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Abstract

This paper presents the results of a study in which the concept of the plate resonator as an acoustic engine liner was thoroughly
investigated from an acoustic and a manufacturing perspective. Since future jet engines will present new challenges such as
low-frequency tonal noise, e.g. due to larger fans, new lining concepts need to be developed to solve these future noise problems.
The plate resonator concept represents a possible alternative to conventional linings. Therefore, a semi-analytical model is used
to carry out extensive parameter studies to better understand the fundamental operating mechanisms of plate resonators. A suit-
able plate material for the resonator is also derived from the parameter studies. Based on this, a plate resonator liner prototype
is designed and additional investigations are carried out to determine the properties of the considered material. Afterwards,
the design is manufactured in lightweight construction taking into account the engine-specific requirements. To verify this
concept, measurements are carried out in an aeroacoustic test rig investigating two plate resonator liners. Thereby, the effects
of pre-tension applied to the plates and grazing flow are analysed. The aim of realising low-frequency attenuation under the
condition of limited installation space is successfully achieved by the plate resonator concept. In addition, the capability of using
the semi-analytical model for specific design purposes is proven. The feasibility of implementing this concept in a jet engine
nacelle is also investigated by considering a lightweight manufacturing process. The results of this work provide a solid base
for new lining concepts and contribute to the goal of making future air traffic much quieter.

Keywords Aeroacoustics - Acoustic damping - Acoustic liner - Manufacturing - Novel liner concepts - Aircraft noise - Plate
resonator

1 Introduction

The most effective way to attenuate sound is to prevent its
generation at the source. However, this is often not feasible
and, therefore, silencers are employed where sound propaga-
tion in flow ducts needs to be attenuated. The nacelle of an
aircraft engine can be considered a special type of flow duct,
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with silencers typically located in the inlet and outlet. These
silencers are known as liners and usually consist of honey-
comb cells covered by a perforated face sheet, which forms
an array of Helmholtz resonators. A Helmholtz resonator in
turn consists of a cavity whose dimensions are small com-
pared to the wavelength considered. This cavity is connected
to the environment by a small hole in the face sheet [1].
The attenuation of Helmholtz resonators is comparatively
narrow-band.

To increase fuel efficiency, aircraft engines are developed
towards larger fans and bypass ratios. A larger fan with a
higher bypass ratio can provide the same thrust at lower jet
speeds and rotational frequencies. However, this leads to
new acoustic challenges that the liners have to address. In
detail, this means that a large slow-rotating fan will lead to
low-frequency tonal noise, caused by a lower Blade-Pass-
Frequency [2]. Additionally, the overall noise spectrum is
assumed to be more broadband than in current engines.
However, larger fans will not lead to larger nacelles, so it can
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be expected that less installation space is available for future
liners. In summary, this means thinner liners are needed to
achieve low-frequency and broadband attenuation, although
these two requirements are often contradictory. Therefore,
new advanced liner technologies are needed to address these
challenges.

Because of their acoustic properties, plate resonators (PR)
offer a concept for future liners to tackle all these problems.
They consist of a thin flexible plate that covers a cavity
completely [3]. Plate resonators effectively attenuate low-
frequency noise [4]. Beyond their acoustic capabilities, plate
resonators have certain advantages that make them a suitable
application in jet engines. Unlike perforated structures, they
are insensitive to contamination caused by particles carried
by the flow. Furthermore, the smooth and closed surface
also prevents particles from entering the cavity and offers
only very low resistance to the grazing flow [5]. Due to these
abilities, plate resonators are commonly used in ventilation
and exhaust systems and are therefore suitable for applica-
tion as aircraft engine liners, too [6].

To use plate resonators as liners effectively, suitable
tools are required to design these silencers. First investiga-
tions to evaluate the applicability of plate resonators for jet
engines date back to 1969 [7]. However, the so far most
advanced model was introduced by Huang and Wang [3, 8].
This model has been studied in different ways considering
the flexible structure as a membrane or a plate respectively
and with different boundary conditions [9-11]. In a previous
project by the authors, the plate resonator model was exam-
ined in a two-dimensional, dimensionless framework, i.e.
without physical units [5]. To improve the model’s accuracy
and investigate realisable applications, it was extended in a
three-dimensional form and with physical units. In addition,
this semi-analytical approach is capable to take grazing flow
into account and was validated by Finite Element Method
(FEM) and measurements in an acoustic flow duct [12].

The semi-analytical model was employed in [13] to con-
duct preliminary parameter studies and examine the impact
of individual material and geometry parameters on trans-
mission loss. Furthermore, a theoretical manufacturing
concept for the production of curved plate resonator liners
was developed, but it was not put into practice or subject to
experimental evaluation.

