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Abstract: In aero engines, noise absorption is realised by acoustic liners, e.g., Helmholtz resonator
(HR) liners, which often absorb sound only in a narrow frequency range. Due to developments of new
engine generations, an improvement of overall acoustic damping performance and in particular more
broadband noise absorption is required. In this paper, a new approach to increase the bandwidth of
noise absorption for HR liners is presented. By replacing rigid cell walls in the liner’s honeycomb
core structure by flexible polymer films, additional acoustic energy is dissipated. A manufacturing
technology for square honeycomb cores with partially flexible walls is described. Samples with
different flexible wall materials were fabricated and tested. The acoustic measurements show more
broadband sound absorption compared to a reference liner with rigid walls due to acoustic-structural
interaction. Manufacturing-related parameters are found to have a strong influence on the resulting
vibration behaviour of the polymer films, and therefore on the acoustic performance. For future
use, detailed investigations to ensure the liner segments compliance with technical, environmental,
and life-cycle requirements are needed. However, the results of this study show the potential of this
novel liner concept for noise reduction in future aero-engines.

Keywords: acoustic liner; broadband noise; Helmholtz resonator; honeycomb sandwich panel

1. Introduction

Acoustic liners are used for dissipation of aero-engine noise, for instance in the intake and bypass
ducts of aircraft engines. Basically, conventional aircraft liners convert acoustic energy to turbulent
fluid motion and thermal energy due to the induced periodic in and outflow as well as viscous effects.
Helmholtz resonators (HR) efficiently reduce propagating noise at their resonance frequencies and
depict a simple construction requiring only small assembly space [1]. Single-Degree-of-Freedom
(SDOF) liners consist of a perforated face sheet covering a series of small cavities [1] and a rigid back
layer (Figure 1a).
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Figure 1. (a) Conventional acoustic liner with hexagonal honeycomb structure consisting of 

perforated face sheet, 1, hexagonal honeycomb core, 2, and, a back plate, 3; (b) novel liner concept 

with partially flexible walls, 4. 
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due to their geometry. However during different flight phases—corresponding to varying engine 

operating conditions, such as take-off, cut-back, and approach- the required frequency of maximum 
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concepts to improve sound absorption and obtain more broadband noise absorption. One promising 

approach is to use multilayer HR liner, so-called double- or multiple-degree-of-freedom 

(DDOF/MDOF) liners [3]. This kind of resonators usually require more installation space that is not 
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Another promising approach is the combination of conventional HR liners with other noise 

absorbing structures. Studies by Knobloch et al. [14] and Höschler et al. [15] show that the partial 

replacement of rigid resonator cell walls by flexible walls with intrinsic damping has a positive effect 

on sound absorption of acoustic liners. The resulting structure is sketched in Figure 1b. Due to the 

acoustic-structural interaction inside the cells, the overall damping performance is enhanced. In this 

realization, one or more walls of the honeycomb structure have rectangular cut-outs which are 

covered by highly-flexible films made of thermoplastic polymers. It is assumed that the mechanism 

responsible for the improved sound absorption by the flexible cavity walls is similar to the working 

principle of panel sound absorbers [16,17]. The liners are called FlexiS (flexible structure) liner. 

For the validation of the FlexiS liner concept, samples have been build that are investigated in a 

flow duct with plane acoustic wave excitation. Thus the flexible walls were perpendicular to the 

main flow direction and the cell walls in mean flow direction were kept rigid to ensure structural 

strength. 

For the manufacturing of the honeycomb-like core structure used in conventional aero engine 

liners, different materials and technologies are used. Depending on the service temperature, 

honeycombs are made of aluminium, stainless steel or FRP [18]. Components of FRP can be aramid 

fibre, glass fibre or cellulose fibre as reinforcement and phenol resin or polyimide as matrix material. 

Common core structures have a cell size of 1/8″ (3.175 mm) to 1′ (25.4 mm) [18,19]. Especially in low 

Figure 1. (a) Conventional acoustic liner with hexagonal honeycomb structure consisting of perforated
face sheet, 1, hexagonal honeycomb core, 2, and, a back plate, 3; (b) novel liner concept with partially
flexible walls, 4.

By varying the porosity, the thickness of the face sheet, or the cavity dimensions the sound
attenuation properties can be tuned [1]. Several studies exist addressing damping of acoustic liners [2].
Conventional acoustic liners have the main disadvantage of fixed, rather narrow absorption peaks
due to their geometry. However during different flight phases—corresponding to varying engine
operating conditions, such as take-off, cut-back, and approach- the required frequency of maximum
absorption (e.g., the first and second blade passing frequency) will change. There are several concepts
to improve sound absorption and obtain more broadband noise absorption. One promising approach
is to use multilayer HR liner, so-called double- or multiple-degree-of-freedom (DDOF/MDOF)
liners [3]. This kind of resonators usually require more installation space that is not available for
flow-optimised engine nacelles, as well as more challenging fabrication technology, due to their
multi-layer construction. For SDOF liners different concepts for tuneable HR-structures can be found
in literature [4]. One approach is the adjustment of the cross-sectional area AL of the perforation [5–7],
another the change of the cavity’s volume [8–10], a combination of both or the change of the neck
length lH , All active geometry adjustment approaches are technologically difficult to implement due to
size, weight, and reliability issues [4]. In addition to these geometric adjustments, the usage of active
sound absorbing structures, such as HRs with a compliant piezoelectric composite back-plate [11,12]
or HRs with movable walls [13] comprise the possibility to shift the resonant frequencies and tune
the impedance.

