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ABSTRACT

Due to the severe acoustic environment during space
vehicle lift off the prediction and mitigation of acous-
tic levels becomes a vital issue. This paper conforms
the engineering background needed to develop a new
sound mitigation method for vehicle launchers. The
sound propagation within a launch event has been anal-
ysed with dedicated CFD, identifying the shock waves
and the evolution of the SPL generated. Data analy-
sis of the pressure field surrounding the fairing demon-
strates a vertical directivity. On the structural domain, a
numerical modelling framework composed of an hybrid
FEM/BEM/SEA model has been postulated. The results
provide the basis to analyse the mitigation structures pro-
posed. On the acoustic side, two different metamaterial
structures are presented, both made of a periodic unit cell
of Helmholtz resonators. On the launch pad, the metama-
terial partially covers the exhaust channels and provides
quasi-perfect broadband sound absorption. On the fairing
the metamaterial is added to the existing wall and intro-
duce an absorption peak. These findings provide a noise
mitigation technique that has the potential to improve the
attenuation efficiency, thus, reducing the acoustic loading
and the risk of technical failure during the launch stage.

Key words: Launch noise, Vibro-acoustic, CFD, Meta-
material.

1. INTRODUCTION

The actual acoustic conditions during the launch of space
vehicles are extremely complex, with intense pressure
levels, temperatures and flows. The jet of exhaust gases
from the rocket engine and its impact with the launch fa-
cility generates severe acoustic waves, which are the main
sound sources during the lift off stage [1, 2]. This acous-
tic environment causes a severe acoustic and vibrating
loading on the payload which threatens the entire mis-
sion leading to potential economic losses [3]. Hence, the
prediction and mitigation of the acoustic levels during the
lift off stage play an important role in the design process
of the launch complex and the space vehicle since it im-
proves the reliability of the launchers and at the same time
the comfort of the payloads.

In this work, carried out under a programme of the Eu-
ropean Space Agency, we propose and design a sound
mitigation method applicable to an actual launch config-
uration. The goal is to obtain a significant decrease of
the sound pressure levels generated during the lift-off of
a Vega rocket and a reduction of the acoustic loads expe-
rienced by the payload inside the fairing. Furthermore,
to study the application of acoustic noise reduction solu-
tions for the VEGA fairing and other ESA future launch
vehicles a numerical modelling framework is needed.

The precise knowledge of the acoustic levels, and the
vibro-acoustic dynamic response becomes a big chal-



Figure 1: Sound generation and transmission paths at
rocket launch.

lenge due to the complexity of the problem. The global
study of the sound generation and transmission up to the
payload implies several problems of different nature. The
first step is to identify the noise sources, which involves
the resolution of an aero-acoustic problem that includes
the study of the engine exhaust jet and its interference
with the launch platform. Second, an acoustic study is
required to model the propagation and incidence of the
free-field airborne noise on the structure. At last, the reso-
lution of a vibro-acoustic problem is needed: a structural
transmission of loads is found from the rocket structure
to the payload and the fairing. So that the structural vi-
bration of the fairing interacts with the acoustic pressure
field of the air inside the fairing.

The proposed approach is to address the mitigation of
the acoustic levels with two different solutions. On one
hand, a solution is intended to be implemented on the
launch pad exhaust channels to strongly reduce the re-
flected acoustic wave generated by the engine exhaust
gases. On the other hand, a layer of metamaterial is added
to the existing honeycomb structure of the fairing to re-
duce the acoustic loads reaching the payload. The meta-
material consists of panels made of periodic distributions
of waveguides loaded by Helmholtz resonators. The res-
onances of each resonator introduce a strong dispersion
around its resonance frequency that will affect the res-
onance frequency of the global system. The result is a
wavelength of the working frequency much bigger than
the system. This provides properties to the structure not
available in traditional materials with reduced dimensions
[4]. However, for this kind of systems the real challenge
is to obtain both subwavelength and perfect absorption
[5]. Perfect absorption is accomplished when the energy

leakage and the inherent losses of the system are perfectly
balanced. We accomplish this condition tuning the losses
with a proper design of the geometry of the resonators
[6]. This kind of structures have been extensively anal-
ysed during the last years to develop perfect acoustic ab-
sorbers in the low frequency range.

The work is organised as follows. In Section 2 we define
the problem analysed in this work. The modelling frame-
work is presented in Section 3. In Section 4 we present
the two metamaterial configurations design to reduce the
sound pressure level. Section 5 summarises the conclu-
sions of the work.

2. DEFINITION OF THE PROBLEM

High sound pressure levels at the launch pad are not dan-
gerous by itself because launch pads are sufficiently ro-
bust to support such levels [3]. However, it is the in-
teraction of the ambient sound with the exterior surface
of the vehicle, and the resulting acoustically-induced vi-
bration of the vehicle that should be maintained below
safe levels. Eldred [1] stated that the maximum reduction
in acoustic loading to be sought is on the order of 15 to
20 dB. Any further suppression would not be meaningful
since the vehicle would encounter a higher level of noise
during flight.

