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Abstract

In this paper the performance of two novel broadband liners for aero-engine applications is 
assessed in the presence of both high sound pressure level and grazing flow. The novel liner con-
figurations include a slanted porous septum concept with varying percentage open areas, and 
a MultiFOCAL (MULTIple FOlded CAvity Liner) concept. In-duct liner insertion loss predic-
tions and measurements for both downstream and upstream sound propagation are presented, 
with the results compared to an optimised conventional single-degree-of-freedom perforate 
liner. Both the novel liners are predicted and measured to provide improved broadband atten-
uation for downstream propagation, with excellent agreement seen between the measurement 
and prediction. For downstream sound propagation, a uniform flow model (convected wave 
equation) with the standard Ingard–Myers boundary condition is shown to predict the liner at-
tenuation accurately, indicating that the boundary effects can be neglected for the downstream 
case. For upstream sound propagation, the insertion loss predictions and measurements high-
light the importance of accounting for boundary-layer refraction in the numerical modelling. 
Thus, the linearised Euler equations are used to model the effect of the boundary layer on the 
predicted liner attenuation for upstream propagation.

I. Introduction

A coustic panels are known to provide a significant contribution to the reduction of fan noise that is radiated from an
aircraft nacelle. Acoustic liners are installed typically in the engine inlet, bypass, and core ducts. Their deployment

must be balanced by weight and drag concerns, and by the geometric limitations imposed by high-bypass-ratio engines. 
The spectrum of the noise source from modern fans is more broadband than that of earlier designs. Consequently, more 
effective designs of acoustic liners are required in order to attain the desired levels of noise reduction, particularly as 
future large engines are expected to have lower liner length to diameter aspect ratios.

In recent years much research has been devoted to the design of complex cavities to realise a better match to the 
optimum acoustic impedance for aero-engine noise reduction at lower frequencies. Unconventional liner concepts with 
novel sound absorbing mechanisms have been studied to achieve close to perfect sound absorption at sub-wavelength 
frequencies, while maintaining the structural dimensions much smaller than the wavelength of the incident waves. For 
example, Sugimoto et al. [1] investigated the design and performance of folded cavity liners for turbofan engine inlets. 
Schiller and Jones [2] developed a broadband liner design concept called a variable depth liner, composed of groups of 
resonators tuned for different frequencies. When developing such highly effective novel liners, one has to consider not 
only the effect of liner parameters such as the resistive sheets, cavity geometry, cell depths, and incident sound pressure 
level, but also the mean flow and boundary-layer effects.
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The mean-flow boundary layer over the facing sheet of liners has been shown to have a substantial effect on
upstream propagation and absorption of sound in ducts [3, 4]. The velocity gradient in the boundary-layer region can be
expected to refract the sound field either towards or away from the liner surface depending on its propagation direction
with respect to the mean flow. In order to model the sound propagation above the liner in the presence of mean flow,
Myers [5] extended the work of Ingard [6] and proposed a boundary condition with the assumption of an infinitely
thin boundary layer, known as a vortex sheet. Gabard [7] assessed the influence of boundary-layer refraction on the
liner attenuation rate by solving eigenvalue problems for uniform flow with both the Myers [5] and a modified Myers
condition [8], with a fixed boundary-layer thickness representative of nacelle conditions. Gabard [7] concluded that
the boundary-layer refraction effects cannot be ignored for upstream sound propagation. Furthermore, the accuracy of
the liner attenuation rate improved when using the modified Myers condition, with Gabard recommending the use of
displacement thickness to characterise the boundary-layer effects.

This paper extends earlier work presented in Ref. [9], which considered liner insertion loss prediction in the
presence of uniform flow. The primary aim of this paper is to present the results of a detailed evaluation of two novel
liner concepts, named Slanted Septum Core (SSC) and a MULTIple FOlded CAvity Liner (MultiFOCAL), while
accounting for the influence of boundary-layer refraction, and the impact of the boundary layer profile. This is achieved
by using numerical modeling to predict the liner insertion loss in a flow duct test facility in the presence of a shear
flow. The prediction results show that the boundary layer significantly changes the peak insertion loss for the upstream
propagation condition, further causing a frequency shift of this peak. Furthermore, the prediction results of both liners
indicate a strong function of boundary layer profile and thickness on the attenuation spectra. Particular interest is also
put into the design of the liner cavity with complex internal structures, emphasising the optimum liner parameters for
achieving maximum insertion loss at moderate sound pressure levels for grazing incidence of multi-modal sound in the
presence of flow.

II. Computational model
The computational model is based on the geometry of the Royal Netherlands Aerospace Centre (NLR) flow duct facility.
As shown in Fig. 1a, the NLR flow duct test section is rectangular with length 1.05 m and cross-sectional area 0.3 ×
0.15 m2. The test section is flush-mounted into the wind tunnel that connects two reverberation chambers in which the
sound power level is measured using a microphone array to determine the insertion loss provided by a lined test section
under grazing flow conditions in the presence of high intensity sound waves. The attenuation spectra of candidate liner
geometries were determined at the various flow conditions by testing with and without lining material. In addition,
experiments were performed with an SDOF perforate liner (NLR reference panel) for reference cases to compare with
the novel liner attenuation levels. For the numerical study, a two-dimensional axisymmetric annular duct model, with a
2 m inner radius (Ri ) and a 2.3 m outer radius (Ro), is used to represent the longitudinal cross-section of the NLR flow
duct test facility. An annular duct model is adopted in order to facilitate the efficient insertion of acoustic modes within
the COMSOL[10] finite element (FE) code. It is well known that, in the limit of large hub-to-tip ratio, axisymmetric
modes in an annular duct closely approximate the modes in a two-dimensional rectangular duct. A schematic of the
annular duct model used in this study is shown in Fig. 1b. The duct axis is x and the radial coordinate is r . The model
includes unlined (hard-wall) sections of length 1 m either side of a lined section of length Ll ined . Additionally, the ratio
of the length of the lined section to the duct height is approximately 2.8 which is a good representation of a nacelle
bypass duct with positive flow Mach numbers [11].