Another promising approach is the combination of conventional HR liners with other noise
absorbing structures. Studies by Knobloch et al. [14] and Höschler et al. [15] show that the partial
replacement of rigid resonator cell walls by flexible walls with intrinsic damping has a positive effect
on sound absorption of acoustic liners. The resulting structure is sketched in Figure 1b. Due to the
acoustic-structural interaction inside the cells, the overall damping performance is enhanced. In this
realization, one or more walls of the honeycomb structure have rectangular cut-outs which are covered
by highly-flexible films made of thermoplastic polymers. It is assumed that the mechanism responsible
for the improved sound absorption by the flexible cavity walls is similar to the working principle of
panel sound absorbers [16,17]. The liners are called FlexiS (flexible structure) liner.

For the validation of the FlexiS liner concept, samples have been build that are investigated in a
flow duct with plane acoustic wave excitation. Thus the flexible walls were perpendicular to the main
flow direction and the cell walls in mean flow direction were kept rigid to ensure structural strength.

For the manufacturing of the honeycomb-like core structure used in conventional aero engine
liners, different materials and technologies are used. Depending on the service temperature,
honeycombs are made of aluminium, stainless steel or FRP [18]. Components of FRP can be aramid
fibre, glass fibre or cellulose fibre as reinforcement and phenol resin or polyimide as matrix material.
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Common core structures have a cell size of 1/8” (3.175 mm) to 1′ (25.4 mm) [18,19]. Especially in
low temperature regions, such as the bypass area, epoxy-based FRP top layers and core structure are
used [20]. Typically a unit cell of the core structure has a prismatic cellular structure with a triangular,
square or hexagonal shape. For a long time, liners were manufactured in sections and installed inside
the nacelle [21]. This resulted in liner splices between the acoustic liner segments, which causes
acoustic scattering due to discontinuities in the acoustic impedance around the circumference of the
duct [21]. Therefore, latest developments include spliceless liner barrels, which are far more expensive
and difficult to handle for assembly and maintenance.

Depending on the raw material and the desired geometry different manufacturing methods
are available to realise the segmented acoustic liner [22,23]. Wadley [22] described, inter alia,
an expansion manufacturing process, a corrugation manufacturing process and a strip slotting method.
Most honeycombs are fabricated by the expansion process. Thereby thin metal or paper sheets are laser
welded or adhesive bonded to Hobe blocks, respectively [22,24]. These blocks are cut and afterwards
stretched to create hexagonal structures or over expanded to form rectangular structures. To enable
sheet stretching, a moderately high inter sheet bond strength is required. Thus, this manufacturing
process is only suitable for thin-walled semi-finished products. For honeycombs made of stainless steel
sheets, the corrugation process is used. The sheets are corrugated by rolls or a press and stacked [22].
The layers are welded or adhesively bonded together. The strip slotting method is used for square
and triangular honeycombs of non-ductile materials such as ceramics [22,25]. The strips are bonded
by means of adhesives or by brazing. The installation effort increases significantly with increasing
number of connections between strips which makes the process primarily suitable for small quantities
of honeycombs. However, the strip slotting method enables the manual production of arbitrary
honeycomb wall structures and is used in this study to fabricate the core structure with partially
flexible walls.

In this study a new design of a HR liner with partially flexible walls is investigated using different
materials as flexible walls. An approach for the manufacturing of this novel acoustic liner and the
determination of acoustical and structural properties is described. The acoustic damping characteristics
of all manufactured liner samples and the deformation behaviour of the square honeycomb core
structure is investigated. Furthermore, the influence of the applied fabrication technology and
the production-related manufacturing tolerances is analysed. A comprehensive assessment of the
properties and implications of this novel acoustic liner is made with respect to designated future
aircraft application.

2. Acoustic Liner Design

2.1. Resonator Design

The basic setup of the liner samples with flexible structures (FlexiS liners) investigated in the
framework of this study is comparable to conventional HR liners (SDOF liner). The desired plane
wave excitation regime inside the flow duct and the duct dimensions determine the cell size and the
perforation of the face sheet. The acoustic damping of the resonator has its maximum at the cavity’s
resonance frequency. This can be estimated by the Helmholtz equation:

fH =
c0

2π

√
AL

VC(hL + πdL)
, (1)

where c0 is the speed of sound, AL the open area of the perforation, VC the volume of the cavity, hL the
height of the perforation hole and dL its diameter (Figure 2a).
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structure and 𝑛 is the number of cut-outs, which is 𝑛 = 2 in this study. 

