) BC-1 (b) BC-2 (c) BC-3 (d) BC-4

(h) BC-8

(i) BC-9 (j) BC-10 (k) BC-11

Figure 5: Acoustic liner geometries.

4 Impedance Prediction Theory

Details regarding the impedance prediction of the samples will be shown for each method in the
following sections. The acoustic impedance of each sample is defined as

(=0+ix =iy, (1)

where the ! convention is used. This relation is assumed to be normalized by the characteristic
impedance of air, pc. Due to the cross-sectional size of the chambers for each sample (0.3”x0.3"),
it is assumed for this study that there are negligible dissipative losses associated with the chamber
walls. Coupled with the fact that there are no facesheets present, the acoustic liner resistance is
close to zero as shown in Eq. (1).

As mentioned in the previous section, every other chamber is open at the surface for a given



sample due to extra space needed for the chamber bends. Every open chamber radiates noise
into the impedance tube, and when these open chambers are more isolated (or tuned to different
frequencies), radiation impedance must be accounted for in the overall prediction process [26]. The
impedance for a single chamber can be defined as

G = i(xc + kdi), (2)

where a mass-end correction value, d;, is used to account for the radiation impedance. Note that
the admittance of a single chamber is then defined as 3; = ¢, 1 The details for calculating the
mass-end correction term are provided in Sec. 4.1.

The samples in this study are composed of twelve open chambers, each with their own radiation
impedance behavior (although some chambers have identical behavior to one another for these
samples). Additionally, all closed surfaces and partitions between the chambers must be accounted
for in the prediction process. Therefore, one must combine the impedances of the individual open
chambers with the rigid surfaces to predict an effective impedance of the entire sample. This can
be accomplished via a weighted summation of admittances, shown as

0 o
B=x Z; Bi, (3)
where the final impedance of the sample is then simply calculated as ¢ = 871.

4.1 Radiation Impedance

The radiation impedance for each open chamber may be calculated by solving for the mass-end
correction value, utilizing research originally conducted by Ingard [27] and expanded upon by Ih [28].
Here it is assumed that the chamber radiates noise into the impedance tube like a rectangular piston
into an infinitely long rectangular tube. Each chamber experiences self-radiation effects (due to
the pressure field it creates acting on itself — this includes effects due to the impedance tube walls)
as well as mutual-radiation effects (due to the pressure field of every other chamber acting on the
chamber of interest). Ih [28] developed a low-frequency approximation for the mass-end correction
term of one rectangular piston due to the radiated noise of another rectangular piston, within an
infinitely long rectangular tube. This is shown below as

l? — & 2 / — Yt 2 / - 1 2 2 / /
iy = (Z o Gy + ) -Gl HH, + > w0 GG Hy Ho I )
m=1 n=1 m=1n=1 (4)

where v,,0 = v, = 0.5 and v,,, = 0.25, and the w term is defined as

)G

The G,, and G,, terms are defined as

. mmle : nmle
G _Sm<2xt>G _Sln(Zyt> .
m= T a9 T T apl. ( )
2zt 2yt



while the H,,,, H,, H],, and H] terms are defined as

H,, = cos (mwmm) , Hy, = cos <n7rya) , H), = cos ( T CJ) , and H] = cos (M) . (7
Tt Yt Lt Yt

Figure 6 shows the problem setup and coordinate system for the radiation impedance calcu-
lation. Note that if one wants to calculate the mass-end correction term of a rectangular piston
acting on itself (self-radiation effect), one must simply set the coordinates of the two pistons to be

equa‘la i'e'a (l‘civyCi) = (xcjaij)
. (.> . . . g
X X,

Figure 6: Problem setup and coordinate system for the radiation impedance calculation. The outer
square denotes the impedance tube walls.

