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Abstract

The high sound pressure exerted on the payload during the launch of space vehicles can jeopardize its
structural integrity. Given space and weight restrictions, designing fairing noise protection systems is
not easy and the number of alternatives is limited, especially for small launchers. This work proposes
the design of an acoustic protection based on an simultaneous increase of insulation and absorption in
the system tailored to the payload fairing of a space launcher. To this end, the use of a panel made
of Helmholtz resonators is investigated. The panel presents a deep subwavelength thickness, as well
as a highly efficient acoustic protection (90% of absorption and 13 dB of Transmission Loss) over the
frequency range of interest. The panel is designed by considering a reciprocal and non mirror symmetric
transmission problem and the acoustic incidence from both sides of the panel. A high Transmission
Loss in the frequency range of interest is then obtained when considering an incidence coming from the
outside of the payload fairing, whereas the quasi-perfect absorption of acoustic waves is observed in the
case where the incidence comes from the inside of the fairing. The panels are subsequently prototyped
and their performance is experimentally evaluated. Measurements are correlated and discussed in
view of the theoretical and numerical predictions. This mitigation approach sets a new trajectory for
innovative noise reduction in small-scale space launchers.

Keywords: Lift-off noise, vibroacoustics, quasi-perfect absorption, noise reduction, Numerical
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1. Introduction

Since the first launch of the Sputnik launch
system in 1957, launchers have dramatically in-
creased their reliability and efficiency in terms of
payload capacity, cost-effectiveness, and reusabil-
ity [1]. However, the detrimental effect induced by
the dynamic environment that a satellite endures
during its journey to orbit has not changed much
over since then. In this context, the vibroacoustic
load specification that a spacecraft must be able
to withstand is one of the most strict requisites in
the design and manufacturing stages [2, 3].

Vibroacoustic loads are generated during lift-
off and atmospheric flight of space launchers [4].
Noise levels reached during lift-off are higher than
during the flight due to the intense pressure waves
generated by the rocket engines [5]. The engine
exhaust jet produces a strong, supersonic regime
that is reflected from the launch pad towards the
launch vehicle, producing acoustic loads on the
payload fairing (PLF) [6]. These acoustic loads
can then reduce the structural integrity of the
PLF and the payload itself.

The payload sent into space usually contains
fragile components whose functionality may be af-
fected when subjected to medium or high ampli-
tudes vibrations [2]. In addition, certain struc-
tures that are part of almost any payload, such
as solar arrays, antennas or panels to support
equipment, have high surface-to-thickness ratios,
which, together with their increasingly lower den-
sity, make them susceptible to a strong vibroa-
coustic coupling with the driving sound field [7, 8].

Regardless of the strategies that spacecraft
manufacturers use to reduce vibroacoustic cou-
pling and improve its structural stability, launch
vehicle manufacturers must also develop systems
that reduce as much as possible the sound field
to which this payload will be subjected. This re-
duction will result in not only a better integrity
of the payload but also can contribute to reduce
costs and improve competitiveness [3].

The noise inside the PLF can be reduced in two
ways: either by increasing its acoustic insulation
or reducing the noise level inside it by using sound
absorbent elements [9, 10]. Improving PLF insu-

lation is often ruled out, as structural and weight-
reduction aspects often take priority. Neverthe-
less, the use of structural dampers, sometimes
combined with sound absorbers, has been stud-
ied [11]. To effectively attenuate the sound field
inside the PLF, the integration of sound absorb-
ing elements becomes crucial. The two elements
commonly used for sound absorbtion are acoustic
blankets and Helmholtz resonators (HRs).

Acoustic blankets are sound proofing devices
consisting in a porous material enclosed by fab-
ric that are directly attached to the PLF struc-
ture. The sound pressure is dissipated though
viscothermal processes when propagating through
the blanket. Also, the attachment of the blan-
kets to the PLF increases its vibration damping,
which reduces the acoustic transmission through
it [12, 13, 14]. Although they usually have low
density and thickness, which is a great advan-
tage, their absorption capacity usually increases
with density up to a certain threshold while the
lower cut-off frequency is proportional to their
thickness. The thickness of such systems typically
ranges from 2.5 cm to 10 cm and their absorption
efficiency is becoming important above 800 Hz.
As a result, they are less effective for both attenu-
ating and absorbing the noise at lower frequencies
corresponding to the first acoustic modes inside
the PLF.