In order to enable the deflection of the flexible walls, between the active cells some inactive 

volume was placed between a pair of cells in the direction of the grazing sound field—which is 

Figure 2. Unit cell of support structure square honeycomb (with cut-outs for flexible walls): (a) cross
section view with face sheet and back plate; (b) three-dimensional view of square honey comb unit cell.

A second damping maximum is observed for frequencies with a wavelength equal to one quarter
of the resonator depth (resulting in destructive interference of the incident and the reflected acoustic
wave). In order to separate both phenomena, the cavity size was chosen 19 mm by 19 mm in length
lx and width ly and 30 mm in depth lz. This results in VC = 10.8 cm3 of the honeycomb structure’s
cavities. The upper boundary of the cell consists of a perforated plate with 9 holes of diameter 1.3 mm
covering each cell, while the lower cell wall is stiff (Figure 3). Thereby, the Helmholtz resonance occurs
around 1040 Hz, while the quarter wave resonance occurs around 2860 Hz.
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Figure 3. Schematic of acoustic liner sample with rigid external walls, 1, polymer films, 2, walls with
cut-outs, 3, face sheet with perforations, 4, optional in-cell microphones, 5 and back layer, 6.

2.2. Structural Design of Resonator Cell

Each sample consists of 10 by 4 square cavities, ten in main flow (x-) direction and four in spanwise
(y-) direction, respectively (Figure 1b). All liners have exactly the same cell dimensions and share
the same cover and back layer design. The internal cell walls in spanwise direction were covered
with polymer film. Thus, the support structure of each unit cell of the honeycomb core contains two
solid walls and two cut-out walls (Figure 2). The polymer films are adhesive bonded to the cut-out
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walls. Depending on the dimensions of the unit cell the relative density of the support structure can be
obtained by

ρ =
ρ

ρs
=

(
lx + ly + tW

)
tW

(lx + t)
(
ly + t

) − n
(
ly − 2by

)
(lz − 2bz)tW

2(lx + t)
(
ly + t

)
lz

(2)

where ρ is the density of the cellular structure, ρs is the density of the material of the support structure
and n is the number of cut-outs, which is n = 2 in this study.

In order to enable the deflection of the flexible walls, between the active cells some inactive volume
was placed between a pair of cells in the direction of the grazing sound field—which is identical with
the main flow direction (Figure 3). The face sheet of each second row in main flow direction (containing
the active cells—AC) is provided with the 3 by 3 perforations described above. The intermediate rows
(inactive cells—IC) only have integrated pressure compensation holes. The liners’ outer dimensions
in spanwise and main flow direction were chosen to fit the acoustic testing rig. The liner height was
comparable to conventional acoustic liners.

2.3. Vibration Design of Flexible Walls

Analogously to a panel sound absorber, it is assumed that flexible walls inside each cavity improve
the sound absorption of the acoustic liner due to the acoustic-structural interaction. Therefore, one or
more walls of the honeycomb structure comprise rectangular cut-outs which are covered by flexible
polymer films that exhibit significant material intrinsic damping (see Table 1).

Table 1. Properties of polymer films under standard atmospheric conditions (i.e., 23 ◦C, 50%
relative humidity).

Properties Unit TPU 1170 A TPU 1195 A

Density ρ g/cm3 1.08 [26] 1.15 [26]
Young’s modulus MPa 16 1 [27] 91 1 [28]
Mechanical loss
coefficient tan δ

- 0.05 [27] 0.13 [28]

Poisson’s ratio - 0.48 [29] 0.48 [29]
Moisture absorption % 0.5 * [30] 0.4 . . . 0.7 [29]
Nominal thickness tF mm 0.3 0.1, 0.5

1 Calculated with dynamic shear storage modulus, * Material property of TPU 1175 A.

To approximate the damping characteristic of the novel HR liner concept, the flexible walls
inside each cavity are considered as free plates without considering the impedances of the enclosed
air volume. The films were modelled as three-dimensionally deformable body clamped at all sides.
The size of the flexible walls is restricted by the size of the liner cavities (Figure 2b). To ensure a
reliable bonding of the polymer films, sufficient adhesive surface is needed. The frame width on each
side of the cut-out was by = bz = 2 mm, which leads to cut-out with the dimension ay = 15 mm and
az = 26 mm. These lengths represent the size of the freely vibrating flexible wall. For the calculation
of the eigenfrequencies, constant elastic properties and material damping of the polymer films are
assumed (Table 1). For the investigation of the influence of the pre-stress, numerical modal analysis
of the film’s vibration behaviour was calculated by using the finite element method. Linear brick
elements with reduced integration were used for discretisation. Linear mesh convergence studies
(not reported here) have been done and indicate that the used mesh size yields acceptably accurate
results for most of the values of interest. The film’s sides were fixed in all directions.