In this study, the semi-analytical model is used to extend
parameter investigations to obtain a more precise understand-
ing of the impact of individual parameters on the attenuation
effect of plate resonators. Based on these and using the approach
given in [14] a suitable material for jet engine application is
identified. In addition, material-specific investigations are car-
ried out to determine the properties of the considered plate
material. Following the selection and investigation of a suitable
plate material, the semi-analytical model is applied to design
a liner prototype. Then, a lightweight manufacturing approach

@ Springer

Pre~_ Y E.lp
N> Pt
4] N b
0 i X
he
vz L

Fig. 1 Sketch of a simple plate resonator

is investigated and a flat liner prototype is build. Compared to
[13], a different manufacturing concept is used, which could
actually be implemented as part of this study. The scattering
coefficients of the manufactured prototype are then measured in
an acoustic flow duct test rig, considering the effect of grazing
flow. Finally, these results are compared to those calculated by
the semi-analytical model and by finite-element-method (FEM).

Compared to previous considerations in [13], this study
provides a more detailed view on the impact of the indi-
vidual material parameters, the properties of the considered
plate material and the specific design of a plate resonator
liner using the semi-analytical model. Furthermore, it shows
how a flat plate resonator liner consisting of several cavi-
ties is manufactured and how the experimentally determined
scattering coefficients compare to the semi-analytical model
and the FEM for this liner prototype.

2 Modelling

The following section provides an introduction to the semi-
analytical model of a plate resonator. The schematic struc-
ture of a simple PR is shown in Fig. 1, which serves as
the baseline for modelling. A part of the hard duct wall is
replaced by a thin flexible plate, which is simply supported
on all four edges. If a sound wave is travelling along the duct
(p;,) and hits the PR, the plate starts to oscillate. This causes
an interaction with the closed cavity beneath the plate. Due
to this, one part of the incident sound energy is reflected
back in the direction of the source (p,). Another amount of
the incoming sound energy is dissipated by intrinsic material
damping within the plate. The superposition of the remain-
ing portion of the incident sound combined with the sound
emitted by the plate in the same direction leads to the overall
transmitted sound (p,), which carries less energy than the
incident one. In a former project, a semi-analytical approach
was used to describe this behaviour of the plate resonator
[5]. The model behind has been originally introduced by
Huang and Wang [3, 15]. In this work, this approach is used
in a 3D and dimensional way to model this principle as
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realistic as possible. In the following, a brief outline of the
model is shown. For more details refer to [12].

The starting point of the modelling is the bending dif-
ferential equation of a thin flexible plate:

2
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Where v, is the velocity of the plate and the parameter to be
determined in (1). Furthermore, the left-hand side contains
the bending stiffness B and the mass per unit area m’’ of the
plate. On the right-hand side the pressure difference above
(p,) and below (p_) the plate represent the source mecha-
nism of the differential equation. To solve this equation, a
modal approach is applied in the first step. Therefore, the
plate velocity can be described as a sum of mode functions
@y with the corresponding amplitude v where the indices
describe the mode order. The type of the mode functions is
determined by the boundary conditions of the plate. Due to
the simply supported boundary conditions and in accordance
with [16] the following applies for the plate velocity:
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The modal approach of the plate velocity is inserted into Eq.
(1) and afterwards a Galerkin Method is applied in order to
solve the bending differential equation. Therefore, Eq. (1) is
multiplied by an arbitrary base function ¢,,, which is chosen
here corresponding to the base function to exploit the result-
ing simplifications. Afterwards, both sides of the differential
equation are integrated over the area of the plate. Thus, on
the left-hand side of Eq. (1) orthogonality relations between
mode and base functions can be exploited to simplify the
result. On the right-hand side, the pressure difference can be
expressed in terms of the plate velocity’s modal amplitude
and a so-called impedance matrix. This allows to build a
linear system of equations in which v; can be isolated and
calculated:

(ij/k + Zejtam + Zajiam) Vik = ~Lim- 4)

Eq. (4) contains the matrix L;; which contains the material
properties of the flexible plate. Furthermore, the matrices
Z, jtim and Z 4, describe the sound field inside the cavity
and the sound field above the plate which is radiated into the
duct. Z_ j;,, based on an room acoustic approach to describe
the sound field inside the cavity. To describe the sound field
emitted by the plate into the duct, which is described by
Z, jxm» the starting point is the radiation pressure of a flush to

the wall point source. To describe the total radiation pressure

of the plate, a distributed source is formed by integrating
many point sources over the entire plate surface. A possible
grazing flow in the duct is also considered by incorporating
the Mach number in Z, ;,,,. However, due to brevity, the for-
mulas are not presented here. A detailed description of this
can be found in [15]. On the right-hand side, the inhomo-
geneity describes the incident sound considering only plane
waves. Thus, the only unknown in Eq. (4) is the amplitude
of the plate velocity, which allows the equation to be solved.