Equations (4)—(7) are found by assuming linear acoustics and solving for the acoustic potential
field due to each piston’s motion, noting also that the cross-sectional particle velocity distribution
at each piston surface is uniform at low frequencies. The formulation is specifically for two pistons
but can easily be extended to multiple pistons. Pritchard [29] notes that the radiation impedance
of a piston is the summation of its self-radiation impedance and its mutual radiation impedance
with every other piston, assuming the pistons are all in phase with one another (which is true in
the case of constant-depth liner samples for the frequencies considered in the NIT). Given that
radiation impedance is simply being modeled as the free-space wavenumber multiplied by the
mass-end correction term, one can simply add up the mass-end correction values due to a piston’s
self-radiation impedance and its mutual radiation impedance with every other piston. This is shown
as

Nc
5= 0 (8)
j=1

for the it* chamber.



4.2 Method 1: Midline-Length Assumption

The simplest method for computing the chamber reactance is the midline-length assumption. Here
it is assumed that the bent-chamber is unfolded to be a straight chamber with the same midline
length. As mentioned earlier, this is a common prediction scheme among the community. An
example of a midline for a 180° bend is defined in Fig. 7a (shown as a dashed line).

A

A 4

— L
v A 4

(a) Method 1 (b) Method 2 (¢) Method 3

Figure 7: Problem setup for prediction methods 1-3 assuming a chamber bend angle of 180°.
Method 1 is the midline-length assumption; method 2 is the Cummings correction for curved duct
bends; method 3 is the Cummings prediction for 180° sharp duct bends.

The chamber reactance is then calculated assuming a straight chamber with no viscothermal
losses, shown as

Xe = —cot(kly,). (9)

4.3 Method 2: Cummings Correction for Curved Duct Bends

Cummings [2] computed the impedance of curved duct bends at arbitrary angles. Note here that
the obvious advantage to this approach is the use of any bend angle, but the drawback is it assumes
a curved duct bend and not a sharp duct bend that is more commonly used for bent-chamber liners,
including the ones in this study. Hence, assumptions must be made about the geometry of each
sample. Figure 7b shows the geometric assumptions made for the Cummings correction, using a
chamber bend of 180° as an example. It is shown that the sharp bend is replaced by a curved
bend, with the inner radius being equal to half the partition thickness. This is a similar approach
to that assumed by Nark & Jones [8]. The Cummings correction approach also assumes a constant
radius as the curve bends through the angle, so unfortunately chamber bend designs with a slot
height other than the cross-sectional size of the chambers themselves cannot be predicted with this
approach.

10



The Cummings correction method works by adding an effective length to the straight sections
of the chamber to account for the bend. To accomplish this, an angular wavenumber is defined and
computed using

J,'% (kri)Y,é¢(kro) - J,ﬁ;d)(k:ro)Yk'qb(k:ri) =0, (10)

where an iterative process must be used. For more information on how Eq. (10) is derived, please
refer to Cummings [2]. Once the dimensionless angular wavenumber is computed, the effective
chamber reactance can be solved using

Xe = —COt |:k2 (@Z)k]j + 1+ l2>:| . (11)

Cummings [2] notes that for curved bends, the primary effect has less to do with the generation of
higher-order modes, but rather simply a change in the propagation characteristics due to the bend.
Therefore, simply correcting the midline length of the curved bend is a viable strategy. In short,
it modifies the midline length of the bend by changing the propagation velocity, using the angular
wavenumber instead of the free-space wavenumber.

Note that the {; and lo summation in Eq. (11) for these particular samples can be computed
using

L +15 = Iy — (I +t,)tan (Z’) (12)

4 1lg =l — (I + t,) [1+tan(w2g>} (13)

for § <+ < 7. It is important to note again that various geometric assumptions are made in order
to use this method, and one could make different assumptions and get different answers. This will
be discussed later in the document.

4.4 Method 3: Cummings Prediction for 180° Sharp Duct Bends

Cummings [3] developed an impedance prediction scheme for 180° sharp, rectangular chamber
bends*. This includes the ability to vary the slot height. To do this, an acoustic modal solution is
developed, which will be shown in this section, but please refer to Cummings [3] for more details
if needed. Figure 7c shows the coordinate system and problem setup for the prediction, where it
should be noted that the analytical domain is broken out into three distinct sections. Note that
the wavenumber in the z direction (out of the page) can be defined as zero throughout since there
are no discontinuities present. Additionally, it is important to mention that this zy coordinate
system is separate from the xy coordinate system used in the radiation impedance calculation.
The acoustic pressure in each of the three sections may be described by an infinite summation of
rectangular duct mode solutions. These are shown as

*This formulation is written in the e~ ** convention so as to preserve the original intent of the author. The

reactance is then negated at the end to switch back to the e™* convention to be in line with the other methods.