The coordinate system—which is used to describe the lateral deflection of the flexible wall—is
depicted in Figure 2. The axes are parallel to the sides ay and az of the cut-outs. The frequencies’
modes m and n are associated to the y- and z-direction. To model the pre-stress of the flexible films,
an additional load resulting in a constant deformation in y-direction was included. With an increasing
uniaxial stress state the film thickness decreases due transversal contraction. The resulting modal
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analysis shows increasing natural frequencies with an increasing pre-stress (Figure 4). The design
point for the acoustic flow duct is the first eigenfrequency f11, which must be in the range up to
2000 Hz. The number of natural frequencies in the relevant range is very low for the sample 1195 A,
tF = 0.5 mm, which indicates that film press stress is relevant (Figure 4).Appl. Sci. 2018, 8, x FOR PEER REVIEW  6 of 18 
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3. Materials and Fabrication

3.1. Honeycomb Core Materials

The new concept of acoustic liner consists of rigid and flexible wall areas. To ensure a high
resistance against compression of the core structure, the partially flexible walls are realised by cut-outs
of the rigid walls. The walls representing the support structure of the core were made of aluminium
ALMG3 H22. Several thin films materials with high intrinsic material damping, which are applied
upon the edge area of the cut-out wall segments, are available. The films were made of conventional
thermoplastic polyurethane (TPU) from BASF. The material was selected due to its high damping
properties and a high resistance to oils, greases, oxygen and ozone [26]. Two TPUs with different
elasticity and damping properties in different thicknesses were chosen for the flexible walls (Table 1).
In this study thin films were used to ensure a maximal acoustic-structural interaction and thus a higher
dissipation of acoustical energy.

The flexible films were cut out from TPU material, which comes rolled up. A measurement of the
roll’s thickness in width direction shows that the thickness varies. It has its highest value in the edge
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regions of the film (Figure 5). The film material used for the flexible walls was cut from the middle
section of the basic material due to the non-constant thickness of the films.
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Figure 5. Manufacturing-related thickness variation of TPU films (semi-finished product, full width)
and its standard deviation.

3.2. Fabrication and Assembly of Novel HR Liner

The honeycomb structures in this study were manufactured using the strip slotting method.
For the fabrication of the walls a laser cutting process was used to fulfil the high accuracy requirements.
To improve the adhesive strength the bonding surfaces were sanded. The films were bonded to the
walls with cut-outs using epoxy resin. Each film was fixed without stress. After adhesive bonding,
the strips were assembled. The resulting core structure was glued to the top and bottom layers using
epoxy resin. Grooves enabled an accurate positioning and angularity of the acoustic liner. During the
bonding process it was ensured that none of the perforations were closed (Figure 6).
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Figure 6. Manufacturing of acoustic liner samples: (a) adhesive bonding of films; (b) assembling of
support structure; (c) attachment of face sheet; (d) acoustic liner sample.

Using this approach three liners with partially flexible walls were built (Table 2). For reference,
an identical sample with rigid internal cell walls (called reference liner) was manufactured and tested
under the same conditions as the FlexiS liners.

Table 2. Investigated acoustic liner configuration.

Liner TPU Film Nominal Thickness tF in mm Number of Flexible Walls Per Cavity

1170 A, 0.3 mm 1170 A 0.3 2
1195 A, 0.1 mm 1195 A 0.1 2
1195 A, 0.5 mm 1195 A 0.5 2

Reference - - 0
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4. Acoustic Testing and Results

4.1. Experimental Setup, Data Acquistion and Processing

In order to assess the acoustic performance of the liner samples, measurements were conducted
in the test section of the DUct aCoustic Test rig- Rectangular cross section (DUCT-R) facility of the
German Aerospace Centre (DLR) in Berlin. The test rig has a length of about 8 m and consists of two
symmetrical sections; each containing several microphones and a loudspeaker for acoustic excitation
(see sketch in Figure 7). The cross section of the rig was 60 mm × 80 mm.
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Figure 7. Sketch of acoustic test rig DUCT-R.

A radial compressor was connected to the upstream part of the duct and provides a grazing
flow across the test object with a maximum Mach number of 0.3 at the duct centreline. The rig has
been used extensively during the last years for the investigation of acoustic scattering coefficients and
impedances of several liner types.

The basic setup for the acoustic measurements is identical to the setup for a conventional
single-degree-of-freedom (SDOF) liner. Consecutively, six multi-tones are excited and fed into the
rig by either the upstream or the downstream speakers. Thereby, a frequency range from 204 to 2091
Hz with 51 Hz resolution is covered. The overall sound pressure level (SPL) of these multi-tones was
adjusted to about 130 dB in maximum, but this could not be fully ensured for all frequencies due to the
coupling of the speaker driver and the speaker characteristics. The acoustic investigation was limited
to the plane wave regime (cut-on frequency for higher-order modes is about 2150 Hz for the no-flow
case). For each liner test configuration, two different sound fields are excited consecutively in two
separate measurements. Speaker A is used in the first measurement and in the second measurement
the same signal is fed into speaker B.