The calculated modal amplitude of the plate v; can now
be used to determine the sound radiated by the plate in both
directions of the duct. Thus, the scattering coefficients of
the plate resonator can be calculated to quantify the liner’s
performance. So, the transmission coefficient 7 is defined as
the ratio of the transmitted and incident sound power and the
following relation applies in this case:
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In Eq. (5) the sound pressure which is radiated by the plate is
evaluated for the fundamental mode (s, t = 0) and along the
direction of the incident sound (x — o0). A similar approach
can be used to calculate the reflection coefficient R. There-
fore, p, . 1s evaluated at x - —oo, excluding the incident
sound from the superposition. The dissipation coefficient
of the plate resonator can then be calculated using 7" and R
under consideration of the grazing flow:

1-M

A=1-(T+
T+ 1w

R). (6)

Furthermore, the transmission coefficient can be used to cal-
culate the transmission loss TL of the plate resonator using
the following formula:

TL = —10log,, (T). 7

The validity of this approach has already been investigated
and has been demonstrated in various publications [5,
12-14]. In the following, this model is also utilized in a
two-dimensional form (see [5]), taken into account physi-
cal units. Furthermore, the implementation of the semi-
analytical model was published as an open-source Python
package [17].

3 Parameter studies and material selection

A suitable geometry and plate material are essential for the
successful application of the plate resonator concept as a jet
engine liner. The first step is to examine the effect of input
parameters on plate resonator attenuation. In this section,
several parameter studies are performed to gain a deeper
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understanding of the plate resonator’s behavior. These
parameter studies utilize the two-dimensional approach of
the semi-analytical model to minimize computational effort.
Given the objective of identifying general trends resulting
from input parameters, the two-dimensional approach is a
suitable choice.

The input parameters and the parameter intervals of the
plate resonator model can be seen in Tab. 1. The dimensions
of the duct (duct height and cavity depth) are based on the
test rig which is used for the liner prototype measurements
later (see Sect. 5). According to a theoretical installation
space for a liner the intervals for cavity length and height
are chosen. For plate material value ranges are selected cor-
responding to the material classes of polymers and thermo-
plastic elastomers following the Ashby diagram [18]. These
material classes are chosen because they can exhibit high
intrinsic material damping, unlike metals. Only one param-
eter is varied according to the value range in Tab. 1, while
the other parameters remain the design point values.

3.1 Results of the parameter studies

The variations of the geometry parameters can be seen in
Fig. 2. On the x-axis the frequency is located and the varied
parameter on the y-axis of the respective plot. The transmis-
sion loss (TL) is represented by the colour. The lighter the
colour, the higher the transmission loss.

Fig. 2a shows the variation in plate length respectively
in cavity length. It is particularly noteworthy that s-shaped
structures occur in the transmission loss. These shapes are
caused by the natural modes of the plate. The order of the
natural modes depends on the frequency and length of the
plate. The courses of the theoretical natural modes of the
plate are also shown in Fig. 2a. Thus, it can be observed
that the transmission loss asymptotically approaches the
courses of the odd modes and reaches its maximum width
when it intersects with the even modes. This causes jumps
in the frequency of the transmission loss maximum with

Table 1 Input parameters for the semi-analytical model

Parameter Design point/Value range

Geometry

cavity length L
cavity height 4.

6 cm/[1 cm; 10 cm]
3cm/[1 cm; 10 cm]

cavity width b (3D) 8cm/—
cavity width b (2D) o0 /—
duct height 4, 6cm/—

plate height %, 0.3 mm/[0.05 mm; 0.5 mm]

Plate material

1100 kg /m3/ [800kg/m?
;2800kg /m3]

1 GPa/[10 MPa; 10 GPa]
0.05/[0.01; 0.65]

density pp

Young’s modulus £
loss factor #
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increasing plate length. Moreover, it can be concluded from
these structures that one or two attenuation peaks can be
achieved depending on the length of the plate.