A possible substitute for acoustic blankets are
micro-perforated panels [15]. This element con-
sists of a rigid surface whose perforations (typi-
cally circular holes or slits) are distributed peri-
odically. The sound attenuation is due to viscous
friction and thermal conduction in the inner air of
the perforations. These systems can compete with
acoustic blankets in terms of weight and space
constraints. Their solid materials make them easy
to maintain and avoid debris that acoustic blan-
kets generally produce inside the PLF. They can
be modelled as an association of resonators shar-
ing the same cavity [16], offering some design flex-
ibility. Micro-perforated panels can be easily in-
tegrated into the PLF structure so that no space
is lost and minimum mass is added. These solu-
tions can offer almost 6 dB of noise reduction at
400 Hz and about 12 dB at 2 kHz [17].
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Acoustic resonators possess a great absorption
in their working frequency band, which is usually
narrow; resonator configurations can be designed
so that the thickness required to work at low
frequencies is, contrary to the case of blanckets,
much smaller than the wavelength of the work-
ing frequency, i.e., they are deep subwavelength.
These characteristics make them a good option
for the attenuation of the main modes inside the
fairing [18, 19, 20]. The incorporation of these
acoustic resonators within the core of the fairing
structure prevents the loss of useful cargo volume
[21, 22, 23]. The association of resonators tuned
at different frequencies makes it possible to widen
the working bandwidth of the absorbing element
[24, 25]. Optimisation algorithms also help to im-
prove the performance of resonator assemblies or
solutions combining resonators and acoustic blan-
kets [26].

The acoustic field inside the PLF depends on
the payload and its spatial distribution within the
fairing. One attenuation strategy that can take
this aspect into account and be adapted to any
launch configuration is using active noise control
systems. The controls can be carried out in the
structural [27, 28] or acoustic field [29]. However,
active noise control systems require more space
and mass addition than passive ones. Their imple-
mentation is moreover much more complex. They
are therefore not currently considered to be an ef-
fective mitigation solution for aerospace applica-
tions.

In the last decade, new techniques for design-
ing resonators have emerged. These techniques
showed that the perfect absorption of an incident
acoustic wave can be reached with resonators by
balancing the energy leakage from the resonators
with their intrinsic losses at the resonant frequen-
cies. [30, 31, 32]. In the case of transmission
problems, two possibilities can be used: i) non
mirror detuned arrays of resonators [33, 34, 35] or
ii) degenerate resonators [36, 37]. In both cases,
the critical coupling condition ensures the balance
between the energy leakage and the intrinsic losses
of the resonator.

In this work, a noise control treatment for a
fairing based on resonators with mquasi-perfect

absorption has been designed. The design tech-
niques used allow the calculation of the acous-
tic transmission through the PLF and have been
combined with optimisation algorithms for the
best treatment design. The prototype is designed
to be attached to the inner side of the fairing shell.
In this way, resonators with a double use (inner
sound absorption and insulation) are developed
and a solution is obtained that makes the most
of the performances of this type of device. The
optimisation process also considers the thickness
of the solution so that the resulting resonator will
take up as little space (thickness) as possible in-
side the fairing.

The level of noise reduction offered by the so-
lution under use conditions can only be deter-
mined experimentally by testing the real configu-
ration. Instead, the performance of the solution
has been estimated using a numerical model that
accounts for the two contributions to noise re-
duction (transmission loss and sound absorption)
and by measuring the performance of panel of res-
onators of reduced size.

2. Case study

The reduction of the acoustic load inside
the payload fairing of the VEGA rocket [5] is
addressed. The payload fairing is manufactured
by Beyond Gravity and has a diameter of 2.60 m
and a height of 7.88 m [5]. During lift-off, the
payload is subject to acoustic loads due to the
engine plume impingement on the launch pad as
seen in Fig. 1. The envelope spectrum of Sound
Pressure Level (SPL) inside the fairing for lift-off
is shown in Table 1.

This case was analysed under a European Space
Agency (ESA) program to develop a sound re-
duction system applicable to the VEGA rocket.
Based on information provided by ESA, Figure
2 shows the acoustic insulation computed as the
difference between the mean value of the mea-
surements by external microphones and the mean
value of the measurements by the internal micro-
phones. It is shown in dB relative to its mini-
mum and the dimensionless frequency f/ft where
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Figure 1: VEGA launch picture taken on 2018 in Kourou.

Table 1: Acoustic noise spectrum under the VEGA fairing
during lift-off in octave bands and the overall SPL value
[5]

Octave band (Hz) SPL (dB)
31.5 112
63 123
125 126
250 135
500 138
1000 127
2000 120

OASPL 140.3

ft is the frequency for minimum insulation and
it is therefore the target frequency for the design
of the acoustic solution. This value is the tar-
get frequency for the design of the quasi-perfect
absorption solution.
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Figure 2: VEGA fairing acoustic insulation determined
from flight measurements

3. Design of the resonator

In this work, the acoustic protection of the fair-
ing is operated by an array of HRs embedded in a
panel that can be attached to the fairing. The HR
is designed in such a way that the panel presents
a quasi-perfect absorption at the target frequency
ft.

Given that there is only one target frequency
and the small diameter of the launcher consid-
ered, a single resonator design is considered. The
HR panel is then made up of identical HRs with
a thickness of 1 cm. For the design, both acous-
tic transmission and absorption are taken into ac-
count. The studied structure, therefore, is formed
by the fairing sandwich plate (Fig. 3a) and, at-
tached to it, a set of resonators connected to the
interior cavity by a slit as shown in Fig. 3b.

�

d1

Ls

hs2 hs2hs1

x2
x1
x3

(a)

h1

� �

(b)

Figure 3: (a) fairing shell structure, (b) HR panel plus
fairing.