Then, the data of Sections 1 and 2 (index 1 and 2) are analysed separately. Thereby, the sound
field is decomposed into upstream and downstream traveling waves and their respective complex
sound pressure amplitudes for each section and measurement. By a combination of all measurements,
the influence of end reflections can be cancelled out, and the reflection coefficient r and transmission
coefficient t for the acoustic pressure can be calculated.

The energetic quantities are obtained applying the acoustic energy flux in a moving medium as
given by Blokhintsev [31]. After integrating over the duct cross section A, this yields for the power of
the downstream traveling wave P+, respectively the upstream traveling wave P−:

P± =
A

2ρc
(1±M)2|p±|2 (3)

where M is the mean Mach number of the flow, ρ the density, c the speed of sound, and p± the complex
pressure amplitude of the downstream/upstream traveling wave. Then, the energy coefficients for
reflection R± and transmission T± can be given relative to the pressure coefficients. The dissipation
of acoustic energy is expressed by the dissipation coefficient ∆±. The dissipation coefficient can be
calculated directly from the reflection and transmission coefficients via an energy balance:

R± + T± + ∆± = 1 (4)
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The energy of the incident wave is partly reflected, partly transmitted, and partly dissipated
inside the damping module. R and T are the power quantities of the reflection and transmission
coefficients, while r and t denoted the pressure quantities. Assuming the same flow conditions and
cross-sectional area in Sections 1 and 2, finally, the dissipation coefficients of the test object for the
downstream ∆+ and upstream direction ∆− can be obtained:

∆± = 1− (1∓M)2

(1±M)2 |r
±|2 + |t±|2 (5)

This is an integral value of the acoustic energy that is absorbed while a sound wave is passing the
damping module. The dissipation coefficient is used to evaluate the damping performance of the test
object, here the FlexiS liner. For most comparisons, the averaged value ∆avg = ∆+/2 + ∆−/2 can
be used.

For each liner (3 FlexiS liner and one reference liner), measurements were made for 120 dB
and 130 dB overall SPL. The Mach number was varied between M = 0 (no-flow case), M = 0.1,
and M = 0.2. These values always mark the center-line Mach number. In this paper, only data for the
130 dB excitation is presented.

Although the flexible cell walls are not directly accessible inside the assembled liner samples,
some tests were made in order to investigate the movement and effect of the flexible structures.
Therefore, a specific sample with four cut-outs and TPU film was prepared. This sample represents
a single wall segment with cut outs and was installed between the two microphone sections of the
DUCT-R instead of the liner damping module. Only no–flow measurements could be made in this
configuration, because this specific sample represents a partition wall in the duct.

Finally, three microphones were mounted flush with the inside of the back plate of three
neighbouring liner cells- aligned along the main flow axis (Figure 3). Thereby, the pressure pUs
upstream, pDs downstream and pMid at these positions and the phase relation between active cells and
inactive cells could be determined.

4.2. Damping Performance of Acoustic Liner

Figure 8 shows the comparison of the averaged dissipation coefficients for the no-flow case
(M = 0). The reference HR liner with rigid walls (reference liner) was prepared the same with
alternating active and inactive cell rows in main flow direction.
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Most of the FlexiS configurations demonstrate a significant increase of the dissipation in the
frequency range from 400 to 800 Hz. The material 1170 A, 0.3 mm shows even three local dissipation
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maxima at 600, 1000 and 1350 Hz. However, the widening of the bandwidth goes along with a
reduction in peak performance compared to the reference liner. The dissipation maximum of the
sample with the 1195 A, 0.1 mm material is shifted from 940 Hz (Reference) to around 750 Hz.

In Table 3, the benefit is quantified by introducing an artificial threshold (∆ > 0.3) for which the
lower and upper frequency limits are given. Furthermore, the area between the threshold and the
damping curve is compared to the reference liner. A significant increase in the frequency range, a shift
towards lower frequencies, and an increase of “integral” damping is observed for three FlexiS liners
(1170 A, 0.3 mm, 1195 A, 0.1 mm). The 1195 A, 0.5 mm liner exhibits only a small shift towards lower
frequencies, but does not yield additional benefits. In the case with grazing flow (not shown here) the
observed behaviour holds with improved acoustic damping for the FlexiS liner.

Table 3. Comparison of damping curves (only dissipation data above ∆ = 0.3 is considered here).

Liner flow (Hz) fhigh (Hz) “Dissipation Increase” to Ref.

1170 A, 0.3 mm 387 1490 +31%
1195 A, 0.1 mm 421 1398 +14%
1195 A, 0.5 mm 576 1317 −0.3%

Reference 617 1355 0

4.3. Vibrations of Acoustic Excited Polymer Films

A more detailed characterisation of the flexible material was the aim of the investigation with
isolated flexible structures. The results (only no-flow measurements possible) are shown in Figure 9.
It can be assumed that the acoustic excitation of the flexible structure from one side propagates
best to the other side of the facility, if the structure is deflected/vibrating. Therefore, an increase
in transmission (green curves with diamonds) relates to a vibrating flexible structure. In addition,
the material-inherent damping should be most effective, if the structure is vibrating.
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Comparing the transmission and dissipation curves from above figures with the dissipation
curves of the complete liner assembly (see Figure 8), a coincidence of effective acoustic damping and
the flexible structure vibration can be observed.