11
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where the axial wavenumbers are defined as

2
ki = || K = (”lm> : (17)

and the I',,, term is defined as

mmy _
| cos (—216 ) m=20,2,...

I —
" sin(g—?) m=1,3,...

where it should be noted that this solution assumes an infinitely thin partition.

The bend in the chamber facilitates the need to account for a small number of higher-order
modes. It was shown in Cummings [3] that a third-order solution provided the best impedance
predictions, meaning that the acoustic pressure summation should go to m = 3 for section 2 and
m = 1 for sections 1 and 3. It is important to note, however, that the needed solution order is
partially reliant on both the geometry of the chambers as well as the frequencies of interest, so care
should be taken here to properly choose the solution order based on the needed application. The
intent of the prediction is to solve for the complex modal amplitudes, and a third-order solution
would generate twelve unknowns. However, a variety of assumptions and boundary conditions can
be used to reduce the number of unknowns.

As long as the cut-on frequency of the first higher order mode in sections 1 and 3 is significantly
higher than the highest frequency of interest (which is true for the samples of interest), Pfyr o, and
Py for m > 0 are effectively zero. Additionally, the rigid termination at the end of section 3 means
the particle velocity normal to the termination is zero, which implies that the acoustic pressure
derivative as a function of  must also be zero at this location. Effectively this means P5, can be
expressed as a function of ng - Finally, one can solve for modal amplitude ratios such that the
acoustic pressures in each section can be set as a ratio of Pf’ro. These assumptions and boundary
conditions lower the number of unknowns to eight, meaning eight equations are needed.

One can use continuity of pressure and particle velocity at the boundaries of the sections to
generate the equations. These are shown as

0 0
b1 TsY D2 TsY
— dy = - d 19
/lc (Pfj()) COS( le ) Y /lc (Pff()) COS( I ) v (19)
/” O () (7YY _/08 22\ (YY) g (20)
1. 0z \ P, le v= _1. 0z \ P, le v
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l l
c 0 3 7T5y> /C 0 Do <7T5y>
— [ = dy = — | = d 22
/0 ox (Pff[)) COS( le 4 0 Ox Pffo o8 le ¥ (22)

where pressure and particle velocity terms are multiplied by independent functions and integrated
over the boundaries.

If one sets s = (0, 1), there are eight total equations that can be used to solve for the unknowns.
For the purposes of surface impedance, only the reflected to incident pressure ratio in section 1 for
m = 0 is of interest, as this is the complex reflection coefficient that can be used to calculate the
surface impedance. The final calculation for the chamber reactance is computed via

1 i2k(lo+b+t,)
o= —G d LB L (23)
1 — Ret2k(l2+b+tp)

where this is simply the imaginary part of the acoustic pressure to acoustic velocity ratio at m =0
and at the surface of interest. The reflection coefficient is defined as
p-
R=—_2. (24)
Py

As mentioned previously, this formulation assumes an infinitely thin partition. The samples of
interest in this study have a partition thickness of 0.1”, so it cannot be assumed negligible. Since the
partition thickness adds a small amount to the total midline length of the chamber, it is reasoned
that a very rough approximation to account for this in the Cummings formulation is to add the
partition thickness to the [y + b length in the impedance calculation (Eq. (23)). Do note though
that other options should be explored in the future to more accurately account for the physics, as
for instance the cut-on behavior changes in the bend when the partition thickness is finite.

4.5 Method 4: Helmholtz Equation via Finite Element Method

Lastly, one can also compute the surface impedance of these samples via Actran TM [14]. Actranisa
commercially available and general-purpose finite element program for modeling noise propagation
and radiation. It is comprised of two high-level components: Actran TM and Actran DGM.
Actran TM is used in this study, which solves the convected Helmholtz equation in potential flow.