A similar pattern can also be seen considering the vari-
ation of the plate thickness, see Fig. 2c. However, there is
a significant shift in the frequency of the s-shaped patterns.
So, a thicker plate leads to a low-frequency attenuation and
also one or two damping peaks can be achieved. Considering
the cavity height, it can be seen clearly that a higher cavity
leads to a lower-frequency transmission loss, see Fig. 2b.
This relation is not linear but approaches a frequency of
approx. 400Hz for increasing height. In addition, a second
transmission loss peak appears for higher cavities.

Figure 3 shows the results of the transmission loss,
regarding the variation of the plate material parameters. In
Fig. 3a it can be seen, that the variation of Young’s modulus
leads to distinctive s-shaped patterns which are caused by
the natural modes as well. Globally, there is a slight shift of
the transmission loss to lower frequencies and the s-shaped
patterns are drawn apart with an increasing Young’s modu-
lus. Again, this shows that the choice of the Young’s modu-
lus affects whether one or two transmission loss peaks are
present.

In contrast, a higher loss factor leads to a more broadband
but less strong transmission loss, as expected, see Fig. 3b.
And a higher density of the plate material shifts the 7L to
lower frequencies, similar to the cavity height, see Fig. 3c.

3.2 Material selection

The studies of the geometric and material-specific parame-
ters provide a fundamental understanding of how the plate
resonator works but also serve as a basis for a meaningfull
material selection. It can be seen that some parameters
show clear trends while others develop s-shape structures.
However, what has not yet been taken into account varying
the material parameters is that the Young’s modulus and
the loss factor cannot be considered independently. Stiff
materials such as metals usually don’t have high mate-
rial damping while polymers with high material damping
usually are more flexible. Therefore, a functional rela-
tion between Young’s modulus and loss factor has been
used for the considered material class of the polymers and
thermoplastic elastomers. For more details, please refer to
[14]. This investigation finally leads to the decision for a
thermoplastic polyurethane (TPU). The final simulation
using the design point and the material properties of TPU,
which can be found in Tab. 2 is shown in Fig. 4. In this
case, the three-dimensional approach has been used to cal-
culate the transmission loss.

Besides TPU, ethylen butylacrylat (EBA) emerged as
a potentially suitable material for plate resonator liners.
Both materials were subjected to material-specific tests to
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Fig.2 Colour maps of the transmission loss (7L) of a single-chamber
plate resonator under variation of different geometry parameters

determine their suitability for use in jet engines. However,
only TPU was used to fabricate a prototype liner.

3.3 Material investigations

In addition to the acoustic investigations, material-specific
tests were conducted on the two materials under consid-
eration. These tests were carried out in collaboration with
Fraunhofer PYCO, who conducted various experiments
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Fig. 3 Colour maps of the transmission loss (7L) of a single-chamber
plate resonator under variation of different material parameters

to characterise the material properties, such as dynamic
mechanical analysis (DMA). Furthermore, the impact of
various engine-specific factors was also examined, includ-
ing the effects of temperature fluctuations, UV radiation,
exposure to water, jet fuel, hydraulic oil, and ethylene gly-
col, which is used as a de-icing agent. The samples were
exposed to these conditions for 1000h each.

No noticeable increases in weight were observed due
to exposure of water or ethylene glycol indicating that the
materials are resistant to these influences. The residence in
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jet fuel causes a slight increase of weight for TPU and a
strong one for EBA. A similar trend was observed for EBA
under the influence of hydraulic oil. TPU, however, showed
signs of deterioration. Exposure to UV radiation did not lead
to any visible changes in TPU while EBA showed signs of
embrittlement.

These tests provided important insights into the usability
of these materials for jet engine liners. Even if some criteria
are to be assessed as problematic, others show that the con-
sidered material is well suited for the intended use. There-
fore, it is conceivable that other plastic mixtures could be
found that fulfil the engine-specific requirements even better
without sacrificing the acoustic performance.

4 Liner prototype

The following section takes a closer look at the PR liner
prototype. First, the requirements and design specifications
are explained and afterwards the manufacturing of the PR
liner is shown.

4.1 Requirements and design

Larger fans that can rotate at lower speeds and produce the
same thrust are expected in future engines. This lower rota-
tion speed leads to low-frequency tonal noise, which must
be damped. Thus, the target frequency for the damping
maximum was set at 650Hz. However, since the attenuation
should be as broadband as possible, the transmission loss
should be half as the maximum at 650Hz for a range +70Hz.
The liner should also be effective under grazing flow condi-
tions. Therefore, this design should work at a M = 0.2 with
upstream sound propagation.