The Linearised Euler Equations (LEE) frequency domain model in COMSOL is used to describe the propagation
of the sound field within the duct. The linearised potential flow equation is solved on the boundary, at x = 0, on
which the broadband noise source is defined. The broadband noise source is modelled by assuming excitation of all
cut-on, hard-wall, radial duct modes for the m=0 azimuthal mode at a prescribed frequency[12, 13]. The propagating
radial modes are assumed to be uncorrelated, such that the in-duct sound power transmission loss of each mode can be
calculated separately, with the assumption of equal energy per mode at the source plane. The sound power loss for
different propagating modes at the same excitation frequency can be summed, because of the orthogonality of the mode
shape functions, to estimate the total power loss [14]. The sound power of the incident radial modes is set to unity
using the intensity formulations of Morfey [15]. A reflection-free condition is defined at the exit plane of the unlined
termination section by using a perfectly matched layer (PML) [10].

In the lined section, the wall impedance is modelled using the Ingard–Myers boundary condition [5]. To simulate
the NLR’s test condition, only the outer wall is lined.
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(a) Picture of NLR flow duct facility
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(b) Schematic of the annular duct model

Fig. 1 Experimental and numerical set-up for liner aeroacoustic performance assessment.

III. Broadband novel liners
The two novel liner configurations designed and manufactured for broadband sound attenuation are illustrated in Fig. 2.
Configuration 1 is a cavity liner with a slanted septum having two different percentage open areas 2a. Configuration
2 is referred to as a Multiple FOlded CAvity Liner (MultiFOCAL) 4, and consists of a set of folded cavities tuned
to different acoustic wavelengths. The novel liner concepts are optimised to provide broadband insertion loss in the
frequency range of 0.5 to 6 kHz. The cavity depth (Hc) of the novel liners is set nominally to 60 mm to limit the space
requirement of the acoustic liners installed inside a turbofan nacelle. Further details of the optimization methodology
are provided in Ref. [9, 16].
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Fig. 2 Schematics of the Slanted Septum Core (SSC) and the MultiFOCAL liner concepts

A laser sintering additive manufacturing method has been used to fabricate the liner panels. The panels were
manufactured by the NLR, who also performed insertion loss measurement in the presence of grazing flow. The nominal
thickness of the resistive sheets of the liner samples is maintained as 1 mm. Also, the hole diameter of the perforated
facing sheet and the core septum is set to 1 mm in order to maximise hole quality. The bottom portion of the liner
panels is left open to remove the metal powder trapped inside the liner complex cavities during 3-D printing. Additional
novel liner samples were also manufactured by using the Stereolithography (SLA) 3D printing method.

IV. Impedance modelling and measurement
The predicted and measured normal incidence impedance spectra of the slanted septum core and the MultiFOCAL
concepts are presented in this section. The impedance predictions were performed using the COMSOL FE model. Pure
tone plane waves are normally incident on the liner surface at a targeted sound pressure level ranging from 130 to
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150 dB, for frequencies between 100 Hz and 5500 Hz, in steps of 100 Hz. Ref. [16] provides a detailed description of
the numerical model used for predicting the liner impedances.

In the finite element model, the interior boundary condition for the perforated layer is given by Equation 1 in Ref.[9]
to predict the impedance spectra for each liner configuration. The predicted impedance spectra are compared with those
measured using the NLR’s high-intensity impedance test set-up. Fig. 3 shows the NLR normal incidence impedance
test set-up.
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Fig. 3 NLR normal incidence test set-up

The acoustic impedance of the liner panels was measured at eight locations (see Fig. 4), using both tonal and
broadband excitations. The overall sound pressure level (OASPL) was increased from 130 to 150 dB, in steps of 5 dB,
to evaluate non-linear effects. The tonal measurements were performed for frequencies between 500 and 5000 Hz, in
steps of 500 Hz.
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Fig. 4 MultiFOCAL panel marked with the normal incidence impedance test locations

A. Slanted Septum Core

In Fig. 5, the impedance prediction model is validated by comparing predicted tonal impedance spectra to the
measurements. The percentage open area (POA or σ) of the facing sheet, septum layers 1 and 2 are optimised for
maximum insertion loss at Mach = +0.3 and SPL =140 dB (approach type condition). The details of the liner design
and optimisation are provided in Refs. [9, 16].