In order to compute the impedance, a given sample is explicitly modeled in the NIT environment.
This means the radiation impedance is already accounted for, and therefore an added term for the
radiation impedance does not need to be used, unlike the other methods. The two-microphone
method [21,22] is replicated by placing virtual microphones at the same locations as the centers
of the measurement microphones in the NIT. It is important to note that the data captured by
the microphones in the Actran simulation are interpolated values at discrete points, whereas in the
NIT experimental measurement, the data are averaged values over the microphone surfaces (0.25”
diameter microphones). This particular two-microphone method algorithm does not include any
viscothermal losses in the duct to be in line with the Actran assumptions, where it is assumed that
both the NIT and the sample chambers experience no viscothermal losses.
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Figure 8 shows the typical computational setup involved. Please note that the full NIT is not
being modeled but rather a section of it. This is sufficient for modeling purposes, as the NIT
physical system has a longer length to ensure a pure plane wave impinges upon the sample surface.
Correspondingly, the computational domain assumes plane-wave propagation.

/ Plane Wave
/ Source
Measurement /
Microphones /

Sample

Figure 8: Actran computational setup using BC-1 as an example. The red dots are the virtual
measurement microphones.

5 Experimental Results

Figure 9 shows the normalized impedance of the various samples at a source level of 120 dB. Note
again that the data were acquired from 400-3000 Hz using the swept-sine source, meaning the
data resolution is close to 5 Hz. All data shown in this report do not show anything lower than
500 Hz though, as most key features pointed out in this report do not occur at frequencies between
400-500 Hz. BC-5, BC-6, BC-10, and BC-11 are excluded from Fig. 9 in order to demonstrate the
effect of bend angle only, of course noting that BC-9’s total midline length is 0.03” smaller than the
other samples. Also note that since these samples only include open chambers and no facesheet,
the measured differences between data acquired with source levels of 120 and 140 dB are minimal.

As expected, resistance values are small since viscothermal losses are fairly low when the cham-
ber cross-sections are of a reasonably large size. Resistive differences between cases are nearly
negligible with the only real differences occurring near antiresonance, which is simply due to a
change in reactance behavior. It is anticipated that resistive differences between cases may have
been greater with smaller chamber cross-sections. This should be explored in more detail in the fu-
ture. The reactance data shows a gradual lowering of values as the chamber bend angle increases.
Diminishing reactance produces a shift to higher resonant (and antiresonant) frequencies. Only
resonance is captured within the frequency range examined in this study.

Table 2 shows the extracted resonant frequencies for every sample tested at 120 and 140 dB.
Again, it is clear from Table 2 that extracted resonant frequencies between the two SPL cases are
virtually the same. There is a shift of almost 140 Hz between BC-1 and BC-9, noting also that
with the exception of BC-2, the resonant frequency continues to increase as the bend angles of the
samples increase. It is estimated that the 0.03” difference in total midline length for BC-9 accounts
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Figure 9: Normalized impedance vs. frequency (Hz) for various chamber bends at 120 dB. Resis-
tance differences are minor other than near antiresonance. Reactance differences show a gradual
shift in resonance to higher frequencies for increasing bend angle.

for roughly 25 Hz of its shift, so this would indicate roughly 115 Hz of the shift from BC-1 to BC-9
is due to the bend angle alone. Overall, these data show that, at least for the chamber diameters
and frequencies assessed in this study, equivalent midline length chambers do not behave the same
way when different bend angles are present.

Table 2: Resonant frequencies for each sample.