The liftoff phase induces acoustic loads in the launch ve-
hicle over a broad frequency range [1, 7]. This noise
comes mainly from the jet, who creates three different
sound sources [2, 8]: turbulent mixing noise, impinging
tones, and shock noise. The first noise source is the one
generated by the turbulent mixing at the mixing layer.
This noise can be due to the large-scale or small-scale
eddies. However, at supersonic conditions the noise pro-
duced by the big scale vortexes is prevalent and creates
low frequency noise with a high directivity downstream
[9]. The second noise source are the screech tones pro-
duced by the shock waves that appear because of the
pressure difference. In contrast to the large-scale turbu-
lent mixing noise, the screech tones are broadband and
are directed primarily upstream where the launch vehicle
would be located [2]. Finally, the impinging tones ap-
pear when the impact of the jet takes place and just as the
broadband noise, it is directed upstream [2]. However,
the screech tones diminish their influence when the jet
impacts the deflector. This noise sources interact with the
launch platform and induce strong acoustic loads on the
launch structures and the space vehicle. The noise mitiga-
tion can be achieved by methods which can be classified
as those acting outside the vehicle, at the launch pad level,
or inside it to protect the fairing from vibrations induced
by the acoustic load.

The main strategies to decrease the sound pressure lev-
els at the launch pad environment are the following: to
increase sound absorption (which is very low in com-
mon air atmosphere), to avoid direct ground reflections
towards the vehicle by proper launch pad design or to de-



crease the noise emitted by the source. The last option
implies the selection of less-noisy rocket engines, which
will not normally be possible since engine selection is
determined by other requirements. The most extended
method to reduce the noise pressure level by sound ab-
sorption is the injection of water at given locations around
the pad. Water mitigates all the three components of jet
noise [10]. When the water is injected into the exhaust
plume this is dispersed faster so the far-field noise is re-
duced [11]. Different studies demonstrate that water del-
uge and water injection are efficient methods for noise re-
duction, and average values of noise reduction are around
10 dB when acting on isolated sources, and around 5 dB
when sources interact with the launch pad. A significant
disadvantage of this technique is that water can degrade
materials and structures [7], and adversely affects the
diffuser performance [11]. Regarding the design of the
launch pad, it usually includes sub-surface channels and
flame deflectors whose design is mostly oriented to act on
exhaust gases at the ignition and initial lift-off stages [12].
The channel walls and bottom, mainly made up of refrac-
tory concrete, are efficient reflectors of sound waves, and
therefore far to be optimal from the noise management
point of view. Research in this area [7, 13, 14] indicates
that factors such as trench cover and shape have a signifi-
cant effect on its ability to reduce noise, and that there are
two main types of acoustic sources associated with flame
deflectors [14]: impinging noise and mach wave radia-
tion. Finally, a new direction of research was recently
proposed, based on the use of sonic crystals, covering the
channels to enhance the scattering of the acoustic fields
into different directions (non-specular reflections) [12].
By comparison with a reference flat reflector, it was ob-
served that reflected waves spread in space as a conse-
quence of the spatially modulated properties of the crys-
tal. Due to this spreading the system produces a broad-
band noise reduction in the area of the source.

Regarding the noise control in the fairing, the objective
is to reduce sound levels to prevent harmful effects on
the payload. Sound absorbing materials are used to in-
crease the transmission loss across multilayer walls, to
decrease the reverberation in enclosures, or to attenuate
noise produced by internal sources. The combined use
of insulating/absorbing materials allows designing lighter
sandwich structures for attenuating noise incoming from
outside sources. Traditional means of acoustic absorption
make use of porous or fibrous materials [15], gradient
index materials, or perforated or micro-perforated pan-
els (MPPs) [16, 17], in front of an optimised depth cav-
ity. The absorption band can be extended by designing
multiple-layer MPPs (ML-MPP) containing MPP and air
cavities only [18, 19, 20], or combining these with porous
layers [21, 22, 23].

The proposed solution is based on removing the acous-
tic field coming into the fairing in two stages. First,
some noise is reduced through the propagation path at
the launch pad, so the spectrum to be expected at the fair-
ing could be modified. Second, the noise getting into the
fairing is reduced by increasing the transmission loss of
the fairing shell.
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Figure 2: Time averaged pressure validation against
experimental measurements. Results are normalised.

3. SOUND LEVEL CHARACTERISATION

The first step towards the evaluation of any mitigation
process is an identification of the sources responsible for
noise generation. Making use of experimental data from
a Vega Launch, the different phenomena produced dur-
ing the lift-off phase have been studied. Data collected
by microphones at an antenna provide insight into rocket
noise sources. Inside the fairing the spectrum profile has
a maximum located around 400 Hz. Outside the fairing
the range with high values extends from 200 Hz to 1 kHz.