From the pure tone impedance spectra (no grazing flow), it can be seen that the prediction shows good agreement
with the measured data. The resistance (red) and reactance (blue) are normalised by the characteristic impedance of
air ρc. At 130 dB (see in Fig. 5a), the normalised reactance of this liner configuration crosses zero (towards positive
values) at 920 Hz, 2800 Hz, and 5200 Hz. Also, anti-resonances can be seen at 2100 Hz and 4700 Hz. Furthermore,
as expected, as the SPL increases, the resistance increases, and the reactance decreases for frequencies away from
the anti-resonances (see Fig. 5a & Fig. 5c). The total resistance of the SSC at 150 dB is approximately 0.5 to 1.0
ρc, for frequencies away from the anti-resonances, higher than the corresponding values at 130 and 140 dB. Another
important observation is the clear evidence of damping of the anti-resonances at higher SPLs, with the “flattening” of
the reactance, leading to improved absorption at higher frequencies. Additionally, it is observed that, for OASPLs of
130 and 140 dB, there are negligible differences between the normal incidence impedance for the tonal and broadband
excitation.
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Fig. 5 Comparison between the predicted (dot) and the measured (hollow circle) tonal response of the SSC
liner panel at Mach = 0. Resistance (red color) and Reactance (blue colour).

B. MultiFOCAL

Fig. 6 shows the comparison of the measured and the predicted impedance spectra of the MultiFOCAL liner geometry,
using pure tone excitations. As stated earlier, the details of the liner design and optimisation are provided in Refs. [9, 16],
and summarised in Table. 1.

In Fig. 6a, for pure tone excitation at 130 dB, the normalized reactance is close to zero for most of the frequencies
in the range of 0.5 to 5.5 kHz given the combination of six folded cavities with different depths. The resistance of the
liner surface is mainly controlled by the septum (septum 1) of segment 1, in addition to the perforated facing sheet.
This is because the optimum percentage open area of septum 1 is low compared to the facing sheet of segments 1–6.
Hence, the septum has a greater non-linear resistance component at high SPLs.

As in the case for the SSC, comparing the normal incidence impedance spectra using tonal excitation at 130, 140,
and 150 dB highlights the influence of sound pressure level on the acoustic properties of the MultiFOCAL configuration.
The total resistance of the MultiFOCAL at 150 dB is close to 1.0 ρc, for frequencies away from anti-resonances, higher
than the corresponding values at 130 dB. Also, there is again clear damping of anti-resonances with increasing sound
pressure level for tonal excitations. Therefore, at 150 dB (Fig. 6c), the six closely packed peaks at lower SPLs are
broadened due to damping of the anti-resonances, and flattening the normalised reactance curve towards zero.
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Fig. 6 Comparison between the predicted (dot) and the measured (hollow circle) tonal response of the Multi-
FOCAL liner panel at Mach = 0. Resistance (red color) and Reactance (blue colour).

V. Measured insertion loss of SSC and MultiFOCAL liner concepts
In the flow duct facility at the NLR, experiments have been conducted to assess the performance of the new liner
concepts (SSC and MultiFOCAL) presented in Section III, with mean flow grazing over the liners at Mach numbers
representative of aero-engine operating conditions. For comparison an optimised single-degree-of-freedom (SDOF)
perforate liner was also tested as a reference configuration. The geometrical parameters of the liner panels tested at the
NLR flow duct facility are summarised in Table. 1. The facing sheet POAs are a little higher than optimum as the hole
diameter realised from 3D printing is higher than specified. It is noted that one duct wall was lined in all cases.

Table 1 Geometrical parameters of the liners tested at the NLR flow duct facility

Liner Type Panel Dimension Facing Sheet POA (%) Septum 1 POA (%) Septum 2 POA (%) Cavity Depth (mm)
SDOF(Perforate) 850 mm × 170 mm 5 - - 20

SSC 818 mm × 170 mm 27.5 4.7 2 60
MultiFOCAL 818 mm × 170 mm 25.7 2.4 2.9 60

The measured insertion loss is calculated from the difference between the sound power transmission loss with and
without the liner, and is given by

IL = ∆With liner
PWL − ∆Without liner

PWL . (1)

Fig. 7 compares the insertion loss at M = 0 for the SSC, MultiFOCAL, and reference SDOF perforate liner configurations.
As expected, for frequencies below 1 kHz (see Fig. 7a), both of the novel liner panels show a significant improvement
in noise reduction. For frequencies between 0.5 and 0.95 kHz, the slanted septum core provides an insertion loss of at
least 4 dB. On the other hand, the MultiFOCAL panel has two peaks in the spectrum between 0.4 and 1 kHz. The first
peak occurs at 0.5 kHz, and the second peak at 0.92 kHz, with an insertion loss of 12 dB and 7 dB, respectively. The
MultiFOCAL’s insertion loss drops a little around 0.7 kHz. This is because the optimum impedance and the maximum
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possible insertion loss are very sensitive to small changes in impedance at low frequencies [9]. Additionally, it has been
shown in Refs. [9, 11] that the maximum possible insertion loss is more sensitive to changes in impedance at lower
frequencies than at higher frequencies.
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Fig. 7 Comparison of measured insertion loss at Mach = 0

For frequencies between 1 kHz and 2 kHz, the SSC’s insertion loss drops below the SDOF perforate. However, for
frequencies above 2 kHz (see Fig. 7b), the insertion loss of the SSC and the MultiFOCAL is at least 2 dB more than the
SDOF perforated liner. The insertion loss achieved by the SDOF perforate type liner then decreases gradually with
increasing frequency (see Fig. 7b). As the anti-resonance of the SDOF perforate liner is out of the targeted frequency
range, there are no dips in the insertion loss below 6 kHz. In general, the acoustic performance of the novel liners at the
no flow condition is a net attenuation gain compared to the SDOF perforate type liner. This is not surprising given the
relatively low resistance of the perforate liner without flow.

