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Abstract: The work proposes a methodology for the assessment of the performances of Passive Noise
Control (PNC) for passenger aircraft headrests with the aim of enhancing acoustic comfort. Two
PNC improvements of headrests were designed to reduce the Sound Pressure Level (SPL) at the
passengers’ ears in an aircraft cabin during flight; the first was based on the optimization of the
headrest shape, whereas the second consisted of partially or fully covering the headrest surface
with a new highly sound-absorbing nanofibrous textile. An experimental validation campaign was
conducted in a semi-anechoic chamber. A dummy headrest was assembled in different configurations
of shape and materials to assess the acoustic performances associated to each set up. In parallel,
simulations based on the Boundary Element Method (BEM) were performed for each configuration
and an acceptable correlation between experimental and numerical results was obtained. Based on
these findings, general guidelines were proposed for the acoustical design of advanced headrests.

Keywords: aircraft headrest; passive noise control; boundary element method; nanofiber textile;
optimization; semi-anechoic chamber

1. Introduction

Acoustic computation and noise prediction, accounting for its generation and trans-
mission, is a challenging task with several applications in different industrial sectors. A
concern of increasing interest in the aerospace and automotive industries is the acoustic
comfort of passengers [1], thus highlighting the need for noise prediction at early design
stages. Indeed, noise or, more generally, unwanted sound, has become a growing problem
for human health, leading to several adverse effects, including hearing loss, cardiovascular
problems, sleep disturbance and psychological harms [2,3]. The accurate evaluation of
noise generation and propagation is nowadays a key concern, especially in the areas in
which the comfort of end users has become a turning point.

The focus of the present work is the mitigation of noise inside vehicle cabins, in
particular in the case of aircraft fuselages. Several classical deterministic and statistical
approaches exist for the prediction and analysis of noise in such scenarios, and each
of them bears advantages and limitations. For instance, deterministic methods such as
multibody simulation [4], Finite Element Method (FEM) [5], Boundary Element Method
(BEM) [6] but also hybrid methods [7,8] are computationally expensive due to geometrical
complexity and inherent frequency limitations. As a matter of fact, owing to the large
dimensions of aeronautical structures, accurate acoustical computations in the range of
human hearing often require the resolution of hundreds of natural frequencies. As a result,
reduced approaches [9] and algorithms to lighten the computational requirements [10]
often become mandatory. Finally, Statistical Energy Analysis (SEA) can be preferable at
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higher frequencies for which deterministic approaches are no longer viable due to the high
modal densities [11].

In the field of linear acoustics, the BEM is a suitable alternative to FEM and stands
as a good compromise between the frequency range of applicability and the prediction
of deterministic complex quantities. This is especially true for exterior problems, where
the acoustic domain can be modeled as infinite in extent. Applying domain discretization
methods such as FEM to such a problem clearly requires careful thought (an example of
the infinite radiation condition application with FEM is available in [12]). Instead, it is
more advantageous to use the BEM for this kind of application, since only the surface mesh
of the vibrating/scattering bodies is required, as the Sommerfeld radiation condition is
naturally satisfied at infinity [13]. In this way, both preprocessing times and runtimes can
be reduced.

In the last decades, BEM has become an established computational method for acous-
tics, widely adopted for noise calculations in the low and mid frequency range [14]. To
solve small to mid-sized scattering, radiation, or coupled problems, the use of a direct
BEM solver is recommended as, in comparison with the iterative solver, it will be more
accurate and not limited by possible convergence issues. The main limitation to the size of
the problem related to the direct BEM solver is in terms of memory to store and to invert
the BEM matrices (full and complex).

Aeronautical applications require the use of lightweight structures and low-energy
consumption. Despite the advent of active noise cancellation in aircraft [15,16], passive
noise control by means of lightweight sound-absorbing materials remains a viable solu-
tion [17]. Within the field of these absorbing materials, nanofibers have recently attracted
great attention for sound absorption [18,19]. The thin fiber diameter (less than a microme-
ter) gives a high surface-to-volume ratio, which is an ideal property for lightweight and
porous materials. When a layer of nanofibers is exposed to incident sound waves, the
viscous and thermal dissipation inside the nano-pores, and the scattering of waves inter-
acting with fibers, dissipate the sound energy. Furthermore, the nanofiber layers act as an
acoustic resonance membrane: the nanofibrous membrane resonates at given frequencies,
consequently increasing the rate of sound energy conversion into thermal energy.