3.1. Vibro-acoustic modelling
The sound transmission through the fairing

structure is modelled using the Transfer Matrix
Method (TMM) [31, 38, 39]. The material as-
sumes an infinite length along the x1 direction,
with different properties in the (x2, x3) plane (see
Fig.3a). Since the solid properties remain the
same along the x1 direction, it is possible to con-
sider it as a periodic repetition of a unit cell of
length d1 along this direction. This assumption
allows to decompose all the quantities in the solid
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into Bloch waves and then account for the cou-
pling between the structure and the HR panel.

The geometry considered in the system al-
lows considering plane wave propagation [40]. In
this way, the sound pressure and normal acous-
tic flow velocity on both sides of the system are
related using TMM. The change in the different
cross-sections is considered by including radiation
correction lengths. The visco-thermal losses of
the air filling each HR and slit are also taken
into account by considering complex, frequency-
dependent density and bulk modulus [41].The res-
onant panel is described as an equivalent fluid
system and the vibroacoustic coupling between
the panel and the fairing structure is ensured by
considering the continuity of the normal velocity
between both systems. Details of the analytical
model can be found in Appendix A. This vibro-
acoustic problem allows considering any incidence
angle, so diffuse scattering coefficients can be cal-
culated.

3.2. Optimisation method

In order to obtain a quasi-perfect absorption at
ft by the resonant panel, the analytical model de-
scribed in Sec. 3.1 is combined with an optimisa-
tion algorithm applied to the resonator geometry.

The scattering properties of the complete sys-
tem, including the fairing sandwich structure and
the HR panel, depend on the geometrical param-
eters of the resonator panel. To find the best con-
figuration for the target frequency, an optimisa-
tion method is used. Sequential Quadratic Pro-
gramming (SQP) [42] is used in Matlab [43]. A
single resonator is considered whose geometry is
depicted in Figure 4. The resonators panel thick-
ness is fixed to wc2 = 1 cm to ensure a thin noise
reduction solution compatible with the fairing re-
duced space availability.

Therefore, the input parameters are limited to
the geometric dimensions of the resonator in the
(x1, x3) plane. The optimization problem is car-
ried out assuming a diffuse field at the target an-
gular frequency ωt = 2πft where all possible inci-
dence angles are taken into account. In this case

x2
x1
x3

wn wn

ln

lc

wc2

wc3

Figure 4: Geometry of the HR considered for the optimi-
sation

the cost function is

e(h1, h3, wn, ln, wc,2, wc,3, lc) =

= 1−
∫ π/2

θ=0
α−(ωt, θ) sin(θ) cos(θ)dθ∫ π/2

θ=0
sin(θ) cos(θ)dθ

(1)

where θ is the incidence angle and α− the absorp-
tion coefficient if we consider an incidence from
the side of the resonant panel. α−(ωt, θ) is calcu-
lated by using the analytical model described in
the Appendix A.

The acoustic coefficients of the optimised design
are shown in Fig. 5. The absorption coefficient is
maximum at 0.99ft with a value of 0.94 for normal
incidence and 0.96 for diffuse field. The Transmis-
sion Loss maxima are slightly shifted to higher fre-
quencies with maximum values of 171 dB at 1.05ft
for normal incidence and 166 dB at 1.03ft for dif-
fuse field. Note that a typical porous material
analyzed under the assumptions of the Delany-
Bazely model with the same thickness and a flow
resistivity value of 80 kPa·s·m−2 would have an
absorption coefficient value of about 0.12 at the
working frequency at it will be mostly transparent
to sound.

3.3. Experimental validation

To determine experimentally the absorption
and reflection coefficients of the resonator an HR
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Figure 5: Analytical a) absorption coefficient and b)
Transmission Loss in normal incidence (black solid line)
and diffuse field (blue dotted line)

panel is manufactured and tested in an impedance
tube. The panel was made by additive manufac-
turing using a ProX SLA printer with Accura 60
due to its low surface roughness properties com-
pared to other 3D printing techniques such as
Fused Filament Fabrication or Fused Deposition
Modelling. The Computer-Aided Design (CAD)
of this panel and the fabricated sample are de-
picted in Fig. 6.

(a) (b)

Figure 6: HR panel sample for measuring the absorption
and reflection coefficients in an impedance tube: (a) CAD
design. (b) actual panel

The absorption and reflection coefficients are
measured in an impedance tube with an anechoic
termination for frequency below the cut-off fre-
quency, that is 2.75 times the target frequency
ft, ensuring the plane wave assumption around
the target frequency. The test was carried out
for several overall levels from 103 dB to 120 dB
with the absorption curves showing negligible dif-
ferences with the same trend expected for higher
values.