A. Downstream propagation

In this section, the mean flow Mach number is varied from M = 0.3 to 0.7 to determine its impact on liner performance.
The acoustic source is broadband, with OASPL = 130 dB. The measured insertion loss for each liner configuration for
the downstream sound propagation condition are compared and presented in Fig. 8. The liner configurations investigated
in this work all have a perforated facing sheet. As a result, these liners have a relatively higher resistance with the mean
flow than for cases without flow. Again, for comparison, an SDOF perforate reference liner panel is tested, and the
results are presented in Fig. 8 marked by the solid black line.

Ref. [9] provides a detailed description of the optimisation of the liner’s design parameter (percentage open area)
for maximum sound attenuation at Mach = +0.3 and SPL = 140 dB. The optimisation results, presented in Ref. [9], are
based on the installation of the liners on both the top and bottom walls of the NLR flow duct test section. It is noted
again that the results presented here are for one side lined.

At Mach = +0.3, and for frequencies between 0.3 and 1.2 kHz, the novel broadband liners with complex cavities
demonstrate generally improved attenuation when compared with the conventional SDOF perforate (see Fig. 8a). As can
be seen from the insertion loss plot in Fig. 8b, for frequencies between 1.2 and 6 kHz, the MultiFOCAL performance is
comparable or slightly better than the SDOF perforate at all frequencies except at around 2.5-3 kHz. The reason for this
is the anti-resonance in the impedance spectrum (between 2.5 kHz and 3 kHz), where the reactance moves from +3ρc
to -3ρc (see Fig. 6a). Additionally, comparison of Fig. 7a and Fig. 8 shows that for the MultiFOCAL concept, the peak
insertion loss at 0.5 kHz has decreased. The SSC liner concept has two strong anti-resonances at 130 dB (see Fig. 5a);
therefore, the corresponding insertion loss of this liner has two dips, at around 2.1 kHz and 4.3 kHz, in the targeted
frequency range. Also, it should be mentioned that at Mach = +0.3, the signal-to-noise ratio for all liner configurations
is well above the acceptable limit for the entire range of frequencies between 0.2 and 6 kHz. Compared to the no-flow
condition, the insertion loss peak shifts towards a higher frequency, and is now more broadband for the novel liner
configurations, especially for the MultiFOCAL. This once again illustrates the sensitivity of the insertion loss to small
changes in optimum impedance and liner impedance at lower frequencies as compared to higher frequencies [9]. Also,
as the manufactured POA of the facing sheet of both liners is higher than the design value, the design value would
provide a further increase in performance.
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Fig. 8 Insertion loss of the SSC, MultiFOCAL, and SDOF perforate liners for downstream sound propagation.

The insertion loss of the novel liners broaden and improve with increasing Mach number. Significant noise reduction
is observed at lower frequencies, below 1 kHz, where the conventional SDOF perforate is less effective. At Mach =

+0.5, the MultiFOCAL and SSC liner concepts provide an insertion loss of at least 3 dB for frequencies between 0.5
and 2.2 kHz, with a maximum loss of 6 dB. In the mid-and high-frequency range, the MultiFOCAL concept continues
to maintain attenuation levels comparable with the reference optimum SDOF perforate. The insertion loss of the SSC
concept is valid only for frequencies between 3.3 and 4.6 kHz as the S/NdB (> 4 dB) meets the acceptable criteria in
that frequency range. As stated earlier, the insertion loss measurement results are not valid in the highlighted region for
the SSC concept. Otherwise, the insertion loss of the SSC liner concept is comparable to the MultiFOCAL panel in the
valid frequency ranges, except for a dip between 4 to 4.5 kHz.

Even though both novel liner panels were optimised at Mach = +0.3 and for SPL = 140 dB [9], it is clear that they
can also provide improved attenuations at Mach = +0.5. As described in Ref.[9], the cavity depth of the SSC liner
concept was also reduced to 20 and 40 mm. In addition, the porosity of the facing sheet and the slanted septum layers
were optimised to achieve maximum insertion loss. A reduction in cavity depth shifted the insertion loss peak towards a
higher frequency. However, the SSC always provides a significant increase in insertion loss at lower frequencies (below
1700 Hz) when compared against an optimised SDOF perforate while maintaining similar attenuation levels at higher
frequencies.

B. Upstream propagation

The experimental insertion loss results for upstream sound propagation are presented in Fig. 9. From Fig. 9a and
Fig. 9c, it can be seen that the insertion loss for upstream propagation at lower frequencies is generally higher than for
downstream propagation. For instance, at Mach = −0.3, comparing the attenuation level of the novel liners with the
traditional SDOF perforate concept, as shown in Fig. 9a, it is apparent that the broadband liners can provide an insertion
loss in the NLR duct of up to 15-20 dB, for frequencies between 350 and 850 Hz. Furthermore, the peak insertion loss
frequency for both the SSC and MultiFOCAL decreases with increasing Mach number. This shift in the frequency of
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Fig. 9 Insertion loss of the SSC, MultiFOCAL, and SDOF perforate liners for upstream sound propagation.

peak attenuation can be seen by comparing the downstream and upstream spectra; this is due to the influence of the
grazing flow direction and Mach number on the optimum wall impedance [9].