4.4. Measurment of Internal Pressure of Resonator Cells

Further insight should be gained by the installation of three microphones flush with the lower
cell wall in three consecutive cells. Two examples are shown in Figure 10.
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Figure 10. SPL values (upper row) and phase information referenced to the middle cell (lower row)
for the reference sample (left) and FlexiS liner with TPU1170-0.3 (right); (acronyms: Us—upstream,
Mid—midstream, Ds—downstream, AC—active cell, IC—inactive cell).

Here, the upstream and downstream cells were inactive, exhibiting only a small pinhole for
ventilation of mean pressure in the surface. The middle cell was an active cell.

For the reference liner with rigid walls, the sound pressure in the active mid cell was much
higher than for the neighbouring inactive cells over the entire frequency range. The small differences
below 800 Hz might be owed to non-symmetrical pinholes in the upstream (Us) and downstream (Ds)
cells. The phase difference for upstream and downstream cells coincide for a frequency of 204 Hz.
Using a simple one-dimensional acoustic network model and assuming a pinhole of 0.5 mm diameter,
and taking the further geometry of face sheet and cell into account, a phase difference for an acoustic
wave entering the inactive cell compared to the active middle cell of around 50◦ is obtained. However,
this value strongly depends on the geometry of the pinhole, as it is coupled to the low frequency
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resonance of the inactive cell. Above 1000 Hz, where the phase shift for the middle cell occurs,
the canonical behaviour of “early arrival” of the signal at the upstream cell and “late arrival” at the
downstream cell can be observed, meaning that the higher frequencies can enter the cell via the pinhole,
although, as visible from the SPL plot, strongly damped. For the reference liner, there is no interaction
between neighbouring cells across the cell walls.

For the FlexiS liner, the behaviour is different. There are deviations in the SPL only for higher
frequencies. That means that via a deflection of the flexible walls a high SPL is also generated in the
inactive cells, only with frequencies above 1200 Hz not being able to produce significant deflections.
Considering the small axial distance between neighbouring cells (20 mm from one to the next),
an inactive cell will be subject to nearly simultaneous pressure increase from both neighbouring active
cells, and subsequently simultaneous decrease again in the considered frequency range. Thus, the SPL
in the inactive cells is mainly determined by the active cells.

It is rather difficult to interpret the phase information for this configuration in detail. For low
frequencies, the direct coupling of active and inactive cells via the flexible cell walls is directly visible
through the zero/low phase difference between neighbouring cells. The expected divergence for
upstream and down-stream cells for higher frequencies can be well observed. Changes in the slope of
the phase curve may relate to resonances in the cavity (and/or the flexible wall) which manifest in
(local) dissipation maxima (compare Figure 8).

5. Structural Testing and Results

Experimental investigations included also a test of the structural behaviour of the honeycomb core
structure. Compression tests were carried out at a constant cross-head speed of 0.5 mm/min by using
a universal testing machine Zwick 1475 with a standard 100 kN load cell and computer-based data
acquisition. Force was introduced into the specimen using one fixed flat platen and one spherical seat
(self-aligning) platen (Figure 11). The only acceptable failure mode was uniform compressive failure
of the sandwich core. The determination of the honeycomb sandwich panels’ critical buckling loads
and crushing behaviour was performed according to ASTM C365 (flatwise compressive properties
of sandwich cores). Samples of square honeycombs (n ≤ 5) with a number of 4 by 4 unit cells with
different cell sizes and a cell wall thickness tW of 0.5 mm were tested (Table 4). In the following x is the
mean or average (estimate of mean) and S is the standard deviation of a sample population for the
given property. The walls were made of aluminium sheets with a density of 2.68 g/cm3, a Poisson’s
ratio of 0.33 and Young modulus of 70.5 MPa. For all specimen the cell height was adapted to ensure
an equal volume of the enclosed cavity Vc = 10.8 cm3 to maintain a constant Helmholtz resonance.
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Figure 11. (a) Specimen (B/H = 0.63) for investigation of deformation behaviour; (b) buckling failure
of honeycomb core structure.
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Table 4. Results of compression tests of honeycomb core structure.

lz mm 40 35 30 25 20

lx = ly mm 16.5 17.6 19 20.8 23.3
δmax mm 1.01 0.92 1.02 0.95 0.96

Sδ mm 0.12 (12.5%) 0.14 (15.1%) 0.25 (24.7%) 0.18 (18.8%) 0.08 (8.2%)
F f cu

z MPa 3.79 3.6 3.12 2.86 2.34
SF MPa 0.14 (3.9%) 0.09 (2.6%) 0.28 (8.9%) 0.06 (2.3%) 0.06 (2.5%)