Two pairs of calibrated G.R.A.S. microphones,
one on each side of the sample, was used to mea-
sure the pressure levels for a 100 dB swept sine
load over the frequency range of 0.25ft−5ft. The
comparison between the experimental and the nu-
merical results is shown in Fig. 7.
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0.5

1

,!TMM

,!test
jR!j2TMM

jR!j2test

Figure 7: HR panel absorption and reflection coefficients
as determined by the analytical model and measured in
the impedance tube

4. Numerical model

4.1. Numerical model of the PLF

Two numerical models are used for the vibroa-
coustic analysis of the VEGA PLF. For the fre-
quency range of interest (centred in ft), Boundary
Element and Finite Element models (BEM and
FEM) [44, 45] are developed in VAOne [46]. The
external acoustic domain is simulated with an un-
bounded BEM domain including the acoustic load
composed of a set of fifty plane waves distributed
evenly in the space and with different incidence
angles. The internal acoustic domain is modelled
by means of a FEM domain with 687955 three-
dimensional elements, depicted in Fig. 8b.
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(a) Sketch of the fairing vibroacoustic model

(b) Inner FEM acoustic domain mesh

Figure 8: Details of the fairing vibroacoustic model

The fairing structure is modelled by means of
86556 two-dimensional elements with a simpli-
fied structural definition. The total mass and
thickness of the PLF structure are approximately
400 kg and 20 mm, respectively. The structure is
also considered to be a sandwich panel comprising
a 16 mm thick HexWeb® CR III 1/8-5056-.002
honeycomb core between two 2 mm thick CFRP
skins composed of M55J. Damping frequency laws
are used considering the experimental data avail-
able to ensure that the results obtained by the
model resemble the actual measurements.

Results for the relative SPL on the external
and internal microphone locations are shown in
Fig. 9 to show the consistency between the numer-
ical model and the fairing lift-off measurements.
Moreover, a comparison of the experimental and
the numerical fairing acoustic insulation is de-
picted in Fig. 10. It can be seen that, the nu-
merical models developed capture the trend of the
magnitudes and match the experimental results at
the target frequency ft. The good agreement as-
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Figure 9: Test and numerical comparison: (a) Surface
SPL outside the fairing. (b) Surface SPL inside the fairing.

sures that the numerical models developed are ad-
equate for assessing the quasi-perfect absorption
solution for the actual fairing at this frequency.
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Figure 10: VEGA fairing acoustic isolation determined
experimentally and numerically

4.2. Implementation of the mitigation solution

The effect of the resonator proposed has been
simulated by means of a simplified system with
equivalent structural and acoustic behaviour.
More information regarding the methodology to
develop a medium with equivalent structural and
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acoustic behaviour for the HR panel is explained
in [47]. The mechanical behaviour is modelled by
a FEM plate using anisotropic elastic equivalent
parameters. These parameters are used to define
a flat plate whose most relevant eigenfrequencies
are tuned to match the relevant eigenfrequencies
of the detailed model.

For the acoustic behavior a VAOne Area Isola-
tor 2x2 [46] is inserted between the fairing struc-
ture and the internal FEM cavity. This element
is a locally reacting impedance model relating the
acoustic pressure and velocity on both sides of an
element at a given location (i.e., the HR panel).
The acoustic impedance matrix of the system is
obtained directly from the results of the acoustic
design. The area isolator is defined from the Z11,
Z12, Z21 and Z22 such as{

ps
pf

}
=

[
Z11 Z12

Z21 Z22

]{
vs
vf

}
(2)

where ps and pf are the pressures on the HR panel
face next to the fairing structure and on the op-
posite one in contact with the internal fluid, re-
spectively, and vs and vf are the corresponding
velocities. Therefore, the impedance boundary
condition can model the transmission coefficient
and the absorption coefficient as the system has
intrinsic losses.

Plane wave
Pressure sensor

Pressure sensor
Piston source

Figure 11: Impedance tube modelled by two FEM fluids,
one on each side of the analysed sample.

To validate the 2x2 Area Isolator as an inter-
action element between a FEM structural domain
and a FEM acoustic domain, the impedance tube
is modelled by means of two FE acoustic cavities
separated by a structural element as depicted in
Fig. 11. Two pressure sensors are included on
each side to apply the Two Microphone Method.
Additionally, a further structural element is in-
cluded at the left end of the tube, which only has

rigid body modes in the frequency analysis range.
This element is excited by a point force in the
direction of the impedance tube to serve as the
system load.
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Figure 12: Test and numerical comparison acoustic coef-
ficients: (a) Absorption. (b) Reflection. (c) Transmission.

Figure 12 shows the absorption, reflection and
transmission coefficients compared to the analyti-
cal values. The numerical simulation of the FEM
impedance tube yields highly accurate results for
the absorption and reflection coefficient. The re-
sults indicate that the FEM model for the interior
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acoustic domain, coupled with the 2x2 area isola-
tor to account for the acoustic characteristics of
the HR panel, is valid to represent the resonators
in the fairing model.

4.3. Target parameters

Acoustic loads inside the PLF determine the
environmental load requirements for payloads.
Therefore, the acoustic load inside the fairing vol-
ume is the target parameter since it represents the
acoustic field that payloads must endure. Two
quantities are considered: a) the mean average of
the SPL at a longitudinal path (parallel to the
launcher axis) located at 0.4 m from the fairing
centre (Fig. 13), and b) the mean average of the
SPL in the whole fairing volume.