Apart from the acoustics, probably the most crucial criteria
are the installation space and the weight of the liner. In accord-
ance with current liner technology, a maximum installation
height of 43mm is therefore specified. However, the entire
length (22cm) and width (8cm) are determined by the test rig.
It is also intended to divide the liner into several chambers

Table 2 Material properties of the TPU plate

Parameter Value

TPU
density p, 1080kg/m’
Young’s modulus £ 14MPa
loss factor # 0.1
plate height &, 0.3mm
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to exploit similarities to current liner concepts. Additionally,
small holes to equalize static pressure differences are needed,
as otherwise, the plates are likely to inflate under grazing flow.

With this requirements, additional calculations were carried
out with the semi-analytical model to design a PR liner that
fulfils the requirements as far as possible. The findings from
the parameter studies were used to adjust the cavity geom-
etries of the plate resonator liner. This adjustment was made
to achieve the target frequency range using the TPU as the
plate. The result was a 3x2 PR liner with the specifications in
Tab. 3. The manufacturing of the PR line is described in the
next section.

4.2 Manufacturing

The PR liner can be divided into the reinforced support and
flexible plate section based on the applied materials. The
selection process for the plate material has been thoroughly
explained in section 3.2 and in [14]. The material used for
the resonator body has a minor impact on the acoustic per-
formance as long as it is sufficiently rigid to not enable any
body vibrations. The primary functions are to provide the
resonator cavity, ensure the structural integrity, and support
load-bearing requirements. For the present investigation, a
polyamide-6 organic sheet with 60% continuous glas fiber
reinforcement (PA6-GF) was selected. The choice was based
on the good availability of the semi-finished product in various
wall thicknesses and surface dimensions, as well as its proven
structural performance in comparable applications, such as
the Helmholtz resonator liner, which has already been con-
firmed through simulations [13]. In addition to the low specific
density, the similar melting temperature ranges offer further
advantages, particularly for joining processes. The selected
semi-finished product (Imm thickness) was precisely and effi-
ciently cut into the required components (stringers, film car-
rier, and bottom plate) using a waterjet process. The finished
individual components are shown in Fig. 5.
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The design of the planar test sample was implemented
using a simple plug-in principle by introducing grooves
into the stringers as well as the film carrier and bottom
plates. The plug-in assembly process of the liner is shown
in Fig. 6(a). To ensure the bond of the components and
to prevent the transmission of airborne sound between
the resonator cavities, the joints between the components
are sealed with the two-component adhesive (DP490,
3M™Scotch-Weld™). In preliminary studies, the feasi-
bility of using ultrasonic welding to join the film to the
support structure was evaluated, aiming to leverage the
benefits of matching material groups and melting tempera-
tures. Since achieving consistent film pre-tension during
the process proved challenging, the film was alternatively
applied to the carrier using a double-sided polyurethane-
based adhesive film of the type 4032, 3M™(see Fig. 6(b)).
This configuration allows for easy replacement of the film
material and systematic variation of pre-tensioning condi-
tions. Ideally, the TPU film should be applied without pre-
tensioning. However, as this was not possible without the
formation of wrinkles, slight pre-tension was required to
smooth them out. Therefore, the film is pre-tensioned in-
plane by attaching fastening clamps with equipped weights
to the edges of the film, using a custom-designed appa-
ratus to enable a force-controlled tensioning process (see
Fig. 6(c)). The film is stretched over a PTFE support plate
to minimise friction. After the pre-tensioning process, the
resonator body with the film carrier is positioned on the
support plate and bonded to the film with light pressure.
Finally, a cannula is inserted into the outer wall of one
cavity to ensure proper static pressure equalisation dur-
ing acoustic performance testing in the duct under graz-
ing flow conditions. To ensure this pressure equalisation
between all cavities, the walls between them are drilled
by a 0.6mm diameter hole. Since the film was applied to
the resonator using an adhesive film and can be removed
without damaging the resonator, the same resonator body
could be reused to investigate the influence of films with
different pre-tension values. The finished planar PR liner
sample is shown in Fig. 6(d). Since the actual goal of an
assembly without any pre-tensioning at all was not pos-
sible, this circumstance was used to investigate the effect
of different pre-tensions on the attenuation effect of the PR
liner. Within the scope of this investigation, two different
pre-tensions of the film were analysed. For the first liner,
a minimal pre-tension of 1N in both planar directions was
applied. This was necessary in order to smooth out the film
for a proper application, although this liner was basically
to be manufactured without pre-tensioning. For the second
liner, a pre-tension of 10N was exerted using the tension-
ing device.

5 Measurements and finite element method

In the following section, the setups for the measurements
and the numerical simulations by a finite element method are
introduced. The results of both methods are then shown and
compared with those of the semi-analytical model.