The compression tests showed a linear increase of the applied force up to the ultimate force
prior to failure Pmax. After exceeding a critical deflection δmax (Figure 12), an instable buckling failure
follows (Figure 11b) which leads to a rapid decrease of compression force and plastic deformation of
the damaged structure. For all specimens there was no compressive failure confined to one corner or
edge of the specimen. The ultimate flatwise compressive strength is defined as F f cu

z = Pmax/ASamp,
where ASamp is the total cross-sectional area of the honeycomb sample. The resulting δmax did not show
a constant trend, whereas the compression strength increases with increasing cell height. The critical
deflection shows much higher deviations than the compression strength. After Buckling, starting from
a relative traverse path of approximately 80%, an increase of the applied force can be seen due to a
compacting of the honeycomb.
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6. Discussion

6.1. Acoustical Aspects

The measurements in the flow duct have clearly shown the additional effect of the flexible
cell structure with respect to the acoustic absorption of the novel liner structure. Additional
measurements—firstly, of the isolated structure with cut-outs and flexible films and secondly,
the in-cell-microphone results—have proven the involved movement of the flexible wall material.
However, so far little is known about the actual deflection (e.g., spatial modes) of the flexible walls.
There are several main research questions, which still have to be answered:

• What is the optimum frequency for the excitation of the movement of the flexible wall? To answer
this question, several efforts are required to obtain a profound description of the physical
mechanism, which finally enables a precise design of the novel structures and the prediction of its
performance. For the current design, it was aimed for eigenfrequencies of the flexible wall near
the Helmholtz resonance of the cavity structure.

• How can the attached flexible film material be modelled? How reproducible is the assembly?
Dedicated experiments measuring the spatial distribution of the actual displacement might be
needed to answer these questions and model the flexible elements.
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• How can the overall liner design be optimized? Currently, the inactive cells reduce the overall
active liner area. What is the optimal size for the inactive cavities and can different inactive cells
be coupled?

The above questions cover only a small part of possible future research on the acoustical aspects
of this novel liner configuration. However, answers to these questions are mandatory in order to
understand the actual mechanisms involved and model the acoustic performance at least to a certain
degree of accuracy.

The effect of mean flow on the acoustic damping performance has not been shown in the current
paper. However, measurements have been made with the existing samples. The observed behaviour
coincides with the well-known phenomena for SDOF liners: a reduction of performance in mean flow
and an increase in performance against the mean flow direction. Furthermore, it can be assumed that
means to reduce non-linear effects of the face sheet resistance under grazing flow conditions, e.g., a fine
wire mesh covering the face sheet of the liner, will also be applicable to the novel liner concept.

6.2. Effect of Manufacturing Related Parameters and Structure-Dynamic Aspects

There are different reasons for the discrepancy between the calculated and measured vibration
behaviour. As mentioned before, manufacturing related parameter, as thickness variance, the realistic
boundary conditions, the value and direction of pre-stress and relaxation effects influence the resulting
resonance behaviour. The clamping of the film has to be considered as a compliant boundary; however
the determination of the elasticity and damping of the adhesive bonding is difficult. Other important
aspects are temperature and frequency dependent material properties of the films, as well as the
influence of moisture absorption on the resulting vibration behaviour. The used material properties
are gained by measurements of injection moulded samples using granulate which is pre-dried prior to
processing [30]. Before testing, specimens are conditioned, thus the values of material testing can differ
from the properties of finished parts. Further factors affect the physical properties, such as varying
processing conditions, orientation of macromolecules and fillers, internal stresses, moisture, annealing
and environmental conditions [30]. Consequently, the applied film should be tested inside the cavities
during application.

For the application as an acoustic liner in aero engines the resulting mass of the honeycomb core
needs to be decreased. Compared to conventional HR-Liner with rigid walls the usage of flexible walls
reduces the mechanical compression resistance and enhances the risk of a stability failure. The results
of the compression test show deviations due tolerances during manufacturing, as well as levelling of
the core during compression testing. A promising approach, a design with different wall thicknesses,
as well as the usage of alternative manufacturing technologies could be chosen.

6.3. System Design Evaluation and Future Challenges during Development Process

Integrated into an aero engine, acoustic liners have to satisfy different jet aircraft requirements.
They must be reliable and effective over a wide range of operating conditions and frequencies.
Acoustic liners have to reduce broadband aero-engine noise, obtain structural strength and must have
a lightweight design. In addition, they have to be adaptable to restricted available space inside the aero
engine structure (liner depth and area), feature low flammability and must be cost efficient. Moreover
acoustic liner structures have to satisfy manufacturability and maintainability requirements. And at
the same time they have to withstand, for decades of in-service life, the aero engine environment and
conditions, e.g., rain, ice, oil leaks and walking-on by maintenance personnel. Furthermore, acoustic
liners must have a robust and simple design, which can be adapted and specified after the details of
the airframe and engine design have been finalised.