Because of these characteristics and thanks to recent advances in the field of nanotech-
nology and the introduction of different types of nanomaterials, nanofiber-based sound
absorbers are considered a promising solution, especially for aeronautic and automotive ap-
plications in which noise reduction requirements in new products are becoming more and
more strict. In light of this trend, research effort is devoted to the experimental assessment
of the sound absorption properties of nanofiber layers [20–22].

Reducing in-cabin noise can be achieved by using high performance materials in
combination with advanced computational approaches to evaluate upfront the perfor-
mances of several PNC (Passive Noise Control) implementations. Aircraft interior noise
characteristics depend on both the mission profile (comprising run-up, taxiing, take-off,
cruise, etc.) and on the type of propulsion. For propeller-driven aircrafts, the dominant
noise sources are the rotating fans and the striking pistons, which create periodic sound
waves on the fuselage at the known Blade-Passage Frequency (BPF). For jet engine-driven
aircrafts (including turbofan, turboprop and turbojet), the primary noise source is the roar
of the jet exhaust and the high-pitched noise generated by the engine’s turbomachinery
system, compressors, and engine blades. In most cases, noise generated by an aircraft
engine can be considered as proportional to its exhaust stream velocity. During the cruising
phase of the flight, the broadband interior noise due to the Turbulent Boundary Layer (TBL)
excitation [23] dominates the overall Sound Pressure Level (SPL) and negatively affects the
Speech Interference Level (SIL) inside the aircraft.

Grounding on preliminary numerical investigations already presented by some of
the authors [22,24], this work concerns the numerical and experimental investigation of
PNC technologies to enhance the acoustic comfort of aircraft seat headrests. A similar
investigation can be found in [25], in which a 1:1 fuselage mock-up and BEM simulations
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were compared experimentally and numerically, respectively. In [25], nanofiber textiles
and lateral caps for the headrests were investigated as two possibilities for reducing the
noise for passengers during different flight conditions (take-off, cruise, etc.).

Similarly, two PNC concepts were evaluated here to assess their performance for
the reduction of the Sound Pressure Level (SPL) perceived at the passengers’ ears. One
concept was based on the shape optimization of the seats’ headrests, whereas the second
was based on the adoption of a high absorbing material, i.e., a nanofiber textile, to improve
the absorbing performances of the headrests. An experimental campaign was conducted in
a semi-anechoic chamber by using a binaural dummy head and microphones at various
positions around different configurations of headrest. In parallel, simulations based on the
Boundary Element Method (BEM) were performed for each configuration so as to provide
a cross comparison of results.

The rest of this document is organized as it follows. The next section develops the
experimental campaign conducted in the semi-anechoic chamber together with some
information on the nanofibrous textiles (see [20–22] for further details). Section 3 presents
the numerical investigation performed for a comparison with experiments (see [22,24] for
further details). Section 4 discusses the comparison of both numerical and experimental
results. Finally, Section 5 concludes with the remarks of this document.

2. Experimental Campaign

The experimental campaign was conducted in a semi anechoic chamber at CIRA
(Figure 1). A dummy headrest was characterized from an acoustical standpoint, in order
to compare different configurations of headrest shape and fabrics. The main purpose was
to understand which combination of shape and covering materials represented the best
choice in terms of noise abatement for the aircraft seat’s headrest.
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Figure 1. Semi-anechoic chamber at CIRA: the setup consists of a dummy seat with binaural head
and configurable headrest.