5.1 Experimental setup

The PR liner prototypes were experimentally investigated at the
DUCT-R (duct acoustic test rig with a rectangular cross section).
The test rig is part of the measurement facilities of the German
Aerospace Center (DLR) in Berlin. A schematic illustration
of the structure of the duct is shown in Fig. 7. The DUCT-R
is divided into three sections. In sections 1 and 2, five 1/4”
G.R.A.S. 40BP-S1 microphones are flush mounted to the walls
to reduce interaction with the grazing flow. The microphone sec-
tions are separated by the test section where the liner sample can
be placed. At each end of the duct, a speaker of the type BMS
4599HE (A and B) is placed to excite the sound field inside the
duct. In addition, there are two non-reflecting terminations at the
ends of the duct. Thus, the end-reflections are reduced to 15% or
below for frequencies above 160Hz. Consequently, a frequency
of 160Hz can be regarded as a cut-on frequency, above which
the impact of end-reflections on measurement outcomes can be
considered insignificant. The cross section of the duct is 60mm
by 80mm which leads to a cut-on frequency of 2142Hz of the
first higher mode. Furthermore, a radial compressor is attached
to the duct to create a grazing flow with a center line Mach
number up to 0.3.

To determine the scattering coefficients of the consid-
ered liner, the sound field inside the duct is excited either
by speaker A or B using single tones. Both are able to pro-
duce sound pressure levels up to 130dB which is necessary
to reach a good signal to noise ratio during measurements
with flow. Due to the five microphones on each side of the
test section, the sound field inside the duct is decomposed
into upstream and downstream travelling sound waves. Thus,
the decomposed sound field can be used to determine the
scattering coefficients (transmission 7, reflection R and dis-
sipation A) upstream and downstream of the test section.
The test rig has a low error of less than 3% for the deter-
mined dissipation and has already been used in many other

Table 3 Geometrical specifications of the PR liner prototype

Parameter Value
cavity length L 67mm
cavity width b 39mm
cavity height i, 25mm
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Fig.7 Schematic view of the DUCT-R test rig

investigations [19-22]. One of the investigated PR liner pro-
totypes is shown in Fig. 8.

5.2 Numerical setup
In addition to the measurements, numerical investiga-

tions are conducted on the plate resonator liner. Therefore,
the commercial software Actran 2023.2 was used, which
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facilitates finite element simulations for acoustic applica-
tions. The model and the mesh are created using the free
software Gmsh and are subsequently imported into Actran.
To calculate the scattering coefficients of the PR liner model,
a direct frequency response (DFR) is conducted using the
FEM-software. Corresponding to the semi-analytical model,
only plane incident waves are considered.
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Fig. 8 Picture of the PR liner prototype without pre-tension

The considered model is created according to the PR liner
prototype in Fig. 8. The material and geometrical parameters
correspond to those in Tab. 2 and Tab. 3. The dimensions
of the duct with a cross-section of 6¢cm by 8cm are the same
as those of the test rig used in the experiments (see 5.1).
The air mesh is discretized into six elements per smallest
wavelength, resulting in an element size of 0.02m, for the
highest frequency of 2000Hz. However, due to the necessity
of considering different sound velocities for airborne and
structure-borne sound, the plate mesh must be resolved at
a finer scale than those of the duct and the cavities. Thus,
the meshes of the TPU plates are modelled with eight ele-
ments per smallest wavelength, resulting in an element size
of 0.7mm. To prevent unnecessary refinement of the air
mesh, the meshes of the duct, plate and cavities are modelled
separately. This approach enables the refinement of the plate
mesh without resulting in a finer mesh for the fluid above
and below it. After the import of the model into Actran, the
meshes are then coupled using so-called coupling surfaces.
This procedure facilitates a reduction in the number of nodes
without compromising the accuracy of the simulations. The
used mesh can be seen in Fig. 9. Due to the high density
of nodes, the mesh of the TPU plates appears as an almost
closed surface. The boundary conditions of the plates are
defined as simply supported according to the semi-analytical
approach. And as in the experimental setup, the ends of the
duct are defined as non-reflecting.

5.3 Results

In this section, the results of the measurements are shown.
First, the measured scattering coefficients of the PR liner
with and without pre-tension are compared. Afterwards,
the measurement results under grazing flow conditions are
compared to the semi-analytical model. In the following,
the scattering coefficients are considered to investigate not
only the overall transmission loss, but also whether this is
primarily caused by reflection or dissipation effects.