Sample Name 120 dB 140 dB

BC-1 1644.1 Hz 1643.5 Hz
BC-2 1641.5 Hz 1640.8 Hz
BC-3 1653.8 Hz 1652.7 Hz
BC-4 1684.2 Hz 1683.2 Hz
BC-5 1666.2 Hz 1665.4 Hz
BC-6 1707.4 Hz 1705.9 Hz
BC-7 1702.0 Hz 1702.0 Hz
BC-8 1719.2 Hz 1719.4 Hz
BC-9 1781.7 Hz 1780.6 Hz
BC-10 1967.6 Hz 1966.7 Hz
BC-11 1608.1 Hz 1604.9 Hz

There is recent interest in adjusting the slot height to modify the resonant frequency of the
chamber. As mentioned earlier, a detailed study of this was already performed in Jones et al. [18],
but for the current study, it was desired to have a few slot-adjusted samples for modeling purposes.
Figure 10a shows the effect of varying the slot height using samples BC-9, BC-10, and BC-11. In
theory, lowering the slot height should increase the midline length of the chamber and lower the
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resonant frequency. The opposite would then be true for raising the slot height. Figure 10a does
indeed show this to be the case, as significant differences in reactance are achieved. Table 2 shows
there is a 350+ Hz shift in resonant frequency between the large (BC-10) and small (BC-11) slot.
Jones et al. [18] significantly widened the slot-height variation compared to this study, and the
resonant frequencies varied even more strongly. Continued work should be pursued on slot-height
variation.
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Figure 10: Normalized reactance vs. frequency (Hz) showing the effect of slot height and varying
the side lengths on chamber bends. Significant resonance shifts can be achieved by varying the
slot height. However, very little differences are observed with side-length variance, although higher
frequencies may show larger differences.

Samples BC-5 and BC-6 are meant to assess the effect of adjusting the long and short side
lengths of a given bent chamber. As mentioned previously, Sugimoto et al. [13] suggested that at
higher frequencies, the bent chamber will act more like a straight chamber that terminates at the
wall of the bend, indicating that maintaining the midline length but adjusting where the bend is
located could have an impact on the impedance. Figure 10b shows very little difference due to the
placement of the bend. However, the expected trends are present. The sample with the longer
side closer to the liner surface (BC-5) produces reactance data that is slightly higher than the
equivalent side sample (BC-4). Comparatively, the sample with the shorter side closer to the liner
surface (BC-6) has the lowest reactance data. Referring once again to Table 2, one can see that the
resonant frequency shifts about 40 Hz between BC-5 and BC-6. However, to truly see the impact
of the bend placement, it is likely that the samples should be retested at higher frequencies.

6 Prediction Results

The mass-end correction terms for the radiation impedance of each chamber are first calculated.
Note that every sample has the same array of terms, since all samples have the same surface
layout and contain chambers with the same cross-sectional geometry. Additionally, each chamber
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is identical for a given sample, so all chambers are radiating noise in phase with one another.
Figure 11 shows the influence of including the radiation effect within the impedance prediction
process for the baseline case with no bend (BC-1). Although the effect is small, there is a clear
improvement in the prediction. With the prediction for sample BC-1 verified, these same mass-end
correction terms are subsequently used for the predictions of the remaining samples. Figure 12
shows the impedance predictions of the first three methods for all samples except BC-5 and BC-6.
Note that not all methods are applicable for every sample. The following sections will comment on
the applicability of each method.
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Figure 11: BC-1 reactance prediction showing the influence of the radiation effect. Solid green line
is experimental data; dotted black line is prediction.

6.1 Method 1: Midline-Length Assumption

It is clear from Fig. 12 that the midline-length assumption generally does a good job at predicting
the impedance up until a certain frequency, at which point the prediction quality deteriorates. This
is in line with expectations, as the midline-length assumption will break down as kl. values go up.
It is also important to note that the frequency at which the prediction starts to worsen lowers as
the bend angle goes up. It stands to reason that a critical kl. value exists for each sample that
defines this break-down point.

To identify the critical kl. values, it will be assumed that the prediction breaks down when
the difference between the prediction and experimental data differs by an absolute value of 0.25.
Although a prediction error of 0.25 is typically very good, one would expect a very accurate predic-
tion for open chambers without a facesheet. Figure 13 shows the critical kl. values for a number of
the samples (BC-2, BC-3, BC-4, BC-7, BC-8, and BC-9). BC-10 and BC-11 are excluded from this
exercise as they are not constant cross-section bends. There has also been a logarithmic curve fit
added to the plot, which seems reasonable given the critical frequency should approach an infinite
value as the bend angle approaches 0°, as long as the first cut-on frequency of the chamber is suf-
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Figure 12: Normalized reactance vs. frequency (Hz) utilizing prediction method 1: midline-length
assumption, method 2: Cummings correction for curved duct bends, and method 3: Cummings
prediction for 180° sharp duct bends. Solid green lines are experimental data; dotted black lines
are method 1; dotted blue lines are method 2; dotted red lines are method 3.