Above 1 kHz, the novel liner concepts are less efficient than the SDOF perforate (NLR reference panel). This is
because the liners are optimised to provide maximum insertion loss at Mach = +0.3 and for SPL = 140 dB. Consequently,
the liner geometrical parameters are tuned to match or fall as close as possible to the NLR flow duct optimum wall
impedance for downstream propagation at Mach = +0.3, also noting that the higher than design POA of the novel liners
leads to a relatively lower resistance and attenuation. The attenuation performance may be improved by re-optimisation
for the upstream propagation case.

The insertion loss spectra in Fig. 9b and Fig. 9d show clearly the impact of the SSC liner self-noise. In the Mach =

−0.3 insertion loss spectra, there is a small but distinct non-physical peak owing to liner self-noise generated by the
background mean-flow, highlighted by the red shaded area. At Mach = −0.5, the effect of liner self-noise becomes
much more evident. As indicated earlier, the SSC’s self-noise arises due to the very low resistance provided by the
manufactured panels compared to the designed target value. Both of the novel liner 3D printed panels have a relatively
high manufactured percentage of open area due to larger than desired effective hole diameters, (the desired effective
hole diameters and hence POAs may be realized through a further iteration of the 3D printing parameters). Additionally,
the liner panels were tested at an OASPL value of 130 dB rather than the optimum design condition of 140 dB, also
contributing to a relatively low panel resistance.

The effects of grazing flow Mach number on the acoustic impedance of the novel liner panels are difficult to estimate
through measurements (in-situ method) due to their complex geometries. They may be extracted through an impedance
eduction approach. However, pure tone impedance predictions were made using a COMSOL FE model with a sound
pressure level of 130 dB at Mach numbers ranging from 0.3 to 0.7.
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VI. Predicted insertion loss: Study on the effect of the boundary layer
In this section, the insertion loss predictions of the novel liners at Mach = 0.3 and 0.5 are compared with the measured
insertion loss. Predictions are first made using a uniform-flow model since the absence of a boundary layer in
the propagation model does not appreciably influence downstream predictions. However, for upstream predictions,
boundary-layer effects can be significant, which are seen later in this paper in the prediction results.

The numerical model of the NLR flow duct used in this study was validated previously by comparing the predicted
insertion loss of an SDOF linear liner with measurements. The validation results are reported in Ref. [9].

A. Tonal impedance with mean flow

Owing to the complex cavities, it was impossible to apply the in-situ impedance technique to measure the effect of
grazing flow on the impedance of the SSC and MultiFOCAL concepts. Therefore, for both of the liner configurations,
the tonal impedance values are predicted, including the grazing flow duct centreline Mach number effect, using the
semi-empirical model developed by Murray and Astley [17]. Fig. 10 shows the comparison of the predicted tonal
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Fig. 10 Impedance spectra comparison between the SSC and the MultiFOCAL liner concepts for pure tone
excitation at 130 dB and Mach = 0.3 and 0.5.

response for Mach = 0.3 and 0.5 for the SSC and MultiFOCAL liner concepts. Pure tone plane waves with frequency in
the range from 100 to 6000 Hz (steps of 100 Hz), and at a sound pressure level of 130 dB, are normally incident on the
liner face sheet.

Figure 10a and 10c show the comparison of the predicted resistance for the SSC and the MultiFOCAL. In general,
the normalised resistance of the SSC is lower than the MultiFOCAL. Comparison of Fig. 10a with Fig. 6 and Fig. 5
shows that the acoustic resistance increases for both of the liner configurations, with the largest increase mainly seen at
low frequencies [18]. Owing to the presence of flow, a reduction of the effective orifice area causes an increase in the
resistance, as numerically shown by Avallone and Damiano [19]. As the Mach number increases to 0.5, the maximum
effect due to the SPL is approximately inversely proportionally to Mach number. This observation is consistent with the
results previously reported by Murray and Astley [17] for an SDOF liner with a perforated facing sheet.
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Figure 10b and 10d show the comparison of the predicted reactance between the SSC and the MultiFOCAL. For
the SSC liner panel, the predicted reactances do not vary with grazing flow. This is because of the relatively high open
area in the manufactured liner panel. Note, also, that the resonance frequencies of the SSC liner concept do not change
with increasing Mach number. For the MultiFOCAL liner panel, the predicted reactance decreases with grazing flow,
especially at higher frequencies, and is “flattened” with increasing Mach number.

The predicted tonal impedance is used in the boundary condition for the grazing flow duct model. For a SPL of
130 dB, both liner panels are predicted to be weakly non-linear. The liner panels have a homogeneous impedance
value throughout the lined section, with incident sound pressure level decaying along the axial direction from the liner
panel’s leading edge to its trailing edge. The non-linear component of these liners increases at high power settings, for
example placed closer to the aero-engine fan, where the SPLs can be significantly higher than those measured in the
NLR experimental facility.

As is the case with zero flow (Fig. 6 and Fig. 5), Fig. 10 once again shows that it is difficult to maintain the
reactance spectrum of both of the novel liners close to zero, and to match the NLR duct optimum over a wide range of
frequencies. The predicted insertion loss of the SDOF perforate, MultiFOCAL, and SSC show good agreement with the
measurements at Mach = 0. These results are not shown here for brevity.