Figure 13: SPL location, black solid circles, for the analysis
of the acoustic field close to the payload

The mean SPL along the longitudinal path is
of interest since it is placed alongside the usual
location of payloads in the fairing, that are in-
stalled in the payload adapter. This work assumes
an empty fairing so conclusions obtained can be
considered independent of the payload (it must
be kept in mind that every payload configuration
within the PLF will produce a different acoustic
field distribution). Therefore, the mean SPL of
the whole volume is studied as an estimator of the
overall acoustic performances of the solution and
the axial values an indicator of space variabilities.

The performance of the noise reduction system
will be assessed by comparing these two parame-
ters between the reference fairing and the fairing
with the noise reduction system.

5. Results & Discussion

This section presents numerical results of three
different models. The first model considers the

fairing structure as derived from the available in-
formation that resembles the actual fairing insu-
lation (see Fig. 10), that is set as reference. The
second model includes the noise reduction sys-
tem on the whole internal face. This model takes
only into account the mechanical behaviour with
anisotropic elastic equivalent properties (see Sec.
4.2). The third model includes both the mechan-
ical and acoustic behaviour of the HR panel.

The fairing surface is assumed to be fully cov-
ered by the HR panel to provide an upper limit
to the effect of the noise reduction system on the
acoustic field inside the fairing. The sound pres-
sure levels in the whole volume of the fairing are
computed for the three models in 1/24th-octave
bands and in 1/3rd-octave bands.

5.1. Longitudinal path
The relative mean SPL along the longitudinal

path is depicted in Fig. 14 for the three models.
Figure 14 shows that the structural modifica-

tion of the fairing structure due to the addition
of the HR panel reduces notably the SPL at low
frequencies and it has a lesser impact at higher
frequencies. In particular, the SPL is reduced by
4 dB in the 1/3rd-octave band centred in ft.

The effect of the acoustic performance of the
resonators leads to a decrease of SPL close to
the target frequency, reaching 26 dB at 1.05ft
in narrow band and 13.1 dB at the 1/3rd-octave
band centred in ft. This SPL attenuation is
also observed at the next 1/3rd-octave band,
where the HR absorption is still significant. The
frequency for the minimum SPL value matches
the frequency for the maximum Transmission
Loss from the analytical model (Section 3.2).

5.2. Volume mean
As stated in Section 4.3, the mean SPL of the

whole fairing volume is used to assess the acoustic
performance of the noise reduction solution.

The mean SPL inside the fairing is calculated
for the three models. Results in narrow bands
(1/24th-octave bands) and wide bands (1/3rd-
octave bands) are depicted in Figure 15.The mean
SPL of the reference model (black solid line)
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Figure 14: SPL at the longitudinal path of the fairing for
the reference model (black solid), and the model includ-
ing the mechanical behaviour of the noise reduction panel
(blue dashed) and the model including both mechanical
and acoustic behaviour (red dotted): (a) in 1/24th-octave
bands. (b) in 1/3rd-octave bands.

shows a maximum at the the target frequency,
as it corresponds to the maximum SPL value as
expected from the acoustic isolation results in
Fig. 10.

As for the SPL at the longitudinal path
(Fig. 14), results for the whole volume mean
(Fig. 15) show that the structural modification
of the fairing structure modifies the acoustic field
mainly at low frequencies while the acoustic con-
tribution of HR panel contributes to the attenua-
tion around ft. In particular, at 1.05ftthe relative
SPL is decreased by 4.6 dB due to the structural
contribution of the panel, and by 16.7 dB due to
the acoustic one. In the case where the relative
SPL is represented in 1/3rd-octave bands, the de-
creases are 3.9 dB and 13.5 dB, respectively.

The results of the mean SPL of the whole fair-
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Figure 15: Mean SPL inside the fairing for the reference
model (black solid, and the model including the mechan-
ical behaviour of the noise reduction panel (blue dashed)
and the model including both mechanical and acoustic be-
haviour (red dotted): (a) in 1/24th-octave bands. (b) in
1/3rd-octave bands.

ing volume are shown in Fig. 15. This value is
considered as a better estimation of the effect of
the noise reduction system as it takes into account
the whole acoustic field and not a given location.
Figure 15 shows that the main frequency range
of attenuation is located around the target fre-
quency and that a large attenuation of the SPL
can be obtained with the proposed design, with
up to 13 dB in one-third octave bands. This is
an upper limit as the HR panel cannot cover the
whole PLF surface in an actual implementation.
This is due to the fact that the PLF structure
also comprises joint elements and ventilation holes
that cannot be obstructed. The curvature of the
fairing structure also increases at the top section,
making the manufacturing and installation of the
resonant structure more intricate.
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5.3. Acoustic mitigation on VEGA acoustic spec-
trum

To illustrate the acoustic effect of the res-
onators, the approximation of the SPL inside the
VEGA fairing during lift-off with and without the
resonators is compared. Figure 16 shows in solid
red line the lift-off noise spectrum under the fair-
ing as presented in Tab. 1, while the dashed black
line represents the spectrum when the solution is
implemented on the fairing.
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Original OASPL: 140.3 dB
With HR OASPL: 135.6 dB

Figure 16: Expected SPL during lift-off with and without
the designed solution.