Additionally, the performances of an innovative nanofiber textile (Figure 2a) made
of PVP plus silica inclusions [17–22] were assessed. Silica inclusions were added to the
PVP nanomaterial to obtain the fire-resistant characteristics of the material and comply
with flyability requirements. Such nanofiber textiles have appealing acoustic properties
thanks to their small fiber dimensions that give a high surface-to-volume ratio. Such
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materials were made with an electro-spinning process (Figure 2b), which allowed us to
obtain fibers with diameters of a few micrometers in the form of a textile with random fiber
disposition. Several layers were then superimposed as in Figure 2b to obtain the desired
mass or thickness.
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Figure 2. (a) Schematic view of the electrospinning process; (b) layers of nanofiber textile [19].

In the current investigation, cylindrical insertions made with several layers of PVP
nanofiber textiles were embedded in the caps of the dummy headrest, see Figure 3. Different
configurations for the headrest were considered to evaluate the impact of the nanofiber
insertions and of the headrest shape.
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Figure 3. Configurable headrest adopted for the experimental investigations.

The insertions were added by cutting out two cylindrical sections from the headrest
foam and replacing them with the nanofibrous material samples, preserving the overall
mass of the headrest. Two geometries of the headrest were considered, referred to as
“folded” and “unfolded” geometries hereinafter (Figure 4). In addition, the configurations
including the original foam are referred to as the “baseline”, and those with nanofiber
insertions as “insertion”.
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Figure 4. Different headrest geometries considered for the experimental investigations: (a) unfolded and (b) folded.

The acoustic load consists of a monopole source positioned at different locations
around the seat at head height. Figure 5 shows the different monopole source positions
considered during the tests. Three different angles and two different distances from
the binaural head were considered for each of the four headrest setups, thus, a total of
24 experiments were carried out. The final test matrix is reported in Table 1.
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Figure 5. Monopole source positioning for the experimental measurements.

A calibrated volume velocity source (Simcenter Qsource), with emitted sound power
spectrum, shown in Figure 6, was used as acoustic monopole source (Figure 7a). A periodic
chirp was used as excitation signal and a binaural head (HEAD Acoustics HMS) was used
to represent the passenger during the flight (Figure 7b). The frequency range of interest
was set up to 1600 Hz with a resolution equal to 0.5 Hz. Four free-field microphones were
positioned at ear height, whereas two microphones were already available inside the head’s
ears (Figure 7b). Such a redundancy enables the assessment of the sound pressure levels
over a larger area and with different microphone calibrations. The choice of the free-field
microphones was motivated by the rather low-frequency range of the experiments. These
were 1/2” 46AE GRAS microphones, with a nominal sensitivity of 50 mV/Pa.
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Table 1. Experimental test matrix.

Headrest Configuration Shape Distance [m] Angle [◦]

Baseline Folded 0.75 m 0
Baseline Folded 0.75 m 45
Baseline Folded 0.75 m 90
Baseline Folded 1.5 m 0
Baseline Folded 1.5 m 45
Baseline Folded 1.5 m 90
Baseline Unfolded 0.75 m 0
Baseline Unfolded 0.75 m 45
Baseline Unfolded 0.75 m 90
Baseline Unfolded 1.5 m 0
Baseline Unfolded 1.5 m 45
Baseline Unfolded 1.5 m 90
Insertion Folded 0.75 m 0
Insertion Folded 0.75 m 45
Insertion Folded 0.75 m 90
Insertion Folded 1.5 m 0
Insertion Folded 1.5 m 45
Insertion Folded 1.5 m 90
Insertion Unfolded 0.75 m 0
Insertion Unfolded 0.75 m 45
Insertion Unfolded 0.75 m 90
Insertion Unfolded 1.5 m 0
Insertion Unfolded 1.5 m 45
Insertion Unfolded 1.5 m 90
Baseline Folded 0.75 m 0
Baseline Folded 0.75 m 45
Baseline Folded 0.75 m 90
Baseline Folded 1.5 m 0
Baseline Folded 1.5 m 45
Baseline Folded 1.5 m 90
Baseline Unfolded 0.75 m 0
Baseline Unfolded 0.75 m 45
Baseline Unfolded 0.75 m 90
Baseline Unfolded 1.5 m 0
Baseline Unfolded 1.5 m 45
Baseline Unfolded 1.5 m 90
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3. Numerical Simulations

Numerical simulations were performed with the aim to compare the related results
with the experimental data measured in the semi-anechoic chamber. The commercial code
VA One [26] was selected as numerical tool for such calculations. In particular, the BEM
module was selected to simplify the modelling strategy thanks to the inherent advantages
of BEM when simulating a free field radiation. The adoption of BEM (instead of FEM)
allowed us to not model the surrounding walls (being perfectly absorbent in the considered
frequency range), nor the fluid itself, eventually resulting in a closer similarity with the
acoustic conditions reached in the semi-anechoic chamber.