Pre-Tension The measured scattering coefficients of the
two PR liner samples are shown in Fig. 10 for M = 0.0.
The superscript + denotes downstream and the — denotes
upstream sound propagation. Since these results were meas-
ured without grazing flow, the respective curves lie exactly
on top of each other. First of all, considering the transmis-
sion (see Fig. 10a), it is noticeable that the target frequency
of 650Hz could not be reached exactly. Instead the damp-
ing maximum is around 600Hz. It is remarkable that the
transmission curves exhibit almost the same behaviour.
Merely, the PR liner without pre-tension shows a bit more
broadband attenuation above 650Hz. The measured reflec-
tion coefficient is exactly the same for both samples and is
comparatively low, see Fig. 10b. The dissipation coefficient
shows a different behaviour, due to a high value at the peak
and is comparatively broadband, see Fig. 10c. Here again,
the dissipation between 650Hz and 800Hz is a bit higher for
the PR liner without pre-tension.

In general, it can be assumed that a difference in the
pre-tension level leads to a shift of the attenuation peak
in frequency. As this could not be observed here, it can be
assumed that pre-tension has been reduced due to relaxation
processes. Therefore, the minor discrepancies in the curves
can be attributed to variations in the manufacturing process.

Flow Before the measurement results under grazing flow
conditions are considered, the measurements without pre-
tension and without grazing flow are first evaluated and com-
pared with the semi-analytical model and with the results of
the finite element simulations as shown in Fig. 11. Consider-
ing the transmission coefficient the frequency shift between
measurement and model becomes clear, see Fig. 11a. How-
ever, the fact that an even lower frequency could be achieved
with the low cavity height of 25mm can be seen as a positive
deviation. Additionally, the measured peak is more broad-
band than the model predicts. This is also a positive devia-
tion and could be due to interactions between the chambers
that the model cannot take into account, as the split into
several chambers perpendicular to the direction of sound
incidence cannot be considered.

The comparison of measurement and semi-analytical
model with the results of the FEM shows that in a way the
FEM covers both. The falling branch overlaps better with the
measurement and the rising branch with the semi-analytical
model. Thus, the FEM shows a broadband behaviour that
corresponds more to the measurement results than to the
semi-analytical model. However, the frequency of the damp-
ing maximum, where the transmission is lowest, matches the
semi-analytical model somewhat better. The discrepancies
between the finite element method (FEM) and the model
may be attributed to the FEM’s ability to resolve the subdi-
vision of chambers perpendicular to the direction of sound
incidence, a capability that the semi-analytical model lacks.
However, there appear to be effects in the measurement that
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(a) Entire duct mesh

(b) Detailed mesh of the PR liner

Fig.9 Finite element mesh of the duct with the PR liner

cannot be reproduced by the FEM, which lead to a frequency
shift in the measurement.

A significant quantitative deviation between all three
approaches can be seen for the reflection coefficient, see
Fig. 11b. In addition to the frequency shift, the semi-analyt-
ical model predicts a stronger reflection than occurs in the
measurement data. The reflection coefficient calculated by
the FEM lies in between. This means that the FEM shows
less reflection than the semi-analytical model, but still more
reflection than the measurements, but at a higher frequency,
which again fits the model better.

In contrast, the dissipation of the measurement is sig-
nificantly stronger and more broadband than the semi-
analytical model predicts, see Fig. 11c. The finite element
method (FEM) results exhibit qualitative agreement with
the measurements, surpassing the accuracy of the semi-
analytical model. However, the FEM results still overesti-
mate the measured dissipation for certain frequencies. In
particular, the consideration of reflection and dissipation
implies that there are damping effects that are not considered
in the model or in the FEM. The lower dissipation of the
semi-analytical model can initially be attributed to overes-
timated reflection, as the dissipation results from reflection
and transmission. However, it is not clear why reflection
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Fig. 10 Comparison of measured scattering coefficients of the PR
liner with pre-tension (v) and without pre-tension (¢); solid line:
downstream sound propagation, dashed line: upstream sound propa-
gation

is overestimated and dissipation is underestimated. Never-
theless, various mechanisms that could exist in reality but
cannot be considered in the model are conceivable. On the
one hand, this could be achieved by enhanced interactions
between cells, which effectively trap sound waves at per-
pendicular angles relative to the direction of incidence. This
can be indicated by the fact that the dissipation of the FEM
fits the measurements better than the semi-analytical model.
On the other hand, the glued edges may exert a significant
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Fig. 11 Comparison of the scattering coefficients of the PR liner sam-
ple determined by measurement (), semi-analytical model and FEM
(—); M =0.0; solid line: downstream sound propagation, dashed
line: upstream sound propagation

impact on dissipation, as the gluing process and inherent
irregularities can introduce supplementary damping effects
at the plate edges. These effects cannot be modelled in the
semi-analytical model or in the FEM, and they could also be
responsible for the frequency shift.