The incorporation of the HR panel produces a
noticeable reduction in acoustic loads within the
250 Hz and 500 Hz 1/3rd-octave bands, repre-
senting the most significant levels. Consequently,
while the HR design targeted optimal perfor-
mance at a certain frequency ft, this mitigation
effect also extends its influence to adjacent fre-
quencies. Finally, the use ot the HR panel gives
an overall SPL reduction of 4.7 dB.

6. Conclusions

This work proposes a noise reduction system
based on waveguides loaded by HR as an efficient
and reduced-volume solution for rocket PLFs.
The system is applied to the Arianespace VEGA
rocket and takes into account experimental results
on the fairing acoustic isolation. The results show
a clear minimum at a single frequency band. A
single HR design is obtained by numerical opti-
mization to maximize the acoustic absorption at

a target frequency. Numerical and experimen-
tal results on an impedance tube show a good
agreement. The maximum absorption coefficient
is found at the expected frequency but the maxi-
mum TL is shifted to slightly higher frequencies.
Numerical results on a representative FEM/BEM
model of the VEGA fairing show that at the fre-
quency of maximum TL noticeable reduction of
the SPL is obtained, up to 13 dB (in 1/3rd-octave
bands) for a configuration of full coverage of the
fairing internal surface. The actual improvement
is expected to be lower since some of the fairing
surface is not available for installing the noise re-
duction system.
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Appendix A. Vibro-acoustic modelling

Appendix A.1. Constitutive equations of or-
thotropic and isotropic solids

The equation of motion in an orthotropic solid
of thickness L under plane stress conditions and
with properties along the x2 direction different
from those in the (x1, x3) plane is

∇σ = ρ
∂2u

∂t2
, (A.1)

with σ = [σ11 σ22 σ12]
T being the stress tensor,

u = [u1 u2]
T the displacement vector where T is

the transpose operator and ρ thef density of the
solid. By considering the solid as a periodic repe-
tition of a unit cell of length d1 along the x1 axis,
the stress tensor and the displacement vector can
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be written under the form of Bloch wave expan-
sions

σij =
∑
µ∈Z

σµ
ije

−ı(kµ1 x1+kµ2 x2), (A.2)

ui =
∑
µ∈Z

uµ
i e

−ı(kµ1 x1+kµ2 x2), (A.3)

where kµ
1 = k1 + (2πµ/d1), kµ

2 =
√

k2 − kµ
1
2,

k = ω/c its wavenumber and (i, j) ∈ {1, 2, 3}.
Introducing σ̂ and û as the Space Fourier Trans-
form of σ and u, Eq. (A.1) can be written, by
considering harmonic displacements in the solid
and by making use of the orthogonality property
of the Space Fourier Transform, as

−ıkµ
1 σ̂

µ
11 +

∂σ̂µ
12

∂x2

= −ρω2ûµ
1 ,

−ıkµ
1 σ̂

µ
12 +

∂σ̂µ
11

∂x2

= −ρω2ûµ
2 .

(A.4)

(A.5)

The stress tensor σ is also related to the strain
tensor ε of the solid by the generalised Hooke’s
law such that σ̂µ

11

σ̂µ
22

σ̂µ
12

 = C

ε̂µ11ε̂µ22
ε̂µ12

 , (A.6)

where C is the stiffness matrix whose terms de-
pend only on the material properties of the solid
and is expressed as:

C =

C11 C12 0
C21 C22 0
0 0 C33

 . (A.7)

Note that Eq.(A.6) makes use of the symme-
try property of the stress and strain tensors (i.e.
σ̂µ
12 = σ̂µ

21 and ε̂µ12 = ε̂µ21. As a consequence, C
is also symmetric (C12 = C21). By using the
relation between the deformations and the dis-
placements in the solid ε̂mn =

1

2

(
∂ûm

∂xn

+
∂ûn

∂xm

)
in Eq.(A.6), and by applying the 2D Space Fourier
Transform on the stress tensor and displacement

vector, Eq.(A.6) becomes

σ̂µ
11 = −ıkµ

1C11û
µ
1 + C12

∂ûµ
1

∂x2

,

σ̂µ
22 = −ıkµ

1C12û
µ
1 + C22

∂ûµ
1

∂x2

,

σ̂µ
12 =

C33

2

(
∂ûµ

1

∂x2

− ıkµ
1 û

µ
2

)
.

(A.8)

(A.9)

(A.10)

Analogously, Eq.(A.1) can be written as
−ık1σ̂

µ
11 +

∂σ̂µ
12

∂x2

= −ρω2ûµ
1 ,

−ık1σ̂
µ
12 +

∂σ̂µ
22

∂x2

= −ρω2ûµ
2 .

(A.11)

(A.12)

In the case of isotropic materials, C becomes di-
agonal. As a result, Eqs. (A.8) - (A.10) remain
the same except that C12 = C21 = 0.