For the implementation in the nacelle of the aero engine an assessment of the acoustic liners’
system requirements and safety aspects is required. The results of the preliminary system safety
assessment (PSSA), including an integrative concept study, back up the high potential of the broadband
acoustic liners. Detailed information can be found in literature, e.g., [32,33]. In the following,
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some of the most important points are addressed which are essential for further development and the
exploitation of the full potential for a safe integration into the aircraft engines. The main aspects are:

(a) maintaining stability despite cross-section-reduced core structures,
(b) preservation of foil properties over the entire life cycle of the aero engine,
(c) possibility of draining fluids and particles of dirt, and
(d) influencing sound reflections and vibration excitation on and by adjacent systems.

By reducing the load bearing wall cross-sections, surrounding structures are subjected to enlarged
stress levels. This can increase the probability of matrix or fibre breakage, as well as the risk of
delamination of the top layer and general structural deformations. As a result of such fractures and
deformations, the loss of the integrity of the system in flight operations or an unfavourable aerodynamic
flow impairment of adjacent systems can have devastating consequences [34]. By suitable optimisation
of the cut-outs in the honeycomb walls, the load-bearing capacity of the cross-section-reduced wall
areas can be adapted to the respective loads [35,36]. A stress reduction in the core can be achieved by a
purposeful orientation of the fibre direction in the face sheets, e.g., parallel to the walls with cut-outs.

The damping properties of the integrated film materials in the liner structure were demonstrated
in this study. Nevertheless, in order to maintain noise reduction functionality and aviation safety,
the behaviour of the film materials must be investigated over a longer period of time. The demands on
the in-service lifetime of current acoustic liners are enormous. Since they are not actively required for
flight operations, acoustic liners must be designed for the entire in-service lifetime of the engine of
approximately 20 to 30 years [37]. All environmental and operating influences, as well as mechanical,
chemical and aerodynamic loads must be borne by the liner structure and the integrated film
materials throughout their entire in-service lifetime. No significant deterioration of the structural
and noise-reducing properties shall occur within this period. Depending on the flight phase and the
position in the aero engine, the occurring failure mode can have a more or less dangerous influence on
flight operations.

Through targeted drainage openings in the honeycomb core, current acoustic liners are able to
rinse out liquids and dirt particles that penetrate through the perforated face sheet. Honeycomb
chambers which are not able to drain would collect water, dirt and other chemicals inside. This would
subject the inner core structure to chemical stress [38]. At low temperatures, the fluids inside could
freeze, expand and damage the liner structures and films accordingly. An impairment of the structural
behaviour and mechanical properties of the rigid liner structures can also be accompanied by a
reduction of the in-service life of the acoustic liner or a significant disturbance of adjacent systems.
A suitable integration of drainage solutions into the broadband effective acoustic liners has to be
analysed in further studies.

The vibration loads in aircraft engines can vary depending on the position of the system in
the aircraft engine [37]. Accordingly, the excitation of the film structures by vibrations of adjacent
systems and subsystems must be considered during the design phase. In order to fully exploit the
broadband noise damping characteristics provided by the flexible film structures (also in different
flight phases), an appropriate adaptation of the film dimensioning and the film’s mechanical properties
is indispensable. Likewise, there must be taken care not to negatively influence the adjacent systems by
the vibration excitation of the acoustic liner. In addition, there is the possibility that sound reflections
from the liner surface overlap with the sound waves of adjacent systems [37]. The resulting sound
characteristics could lie outside the effective damping design range of the acoustic liners. An increased
background noise and a higher excitation of other adjacent systems would be the result. To counteract
this, the sound emission of adjacent systems should be included in the design process of the acoustic
liners with flexible structures.
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7. Conclusions and Outlook

The integration of highly damping polymer films as flexible walls within the cavities of
Helmholtz resonators exhibits a high potential to improve the damping performance of the acoustic
liner. Especially, a design with alternating active and inactive resonator cells results in additional
acoustic-structural interaction of the flexible walls and yields a more broadband damping performance.
The strip slotting method was used as a manufacturing technology for the square honeycomb core
structure, because it enables a simple and reproducible manufacture of different flexible wall structures
for the acoustic liner. Using this approach different geometrically identical acoustic liner samples
were built and experimentally analysed. The acoustic-structure interaction was verified by measuring
the sound pressure level in neighbouring active and inactive cells. On the one hand, the damping
is influenced by the Helmholtz resonance, defined by the cavities’ geometry and on the other hand
by the film’s structure dynamics. Therefore, the viscoelastic and physical properties as well as the
film’s dimensions affect the resulting acoustical behaviour. In this study thermoplastic polyurethane
was analysed as a promising material due to its high damping performance and acoustically excitable
elastic properties.

For application in new aero-engine nacelles, a reduction of mass in relation to the tested
specimen, an adaption of the core structure’s strength and the fulfilment of the comprehensive aircraft
requirements in necessary. Further investigations on the description of the influencing factors, such
as the arrangement and dimensions of active and inactive resonator cells, dimensioning of pressure
compensation holes or the optimal film material and film size are required. However, this study shows
the relevance and potential of this novel acoustic liner concept with flexible walls (FlexiS liner)—not
only for aero engines, but in the entire field of sound absorbers.
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