Finally, the results of the measurements at M = 0.2 are
compared with those of the semi-analytical model, see
Fig. 12. Considering the transmission coefficient it can

0.0 500 650 1000 1500

f/Hz

(a) Transmission

- — R+
- -- R
1000 1500

s
(b) Reflection

(c) Dissipation

Fig. 12 Comparison of measured and calculated scattering coeffi-
cients of the PR liner sample; M = (.2; solid line: downstream sound
propagation, dashed line: upstream sound propagation

be seen that for upstream sound propagation the dip in the
transmission curve is stronger and more broadband than
for downstream sound propagation, see Fig. 12a. This
means that less sound is transmitted upstream than down-
stream. Similar effects can also be observed for the semi-
analytical model. However, here the difference between
upstream and downstream sound propagation is signifi-
cantly smaller. It is remarkable that the reflection coef-
ficient of the semi-analytical model shows no difference
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between upstream and downstream, see Fig. 12b. And
a similar trend can be seen for the measurement results
as well, even if slight deviations are recognisable here,
which could also correspond to usual measurement uncer-
tainties. Due to the grazing flow, the reflected component
becomes even smaller. Whereby, the model still signifi-
cantly overestimates the reflection coefficient. In addi-
tion to the previously mentioned factors contributing to
the deviation between the measured reflection and the
calculated reflection by the semi-analytical model, inter-
actions between the plates and the flow may also be a
significant consideration. Such interactions would not be
accounted for by the semi-analytical model’s assumption
of a superimposed base flow. The dissipation coefficient
shows a similar behaviour to the transmission coefficient,
see Fig. 12c. Upstream sound propagation along the liner
leads to a significantly higher and more broadband dis-
sipation, due to the fact that the sound interacts with the
liner over a longer period of time. Again, the model shows
a similar trend, although the quantitative differences are
less pronounced.

Finally, it is particularly noteworthy that the measurement
results are shifted to higher frequencies due to the grazing
flow. This leads to a better agreement with the model and
the target frequency of 650Hz is better achieved. Therefore,
the semi-analytical model can be successfully used to design
a PR liner for a target frequency under grazing flow con-
ditions. Even though the transmission coefficient could be
more broadband, the objective of low-frequency attenuation
was achieved with a very low construction height of only
25mm.

The primary objective of this evaluation is to investigate
the feasibility of designing a PR liner using a semi-analytical
model. However, the question also arises as to how the PR
liner compares to other liner technologies. The results pre-
sented here can only be directly compared to other studies
to a limited extent due to significant variations in underlying
conditions. Despite the challenges, an effort will be made to
categorize them. In comparison to various single and multi-
degree-of-freedom liners based on the Helmholtz resonator
concept, which were examined in [23], it is evident that the
PR liner in this design does not exhibit a broadband effect.
In contrast, the PR liner achieves maximum attenuation at
frequencies significantly lower than those of these liners,
despite having a comparable or even lower overall height,
thereby demonstrating clear advantages for attenuating low-
frequency tonal noise. In comparison to a multi-perforated-
panel absorber, as investigated in [24], the PR liner exhibits
also slight weaknesses in its broadband attenuation, but also
achieves low frequency absorption at significantly lower
overall heights. In conclusion, the PR liner concept can
achieve low-frequency damping with a relatively low over-
all height, offering a significant advantage in applications
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where engine nacelles are becoming increasingly large and
space is limited.

6 Conclusion

This study shows that significant progress was made in the
investigation of plate resonators as potential jet engine liners.
The semi-analytical modelling has significantly improved the
understanding of the operating principle of plate resonators,
enabling targeted design and optimisation. This was demon-
strated in this study using a flat PR liner prototype. Extensive
parameter studies contributed to the understanding of working
mechanisms and could be used to select a suitable plate mate-
rial, which has been analysed for its properties. After design-
ing, a prototype was manufactured in lightweight construction
according to engine-specific requirements. The result is a flat
PR liner, which achieves the goal of low-frequency attenuation
while using low construction height. This was confirmed by
measurements in the acoustic test rig under grazing flow con-
ditions. Thus, it can be concluded that the presented PR liner
concept is very promising for liner technologies in future jet
engines. Furthermore, the transfer of this concept to an engine
nacelle was investigated as part of a feasibility study [13].
Finally, it can be concluded that the results have brought
the PR liner concept to a very advanced stage providing
a solid base for further steps towards technology maturity.
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