ficiently higher than the frequency of interest. As one can see, the critical frequency drops as the
bend angle increases, and it appears that this trend for increasing bend angle can be reasonably
predicted by a logarithmic curve fit. To further validate this claim, one would need to look at
samples with additional bend angles and chamber diameters tested at a wider range of frequencies.
This is planned for future studies.

For the test samples in this study, the critical kl. values are in the 0.2-0.4 range. These values
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appear reasonable as research that has successfully used the midline-length assumption [9,11,12]
typically looked at values below 0.1. In short, the midline-length assumption does an excellent job
at predicting bent-chamber impedance up to the critical frequencies. Beyond that, the prediction
quickly deteriorates. It is also important to comment on the applicability of using the midline-length
assumption for a chamber bend with a variable cross-section, i.e., samples BC-10 and BC-11. It
would appear that the assumption works better when the slot height is smaller (see Fig. 12 for
BC-11), and this intuitively makes sense, as the one-dimensional propagation assumption should
hold better.
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Figure 13: Critical kl. vs. chamber bend angle (degrees). Green dots are experimental data; black
dashed line is a logarithmic curve fit.

6.2 Method 2: Cummings Correction for Curved Duct Bends

Figure 12 also shows the accuracy of Cummings correction for curved duct bends. It can be seen
that the trends of this method are opposite of the midline-length assumption: the prediction seems
to become more accurate at higher frequencies. Due to the increased accuracy at higher frequencies,
one would anticipate it does a better job at predicting the antiresonance compared to the midline-
length assumption. However, the antiresonance is not quite captured in the measured results for
these samples due to the frequency limitation of the NIT. Samples should be retested at higher
frequencies to gain a better understanding of the prediction accuracy, and this can be accomplished
through the NASA High Intensity Modal Impedance Tube (HIMIT) [30], where frequencies up to
6000 Hz can be studied. It would appear though that the midline-length assumption is arguably
more accurate at predicting the resonant frequency. Given the trends of methods 1 and 2, it is
possible that one could use a bridging function around the critical kl. value to merge the two results
and yield a more accurate final answer.

However, one must take great care in making assumptions on the accuracy of method 2. As
mentioned earlier, the results of this method are highly dependent on the geometric assumptions
being made. For example, this study briefly approached this method another way. One can see in
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Fig. 7b that under the current assumption, the curved bend replaces the sharp bend in a manner
that the curved bend has a smaller midline length. This would at least partially explain why the
Cummings correction is producing more inaccuracies at lower frequencies. To help account for
this, the Cummings correction was used to replace the sharp bend with a curved bend of the same
midline length and chamber cross-section. Using this approach, the lower-frequency accuracy was
significantly improved while the higher-frequency accuracy deteriorated, to the point where it was
only slightly better than the midline-length assumption. Hence, it is thought that the Cummings
correction is an improvement to the midline-length assumption. However, there is enough evidence
to also suggest that assuming a curved bend instead of a sharp bend is simply not capturing the
physics properly. This is why the second prediction method of Cummings [3] was also assessed.

6.3 Method 3: Cummings Prediction for 180° Sharp Duct Bends

This method is used to predict the impedance of all 180° chamber bend samples: BC-9, BC-10,
and BC-11. This includes the approximation to account for the partition thickness. One can see
in Fig. 12 that this method produces accurate results across nearly the entire frequency range
for all three samples. It is particularly of value to see its accuracy for slot-height variation. It
outperforms the other methods in every case except for the higher frequencies using BC-11, where
the midline-length assumption is actually slightly better. As it is still a fairly quick model in terms
of computational time, one should strongly consider method 3 for 180° chamber bend predictions,
even potentially in design studies. It would also be of interest to apply the model to other test
cases, particularly the work conducted in Jones et al. [18], to gain more insight into the accuracy.