A BEM formulation based on a Galerkin method [13,26] is used in this present work.
This allows the generation of the modal radiation impedance matrix, the modal blocked
force vectors due to internal acoustic sources and the nodes for computation of pressures
and velocities due to internal acoustic sources and elastic modes of the BEM fluid subsys-
tems. A direct BEM approach is adopted in this work because faces are wetted on one side
only (BEM faces with single sides must fully enclose the fluid). The aforementioned BEM
procedure is intended for mid-sized scattering, radiation and coupled problems, and the
matrices used to describe the nodal impedance of a BEM fluid are complex and full. The
memory and runtime needed to store and invert the matrices imposed constraints on the
size of the model.

For an exterior problem as in the present case, the Burton–Miller formulation [27] is
used to prevent spurious frequencies. An iterative flexible Generalized Minimal Residual
method (fGMRES) [26] is used to compute the solution and a preconditioner to increase
the convergence rate of the fGMRES iterative solver.

The headrest was modelled by CAD in the folded and unfolded configurations, see
Figure 8. Particular attention was devoted to the separation of the two circular areas from
the remaining part of the headrest in order to accommodate the two nanofiber insertions.
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Three different load locations, two headrest shapes and two types of circular insertions
were considered for the simulations, for a total number of 12 different configurations
(Figure 9a). Nominally, all of the configurations in Table 1, having the source position at
75 cm from the head, were reproduced numerically.
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experiments (Figure 6). The BEM fluid was air, with a sound speed equal to 343 m/s and 
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Figure 9. (a) BEM models; (b) close up of the model for the folded headrest and the monopole source positioned at 0◦.

The mesh presented an average element size of nearly 15 mm that guaranteed about
15 nodes per wavelength at a frequency of 1600 Hz. It is a common practice to guarantee
at least 4 to 8 nodes per wavelength to consider a mesh as sufficiently fine and, therefore,
no convergence study was considered as required here. Simulations were performed up
to 1600 Hz due to the availability of material data only up to that frequency (Figure 10).
The monopole source was set up in such a way to emit the same power spectrum as in the
experiments (Figure 6). The BEM fluid was air, with a sound speed equal to 343 m/s and
mass density equal to 1.21 kg/m3. A null damping loss factor was assumed in air. The
two circular insertions were modelled either having an area impedance corresponding to
a traditional reference material or, alternatively, having the nanofiber textile impedance.
PVP nanofiber textile and reference absorbing coefficients are shown in Figure 10. Such
data were measured with a Kundt’s tube [17–19].
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4. Results and Discussion

Charts of Sound Pressure Level as a function of frequency for the different configura-
tions of headrest and source location are shown in Figure 11 for the experimental tests, and
in Figure 12 for the numerical ones.

Based on the analysis of the results of Figure 11, the following comments can be highlighted:
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i. There are some improvements provided by the PVP nanofiber insertions for almost
all the configurations in the range 800–1400 Hz, whereas no differences are observed
when the monopole source is positioned at 90 deg.

ii. No significant effect of modifications of both headrest geometry and cover textile
is noticeable below 600 Hz. This can be attributed to the fact that at such low
frequencies the acoustic wavelengths are larger than the largest headrest size;
therefore, no significant alterations in the sound field can be achieved by modifying
the headrest shape.

iii. Benefits of the different textiles and shapes on the SPL are lower when increasing
the distance between the source and the headrest. Less benefits can be therefore
expected when the acoustic sources are far from the headrest.
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For a fair comparison of the presented numerical and experimental analyses, some
elements of approximation should be taken into consideration. The nanofiber insertion
impedances adopted in the simulation were measured for a textile thickness equal to nearly
1 cm, slightly different from the one adopted experimentally, close to 1.5 cm. Moreover,
numerical simulations assumed the material’s impedance as independent from the angle
of incidence and equal to the value obtained by experimental characterization with the
Kundt’s tube [17–19]. Thereby, it was assumed a perfectly normal incidence of the sound
waves, whereas in the studied scenario—as in most of the real-life conditions—acoustic
excitations with a different angle of incidence are occurring. Despite these elements of
approximations, the accordance between numerical and experimental trends was judged
as acceptable.