B. Downstream propagation: Uniform-flow model

As stated earlier, the insertion loss predictions are made for a frequency range from 100 Hz to 6000 Hz in steps of 100
Hz. The insertion loss was calculated by comparing the difference between the transmission loss with and without the
liner panels installed in the duct, with flow grazing over the lined section to represent the NLR flow duct test conditions.
A multi-modal broadband sound field is defined at the source plane using uncorrelated, cut-on,hard-wall radial duct
modes, with equal acoustic power per mode.

First, for the downstream propagation, assuming that the boundary layer is infinitely thin, the standard Ingard–Myers
[20] boundary condition is used and is given by,

u · n =
p
Z

+
1

iω
uo · ∇(

p
Z

) −
p

iωZ
n · (n · ∇uo) , (2)

where n is the surface normal pointing out of the domain, and Z is the specific acoustic impedance of the liner. It should
be noted that the impedance (Z) defined in Eqn.2 includes the effect of mean flow and sound pressure level (see Fig.10).
Fig. 11 and Fig. 12 compare the predicted and the measured insertion loss of the SSC and the MultiFOCAL for Mach
= +0.3 and +0.5, respectively. For both of the novel liner configurations, it is seen that the predicted insertion loss is
in good agreement with the measurements. The prediction model for the SSC liner concept, (Fig. 11), captures the
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Fig. 11 Slanted Septum Core—Insertion loss comparison between the measurement and the prediction.

dips caused by anti-resonances. Also, it should be noted that these strong oscillations in the reactance curve can be
dampened by exciting the SSC liner panel at a higher SPL and by reducing the facing sheet POA to the design value.
For Mach = +0.5, the predicted insertion loss is still in good agreement with the measured data for most frequencies in
the valid frequency range, showing discrepancies around 2.1 and 4.5 kHz near the anti-resonance of the liner. Unlike
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tonal excitation, broadband excitation dampens the anti-resonance due to the interaction between the frequencies, which
can also explain the small discrepancies between predicted and measured insertion loss at other frequencies. This
observation has been verified by predicting the insertion loss using the normal incidence reactance curve obtained
through measurements for broadband sound excitation. The results are not presented here for brevity.
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Fig. 12 MultiFOCAL—Insertion loss comparison between the measurement and the prediction.

Similar to the SSC panel, the predicted and measured insertion loss of the MultiFOCAL panel (Fig. 12) shows
several oscillations in the spectra caused by the anti-resonances, especially for frequencies above 2.5 kHz, in line with
the predicted impedance variations. Unlike the SSC, the reactance oscillations are not that strong for the MultiFOCAL.
Therefore, the corresponding measured insertion loss of the liner has a relatively shallow dip in the spectrum with an
overall insertion loss of 4 dB. From these results, it can be concluded that the boundary layer has negligible effects
on the liner insertion loss for downstream sound propagation. Also, it is shown later in the paper that the insertion
loss contours for downstream sound propagation with a uniform-flow model or a 1/4th power-law velocity profile are
comparable at 400 Hz.

C. Upstream propagation: Sheared mean flow model

For the shear flow modelling, the results for the MultiFOCAL liner concepts are investigated in detail as the observations
for the SSC concept are not expected to differ significantly from those for the MultiFOCAL.
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Fig. 13 MultiFOCAL—Insertion loss comparison between the measurement and the prediction with a
uniform-flow model.

As shown in Fig. 13a, the insertion loss of the MultiFOCAL at Mach = 0.3 is over-predicted by 5-6 dB for upstream
sound propagation with the uniform-flow model, especially around the peak attenuation at the lower frequencies.
Additionally, there is also a slight shift in the frequency of the peak insertion loss, with a difference of 80 Hz. Similar to
the measurement, the predicted insertion loss of the liner reduces drastically for frequencies between 0.5 to 0.8 kHz.
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For frequencies between 0.8 to 1.6 kHz, the insertion loss stays constant at around 4 dB. Then, for frequencies above
2 kHz, the loss reduces gradually. More interestingly, for frequencies between 1 to 3.8 kHz, the predictions with the
uniform flow are in good agreement with the measurements. The impact of boundary-layer refraction can be directly
related to the location of the liner impedance on the R-X contour, with some frequencies more significantly affected
than others. However, the disagreement in the insertion loss increases at higher frequencies. This may be because the
liner response due to broadband excitation is slightly different from the predicted tonal response at higher frequencies.

The boundary-layer effect has been studied for upstream propagation based on model boundary-layer profiles
presented in Table. 2. For this purpose, the linearised Euler equations frequency-domain interface in COMSOL is used
for modelling sound propagation. Furthermore, the Pridmore-Brown equation is solved at the source plane for injecting
the modal sound field with the corresponding axial wavenumbers.

In this study, the 1/4th power-law velocity profile is selected, in addition to the quarter-sine profile, for insertion loss
predictions. The 1/4th power-law is a good approximation to the measured mean-flow profile in the NLR flow duct. The
quarter-sine profile is useful as a simple model profile that includes shear flow. These two velocity profiles used in this
study are shown in Fig.14a. The displacement thickness for both velocity profiles is matched and equals δ∗ = 4.4 mm.