Appendix A.2. Transfer Matrix Method
Appendix A.2.1. Case of a mono-layered solid

The wave propagation through the solid is stud-
ied by means of the Transfer Matrix Method
(TMM). This method relies on the definition of a
space dependent state vectors Wµ for a given or-
der µ of Bloch wave. Wµ can be propagated along
the x2 direction by using a transfer matrix Mµ

that provides linear relations between the com-
ponents of Wµ at each fluid/solid interface (i.e.
x2 = 0, L) such that

Wµ(x1, 0, θ) = Mµ(θ)Wµ(x1, L, θ). (A.13)

In order to compute the sound reflection and
transmission coefficients of the solid, the state
vector is defined in this case as

Wµ =
[
σµ
12 σµ

22 uµ
1 uµ

2

]T
. (A.14)

The expression of Mµ in Eq. (A.19) can be in-
ferred from Stroh formalism, which presents the
state vector as solution of a partial derivative
equation at the first order. To obtain this equa-
tion, Eqs.(A.8) and (A.11) are first combined in
order to suppress σµ

11 such that

∂σ̂µ
21

∂x2

− ıkµ
1C12

∂ûµ
2

∂x2

+
[
ρω2 − C11 (k

µ
1 )

2
]
ûµ
1 = 0.

(A.15)
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Equation (A.9), (A.10), (A.12) and (A.15) can
then be written in a matrix form as

Bµ ∂

∂x2

Wµ +DµW = 0, (A.16)

with

Bµ =


1 0 0 −ıkµ

1C12

0 1 0 0
0 0 C33/2 0
0 0 0 C22

 , (A.17)

Dµ =


0 0 ρω2 − C11 (k

µ
1 )

2 0
−ıkµ

1 0 0 ρω2

−1 0 0 −ıkµ
1C33/2

0 −1 −ıkµ
1C12 0

.


(A.18)

Equation (A.13) is solution of Eq. (A.16) with
Mµ(θ) = eA

µL and Aµ = (Bµ)−1Dµ.

Appendix A.3. Transfer Matrix of the multi-
layered material

In the case of a multi-layered material made of
two isotropic layers of composite material and an
orthotropic honeycomb structure in-between, the
total transfer matrix corresponds to the product
of the transfer matrices of each layer such that

Wµ(x1, 0, θ) = Mµ
T (θ, ϕ)W

µ(x1, L, θ). (A.19)

where Mµ
T = Mµ

cM
µ
hM

µ
c is the total transfer ma-

trix of the sandwich solid and Mµ
c and Mµ

h are
the transfer matrices of the composite layers and
the honeycomb structure, respectively. Mµ

c and
Mµ

h are computed by applying the procedure pre-
sented in Appendix A.2.1 for each layer taken in-
dependently.

Appendix A.3.1. Transfer matrix of the resonant
layer

The analytical model used to define the transfer
matrix of the resonant panel is well-known and is
detailed in Refs. [33, 48]. This method relates the
sound pressure pm and the normal acoustic flow
vm on both sides of the resonant panel of length
Lh such that[

pm

vm

]
x=0

= T

[
pm

vm

]
x=Lh

, (A.20)

where T = M∆lslitMsMHRMs. Ms is the trans-
mission matrix through the slits of the panel and
reads as

Ms =

[
cos(ks

Lh

2
) iZs sin(ks

Lh

2
)

i
Zs

sin(ks
Lh

2
) cos(ks

Lh

2
)

]
. (A.21)

MHR is the transmission matrix of the resonator
such that

MHR =

[
1 0

1/ZHR 1

]
. (A.22)

Finally the matrix M∆lslit represents the radia-
tion correction of the slit to the free space and is
expressed as

M∆lslit =

[
1 Z∆lslit

0 1

]
, (A.23)

where Z∆lslit = −iω∆lslitρ/ϕtS0 is the character-
istic radiation impedance with ∆lslit the end cor-
rection.

Appendix A.4. Scattering problem with a layered
material

Considering the problem depicted in Fig. 3b,
the pressure field on both sides of the system can
be expressed in the frequency domain as a Bloch
wave decomposition of the field such that

p0 =
∑
µ∈Z

(
δµ0e

−ıkµ2 x2 +RS
µ(θ)e

ıkµ2 x2

)
e−ıkµ1 x1 , x2 ≤ 0,

(A.24)

pLs+Lh =
∑
µ∈Z

T F
µ (θ)eık

µ
2 (x2−Ls−Lh)e−ıkµ1 x1 , x2 ≥ Ls + Lh,

(A.25)

where Ls = hs1 +2hs2 , and RS
µ and T F

µ are the re-
flection and transmission coefficients of the sand-
wich panel and the resonant panel, respectively.
The pressure field at the interface between both
panels also reads as

pLh =
∑
µ∈Z

[
RF

µ (θ) + T S
µ (θ)

]
e−ıkµ1 x1 , x2 = Ls,

(A.26)
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where RF
µ and T S

µ are the reflection and trans-
mission coefficients of the resonant panel and the
sandwich panel, respectively. The continuity of
normal stresses and velocities between the sand-
wich panel, the resonant panel and the air fluid
read as

σ̂µ
12(0, θ) = σ̂µ

12(Ls, θ) = 0, (A.27)
σ̂µ
2 (0, θ) = −(δµ0 +RS

µ(θ)), (A.28)