All of the “unfolded” headrest configurations outperform the “folded” ones throughout
the considered frequency range. Moreover, as also confirmed experimentally (Figure 11),
significant attenuations were achieved in the range of 600–1400 Hz by the adoption of the
PVP nanofiber insertions.



Appl. Sci. 2021, 11, 6400 12 of 14
Appl. Sci. 2021, 11, x FOR PEER REVIEW 12 of 14 
 

 
Figure 12. Numerical results in terms of SPL spectra for different headrest’s configurations. Monopole source at a distance 
equal to 75 cm. “PVP” or “Base” refer to the configurations with or without the PVP + silica nanofibrous insertions in the 
caps. 

For a fair comparison of the presented numerical and experimental analyses, some 
elements of approximation should be taken into consideration. The nanofiber insertion 
impedances adopted in the simulation were measured for a textile thickness equal to 
nearly 1 cm, slightly different from the one adopted experimentally, close to 1.5 cm. More-
over, numerical simulations assumed the material’s impedance as independent from the 
angle of incidence and equal to the value obtained by experimental characterization with 
the Kundt’s tube [17–19]. Thereby, it was assumed a perfectly normal incidence of the 
sound waves, whereas in the studied scenario—as in most of the real-life conditions—
acoustic excitations with a different angle of incidence are occurring. Despite these ele-
ments of approximations, the accordance between numerical and experimental trends 
was judged as acceptable. 

All of the “unfolded” headrest configurations outperform the “folded” ones through-
out the considered frequency range. Moreover, as also confirmed experimentally (Figure 11), 
significant attenuations were achieved in the range of 600–1400 Hz by the adoption of the 
PVP nanofiber insertions. 

The highest acoustic load for an aircraft cabin during the cruise is the one generated 
by the external TBL, reaching a peak value at a frequency of nearly 1 kHz [23]. Hence, the 

Figure 12. Numerical results in terms of SPL spectra for different headrest’s configurations. Monopole source at a distance equal
to 75 cm. “PVP” or “Base” refer to the configurations with or without the PVP + silica nanofibrous insertions in the caps.

The highest acoustic load for an aircraft cabin during the cruise is the one generated
by the external TBL, reaching a peak value at a frequency of nearly 1 kHz [23]. Hence,
the adoption of these PVP insertions can also lead to some advantages in this critical
low frequency range. Finally, further experimental and numerical investigations are also
currently under development for frequencies higher than 1600 Hz.

5. Conclusions

This work presented the development of Passive Noise Control (PNC) concepts on
aircraft headrests to enhance the acoustic comfort for passengers. Two PNC improvements
of headrests were proposed to reduce the Sound Pressure Level (SPL) measured at the
passengers’ ears in an aircraft cabin during flight; the first was based on the modification
of the headrest shape, whereas the second was based on the adoption of an innovative
nanofibrous textile as headrest covering material. These aspects were investigated through
an experimental campaign conducted in a semi-anechoic chamber and through numerical
simulations based on BEM for a correlation.

The two PNC concepts demonstrated having a non-negligible impact on the SPL
measured at the passenger’s ears. Particularly, the adoption of the PVP nanofiber insertions
and the unfolded shape have shown the best results in terms of noise abatement. More
generally, it was found that the addition of lateral caps to the headrest negatively affected
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the SPL due to the sound wave reflected by them. Nonetheless, if caps were covered with
high absorbent materials, these yielded a significant advantage, since larger high absorbent
surfaces were available to dampen the sound. As a conclusion, due care should be paid
to these PNC concepts since they can dampen more sound when used together instead of
as standalone.
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