Table 2 Model velocity profiles

Profile uz (r) δ∗/δ

Quarter-Sine




U sin[(π/2)((r − ri )/δ)] ri ≤ r ≤ ri + δ

U ri + δ ≤ r ≤ ro − δ
U sin[(π/2)((ro − r)/δ)] ro − δ ≤ r ≤ ro

(π − 2)/π

1/4th Power-law




U ((r − ri )/δ))1/N ri ≤ r ≤ ri + δ

U ri + δ ≤ r ≤ ro − δ
U ((ro − r)/δ))1/N ro − δ ≤ r ≤ ro

1/(1 + N )

The boundary-layer region has thickness δ. Outside the boundary layer, the flow is assumed to be uniform, and
it is defined by the free-stream velocity U. It is noted that, in the case of non-uniform flow, the mode shapes are not
orthogonal. However, the calculation of the sound power loss is still performed assuming an incoherent sum as it has
been shown by Brooks and McAlpine [21] that the interactions between different modes due to a non-uniform flow can
be neglected.
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Fig. 14 MultiFOCAL—Insertion loss comparison between the measurement and the prediction with a
sheared mean flow model. (Blue line) Uniform flow, (Green line) 1/4th power-law, and (Black line) quarter-
sine.

Fig. 14b shows a comparison of the predicted insertion loss spectra for the MultiFOCAL concept with 1/4th
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power-law (δ = 22 mm) and quarter-sine (δ = 12.1mm) boundary-layer profiles. For comparison, the insertion loss
prediction results for a uniform mean-flow (δ = 0) is also included along with the measured data. The boundary layer’s
clear impact on the predicted insertion loss, especially for frequencies between 0.3 and 0.8 kHz, can be seen. It can be
seen that the predicted insertion losses corresponding to these two velocity profiles are substantially different, especially
around the peak frequency region. Compared to uniform flow, the peak insertion loss of the MultiFOCAL concept,
around 0.4 kHz, with a quarter-sine boundary layer profile (δ = 12.1 mm) reduces substantially by 10 dB. Also, there is
a slight shift in the spectrum towards the measured data, clearly noticeable for frequencies below 0.4 kHz. With a 1/4th
power-law profile, the peak has shifted to 0.45 kHz, and the peak loss value is reduced by 4 dB, showing improved
agreement with the measured data. This indicates the insertion loss sensitivity near the optimum wall impedance to the
type of boundary-layer velocity profile. For frequencies between 0.8 and 1.6 kHz, the insertion loss prediction with the
1/4th power-law collapses with the quarter-sine results and agrees well with the measurements.

Fig.15 shows the insertion loss contours varying the resistance from 0.001 ρc to 5ρc and varying the reactance from
-5ρc to 5ρc, at 400 Hz and Mach = 0.3. From Figs. 15a and 15b, it can be seen that the effect of the boundary layer on
the optimum resistance, reactance, and maximum attainable insertion loss is negligible at 400 Hz for downstream sound
propagation. However, for upstream sound propagation (see Figs. 15c and 15d), although the optimum resistance and
reactance values are comparable, there is a significant decrease in the maximum possible insertion loss by 4 dB. These

(a) Uniform flow M = +0.3 (b) 1/4th Power-law M = +0.3 (c) Uniform flow M = -0.3 (d) 1/4th Power-law M = -0.3

Fig. 15 Insertion loss contour plots for the NLR flow duct with a single wall lined.

results show, for upstream propagation, that the boundary-layer profile and its thickness affects the maximum attainable
insertion loss for impedance values near the wall optimum impedance. Also, away from the optimum, the attenuation is
reduced for a given impedance. Further development of this shear-flow modelling for upstream sound propagation will
be presented in detail in a future paper using measured velocity profiles from the NLR flow duct facility.

VII. Liner self-noise
In the presence of grazing mean flow, the SSC liner panels generate undesirable strong tones that affect the measured
insertion loss spectra, as already seen earlier in the paper. Tam et al. [22] has shown that for a typical SDOF perforate
liner, unsteady flow vortices in the shear layer are formed near the upstream edge of the facing sheet orifice opening.
These vortices convect downstream of the orifice and impact with the downstream edge. This generates acoustic waves
that travel upstream to induce vertical motion in the shear layer, driving a feedback loop leading to amplification of
the generated sound (often related to Rossiter-type feedback mechanisms [23]). For brevity, further details about this
phenomenon are not presented here and are available in Ref.[23]. However, the typical frequency for such tones has
been predicted to be as high as 30 kHz for the orifice dimensions desirable for aero-engine linings [22].

In order to study the source of self-noise from flow over the novel liner configurations, especially the SSC liner
concept, pressure measurements were made inside the flow duct at seven locations as shown in Fig.16. The in-duct
pressure measurements were made for Mach numbers ranging from 0.3 to 0.7. Figure 17 shows the sound pressure
level spectra measured inside the NLR flow duct by microphones flush-mounted on the wall opposite the lined section
at locations 1, 3, and 6. In Fig.17a, at Mach = 0.3, two dominant peaks with a sound pressure level of 105 dB and
97 dB are generated by the flow over the baseline SSC liner, at 1.26 and 2.3 kHz. With increasing Mach number, the
peaks are shifted accompanied by an overall increase in the sound pressure level. For example, at Mach = 0.5, the first
peak is at 2.3 kHz, and the amplitude has increased by 10 dB over the value at Mach = 0.3. Additionally, the sound
pressure level of the SSC liner configuration with a reduced POA (15.9 %) for the face sheet shows a considerable
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Fig. 16 Linear in-duct microphone array.

reduction in the amplitude. This highlights that the self-noise generated by the SSC liner concept is related to the low
resistance of the face sheet due to the manufactured high open area. In Fig.17b and Fig.17c, similar comparisons are
made for the SSC liner panels with facing sheet POAs of 27.2 and 15.9 % at microphone locations 3 and 6. Comparing
the sound pressure level of the SSC liner panel with a facing sheet POA of 27.2 %, Figs.17a–17c show that there is a
decrease in the tonal amplitude from the leading to the trailing edge of the liner panel. This suggests that the growing
boundary-layer affects the feedback mechanism responsible for the SSC liner self-noise.
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Fig. 17 SSC—Induct pressure measurements at microphone locations 1, 3 and 6 on the wall opposite to the
lined surface.