6.4 Method 4: Helmholtz Equation via Finite Element Method

The results of using Actran TM are shown in Fig. 14, where a solution is generated every 100 Hz
to keep the computational cost low (less than ten seconds per frequency). Note that for the sake
of brevity, only five samples are considered. As expected, one can see great accuracy produced
by this method. Typically the main drawback of a method such as this is computational time,
as it makes it more impractical to integrate into a design study. However, recent interest and
test cases have been conducted on shape optimization in Actran TM [31], where the acoustic liner
computational grid within the process is morphed per iteration until an objective function is met.
This process is still early in development, but it is a potential opportunity to more accurately design
bent-chamber liners. Additionally, the Actran predictions are sufficiently accurate that one could
potentially perform a numerical study with Actran using a variety of test samples for evaluation of
the other prediction methods.

7 Summary and Future Work

A study was conducted to both understand experimental trends as well as assess existing prediction
schemes for bent-chamber liners. Every liner consisted of a 5x5 array of 0.3” x0.3"” square chambers
with no facesheet. These samples were tested in a normal-incidence environment at SPL levels of
120 and 140 dB at frequencies from 400-3000 Hz. A total of eleven samples were tested with
varying bend angles, bend locations, and slot height. For the test samples considered in this
study, chambers with an equivalent midline length but differing bend angles produced different
impedance data, namely a lowering in the reactance, which resulted in higher resonant frequencies
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Figure 14: Normalized reactance vs. frequency (Hz) utilizing Actran TM for 0°, 90°, and 180°
chamber bend predictions. Solid green lines are experimental data; blue squares are Actran pre-
dictions.

for increasing bend angle. Resistance changes were small for the chamber cross-sections considered
in this study.

Four impedance prediction methods were described and used in this study: (1) midline-length
assumption, (2) Cummings correction for curved duct bends, (3) Cummings prediction for 180°
sharp duct bends, and (4) Helmholtz equation via finite element method. A radiation impedance
model was included in the classical modeling approaches and resulted in a minor but improved pre-
diction. A midline-length assumption performed well at predicting the impedance of bent-chamber
liners up to a critical frequency, at which point deviation occurred. Likely, a one-dimensional prop-
agation assumption begins to break down at this point. Extraction of this critical frequency (more
specifically the nondimensional frequency kl.) appears to scale logarithmically with bend angle,
i.e., the higher the bend angle, the lower the critical frequency.

The Cummings correction for curved duct bends produced marginally better results than the
midline-length assumption, but it is highly dependent on the geometric assumptions that are used.
The physics of curved duct bends are simply different than sharp duct bends, so likely no ma-
nipulation of the model will be the answer for sharp duct bends. The Cummings prediction for
180° sharp duct bends (with an added correction for finite partition thickness) produced quality
predictions, at least for the samples considered in this study. Finally, a finite element method using
the Helmholtz equation (Actran TM in this study) produced the best results. This is the only
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method that can accurately model the impedance for every sample in this study.

There is a large amount of follow-on work that should be explored to verify and expand on
the findings in this paper. The samples in this study should be retested in the NASA HIMIT to
obtain data at higher frequencies. This would help capture the antiresonant spikes and provide
further clarity on the accuracy of each model. It would also help clarify the differences between
samples having the same total midline length but differing lengths on either side of the bend (BC-5
and BC-6). Furthermore, additional samples should be 3D-printed and tested. Variations in the
samples should include different chamber diameters, depths, bend angles, and partition thicknesses.
This would improve the understanding of the critical nondimensional frequency (kl.) and how that
relates to the midline-length assumption, since this is the prediction method that most people in
the community use.

Further understanding on the accuracy and implementation of the Cummings prediction for 180°
sharp duct bends is also warranted. This could be a valuable option for chamber bend designs in
the future, especially when slot-height variation is considered. A reexamination of the formulations
is also of value to see if the problem setup can be extended more generally for chamber bends.
Finally, shape optimization within Actran TM should be explored further, as it may be the best
way to design bent-chamber liners in the future.
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