σ̂µ
2 (Lh, θ) = −(T S

µ +RF
µ )(θ), (A.29)

v̂s2,µ(0, θ) = v̂f2,µ(0, θ), (A.30)

v̂s2,µ(Ls, θ) = v̂f2,µ(Ls, θ). (A.31)

where v̂s2,µ and v̂f2,µ are the normal velocities in the
sandwich and resonant panels, respectively. In
particular, v̂s2,µ and v̂f2,µ can be expressed accord-
ing to the normal displacement ûµ

2 of the solid and
the acoustic pressure, respectively. Therefore, the
two last equations become

ûµ
2(0, θ) =

−ıkµ
2

ω2ρ
(1−RS

µ(θ)), (A.32)

ûµ
2(Lh, θ) =

−ıkµ
2

ω2ρ
(T S

µ (θ)−RF
µ (θ)(θ)). (A.33)

The state vector can therefore be written at both
fluid-solid interfaces as,

Wµ(0, θ) = Sµ + Lµ
0


ûµ
1(0, θ)

ûµ
1(Ls, θ)
RS

µ(θ)
T S
µ (θ)

RF
µ (θ)

 , (A.34)

Wµ(Lh, θ) = Lµ
Ls


ûµ
1(0, θ)

ûµ
1(Ls, θ)
RS

µ(θ)
T S
µ (θ)

RF
µ (θ)

 , (A.35)

with

Sµ =


0

−δµ0
0

−ıkµ2 δµ0
ω2ρ

 , (A.36)

Lµ
0 =


0 0 0 0 0
0 0 −1 0 0
1 0 0 0 0

0 0
ıkµ2
ω2ρ

0 0

 , (A.37)

Lµ
Lh

=


0 0 0 0 0
0 0 0 −1 −1
0 1 0 0 0

0 0 0
−ıkµ2
ω2ρ

ık2
ω2ρ

 . (A.38)

Equation (A.15) can then be rewritten as

(Mµ
wallL

µ
Ls

− Lµ
0)


ûµ
1(0, θ)

ûµ
1(Ls, θ)
RS

µ(θ)
T S
µ (θ)

RF
µ (θ)

 = Sµ. (A.39)

This represents a system with 5 unknowns and
4 equations and cannot be solved as is. To do
that, we have to apply the boundary conditions
at x2 = Ls and x2 = Ls + Lh can be written by
considering pressures and normal velocities con-
tinuity at both ends of each slit of the resonant
panel. Since the normal mode of the slits along x1

is only considered here, the boundary conditions
at x2 = Ls and x2 = Ls + Lh can be written as∑

µ∈Z

(T S
µ +RH

µ )I
−
µ = p̂m(Ls)hs, (A.40)

d1k
ν
2

ρω
(T S

ν −RH
ν ) = v̂m(Ls)I

+
ν (A.41)∑

µ∈Z

TH
µ I−µ = p̂m(Ls + Lh)hs, (A.42)

d1k
ν
2

ρω
TH
ν = v̂m(Ls + Lh)I

+
ν , (A.43)

where,

I±ν =

∫ hs

0

e±ıkν1x1dx1 = hssinc(kν
1

hs

2
)e±ıkν1/2.

(A.44)

Now applying the transfer matrix method of the
resonant layer, described in Appendix A.3.1, we
have: ∑

µ∈Z

(T S
µ +RH

µ )I
−
µ = p̂m(Ls)hs, (A.45)
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d1k
ν
2

ρω
(T S

ν −RH
ν ) = v̂m(Ls)I

+
ν (A.46)

∑
µ∈Z

TH
µ I−µ = (Tm

11 p̂
m(Ls) + SsT

m
12 v̂

m(Ls))hs,

(A.47)

d1k
ν
2

ρω
TH
ν =

(
Tm
21

Ss

p̂m(Ls) + Tm
22 v̂

m(Ls)

)
I+ν ,

(A.48)

where Ss = d1h3 is the cross-sectional area. Fi-
nally, by substituting the expressions of p̂m(Ls)
from Eq. (A.45) and v̂m(Ls) from Eq. (A.46) in
the two last equations Eqs. (A.47) and (A.48) we
obtain

Tm
11

∑
µ∈Z

(T S
µ +RH

µ )I
−
µ +

kµ
2Q1

I+µ
(T S

ν −RH
ν )−

∑
µ∈Z

TH
µ I−µ = 0,

(A.49)

I+ν
Tm
21

Sshs

∑
µ∈Z

(T S
µ +RH

µ )I
+
µ + kµ

2Q2(T
S
ν −RH

ν )−
kµ
2d1
ρω

TH
ν = 0,

(A.50)

where Q1 =
hsSsd1Tm

11

ρω
and Q2 =

Tm
22S

in
s d1

Sout
s ρω

. This
equation system is not sufficient to compute the
scattering coefficients RS

µ , T S
µ , RH

µ and TH
µ can

then been computed by solving the equations sys-
tem composed of Eqs. (A.49) , (A.50) and A.39.
Once the complete system is solved, it is possible
to compute the RS, T S, RH and TH as follows

|R|2 =
∑
µ∈Z

Re(kµ
2 )

k0
2

|RS
µ |2, (A.51)

and

|T |2 =
∑
µ∈Z

Re(kµ
2 )

k0
2

|TH
µ |2. (A.52)
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