From Fig.17 it can be noticed that the frequencies associated with liner self-noise are related to the flow Mach
number, especially the first peak. These frequencies can be predicted using the feedback model proposed by Rossiter
[23], given by

f rl =
U
L

m − α
1/Kc + M

, (3)

where m = 1,2,3 . . . is the mode number, L is the cavity width, α = 0.25 is the empirical constant which increases
as L/D increases, Kc is the ratio of the vortex convection speed across the liner cavity face sheet to the free-stream
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velocity, and M is the free-stream Mach number.
Unlike the case of Eq.3 proposed by Rossiter, Block [24] has shown that the self-sustained oscillation frequencies

in deep cavities are also sensitive to the L/D ratio of the cavity in addition to the Mach number, and it is given by [25],

f bl =
U
L

m

1/Kc + M (1 + 0.514
L/D )

, (4)

where m is the mode number, and Kc = 0.57.
Fig.18 shows the comparison of liner self-noise peak frequencies measured at microphone location 1 with the

predicted self-sustained oscillation frequencies for the first three modes from Eq.3 and Eq.4. The value of Kc used here
is for a typical open cavity. The agreement of the liner self-noise frequencies with Eqs.3 and 4 shows that the liner face
sheet can be ‘transparent’ if the POA is very high, and consequently offers less resistance to dampen the self noise.
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Fig. 18 Liner self-noise frequencies.

Fig.19 shows the comparison of the flow noise measurement at microphone location 1 for the SSC and MultiFOCAL.
Unlike the SSC liner concept, the MultiFOCAL liner does not generate any strong tones, as can be seen from the figure.
This draws the same conclusion regarding the relationship between the liner face-sheet resistance and self noise, driven
also by the POA of the liner’s facing sheet rather than just the hole diameter or cavity width alone.
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VIII. Conclusion
This paper presents the results from a detailed numerical and experimental study into the broadband sound attenuation
performance of two novel liners. These include a slanted septum core with varying percentage open area, and a multiple
folded cavity acoustic liner. First, the normal incidence tonal response of the novel broadband liner concepts is predicted
and measured without grazing mean flow. The predicted normal incidence impedance spectra without grazing flow
agree well with measurements, thus giving confidence in the modelling, manufacturability, and predicted performance
of the proposed novel liners. It is also shown that the sound absorption capability of the optimised novel liners is
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predicted and measured to be more broadband when the incident sound pressure level is increased, due to an increase in
resistance, and a reduction in reactance, over a wide range of frequencies. The slanted septum core is shown to provide
broadband sound absorption by varying the porosity of the diagonal layers l1 and l2, combining the benefit of the deep
liner at low frequency, and a complex double-degree of freedom liners at higher frequencies, while the MultiFOCAL
concept enhances the broadband attenuation by varying the impedance over the facing sheet.

The effect of mean flow on the liner insertion loss is predicted and analysed in detail, including modelling the impact
of boundary-layer refraction by considering the influence of the type of boundary-layer velocity profile, thickness,
and its impact on the optimum liner impedance. For downstream sound propagation, representative of an aero-engine
bypass duct, a simple convected wave equation model with the standard Ingard–Myers boundary condition is sufficient
to predict the liner attenuation accurately, confirming that the effect of boundary layers can be neglected.

However, for upstream sound propagation with a uniform mean-flow model, the insertion loss is over-predicted by
up to 5-6 dB compared to the experimental data. This shows the importance of boundary-layer effects in numerical
modelling of upstream propagation. The optimum impedance and the corresponding maximum insertion loss at lower
frequencies are sensitive to the mean-flow Mach number, flow direction and boundary-layer profile. The fully resolved
boundary-layer model uses the linearised Euler equations to examine the effect of the boundary layer on the predicted
liner attenuation for upstream propagation, which improves the results compared to the predictions obtained with
uniform flow.

This study also shows that the effect of flow direction on the liner impedance is negligible. Instead, the liner
impedance’s location relative to the R-X contours gives different predicted attenuation values for either upstream or
downstream sound propagation. Additionally, it has been shown that the quarter-sine and 1/4th power-law boundary-
layer profiles with constant displacement thickness predict different attenuation levels at lower frequencies. Further
studies will be carried out to investigate this.

The experimental results show that the SSC liner’s facing sheet (with POA of 27.2%) becomes almost transparent
and still allows the cavity width-wise self-sustained oscillations to exist, thereby generating strong tones which affect
the measured insertion loss. In addition, the strength of the self-noise tone decays with the growing boundary layer, and
it is damped as the face-sheet resistance increases, which is controlled by the percentage of open area.
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