3.1. Computational Fluid Dynamics

Until about twenty-five years ago the prediction methods
for aircraft noise were mainly semi- empirical, and were
based on the laws established by Lighthill [24]. Today,
measurement on the real scale is limited by the intrinsic
difficulty of obtaining such data in such a hostile environ-
ment with very intense pressure and temperature levels
[2]. Computational fluid dynamics, CFD, has the poten-
tial to replace the empirical experiments because it al-
lows the collection of information regarding the phenom-
ena that occur at launch, both spatially and temporally.
Thus facilitating the comprehension of the generation and
propagation mechanisms of noise.

Our objective is to compute almost all the launch envi-
ronment. This modelling approach can be used to check
any characteristics of the flow. The geometry included in
the model consists of the VEGA rocket, the launcher sup-
port system, the flame deflector, the exhaust ducts and the
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6. RESULTADOS

Figure 3: Synthetic representations of Schlieren images in order to visualise the shock waves.

floor. The tool used for the aero-acoustic simulations is
the software OpenFOAM v6. The turbulence model used
is an Unsteady RANS simulation with a kOmegaSST
model. The acoustic field that the launch vehicle must
withstand is largely due to the fluctuating component of
the turbulence of the engine’s exhaust gas jet mixture
layer. In the RANS turbulence model all scales of tur-
bulence are modelled and the information about the vari-
ables counted does not provide the fluctuating part but
only the mean component. This is a limitation of the work
because the component of the noise due to the fluctuating
pressure can not be detected. However, the transient na-
ture of the model allows the collection of information on
pressure variations due to shock waves and the average
of turbulence. Moreover, as the objective was to assess
the noise source regions, we have focused on the region
where the rocket jet plume develops and where it impacts
with the deflector. We generated a mesh with 10M ele-
ments and a cell size of 0.39 mm in the jet region. All the
details regarding the simulation can be found on [25].

No data was readily available for the validation of the
CFD simulations at the near region of the exhaust gases.
However, experimental data placed at the far field and in
the fairing has been provided. Therefore, this data is used
to assess the error of the CFD approach. The first set of
experimental data has been extracted from a phased array
of microphones located at one of the masts surrounding
the launch platform. The second set consists of the mea-
surements of six microphones along the faring. In Figure
2 we compare the time average value of the total pressure
at each microphone with the equivalent positions trans-
lated to the simulations. The blue line represents the ac-
ceptable range extracted from the experimental measures,
calculated as the mean value ± the standard error. The red
line represents the range covered by the deviation of the
simulation results. Regarding the mast microphone data,
none of the microphones mean pressure obtained by the
simulation is inside the experimental acceptable range.
However, the experimental acceptable range is inside the
mean minus the standard error of the simulation. The
comparison at the fairing shows that at microphones 2, 3
and 4 the mean pressure obtained from the CFD model
is inside the acceptable range while none of the others is.
The performance of the CFD model is not ideal in this
region. For both locations, there are factors as the sim-
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Figure 4: Normalised Sound Pressure Level contour of
Vega launch pad environment

plifications of the exhaust plume input data or the move-
ment of the rocket which lead into different sources of
error. However, the parameters obtained at the plume de-
velopment region and the behaviour of the flow coincide
with what can be found on the literature. Therefore, we
believe that the CFD results at the near plume region are
satisfactory.

Experimentally noise generation areas due to shock
waves can be visualised with Schlieren images which
capture the density variations of the fluid. Figure 3 shows
a synthetic version of the Schlieren images. The first big
density change happens in the boundary of the moving
flow. In the jet region, there is a density variation due to
the boundary of the jet core. In addition, different oblique
shock waves appear which join towards the centre of the
axis until they converge at the detached wave over the de-
flector. The next variation observed is two twin oblique
shock waves formed just on the curve preceding the ramp
on each side of the deflector. Thereby, the main shock
waves observed are those due to the jet and the moving
flow on the platform, the detached wave on the deflector
and the oblique shock wave in the change of curvature
of the ramp. In this way, all these disturbances are noise
generating sources.

Once the location of the shock waves is identified, the
sound pressure level (SPL) has been represented to vi-
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Figure 5: Normalised Sound Pressure Level (SPL) contour of Vega launch pad environment

sualise the regions where the sound pressure intensity is
higher. As the jet flow is supersonic there is a normal
shock wave whose SPL originated is close to maximum
dB as can be seen on the Figure 4 a). As the flow propa-
gates this wave is deformed due to the presence of the de-
flector resulting in the detached shock wave already seen
on the Schlieren images. At this instant presented on Fig-
ure 4 b), the maximum SPL levels appear caused by the
impact of the normal shock wave with the tip of the de-
flector. Later, the wave front will stay at the curvature
between the deflector and the floor because at that point
there is located an oblique shock wave. Moreover, there
is a green wave front that corresponds with the jet core
boundary and a second one that emerges from the nozzle
and moves downstream being disturbed by the elements
of the launch pad. The evolution of this second wave
front can be seen on the top pictures of Figure 5, between
0.0267 s and 0.0377 s. It is originated by the initial exit
of the gases and its impact with the deflector. As it prop-
agates upstream it gets disturbed by the elements of the
structure. Later as seen on the lower pictures of Figure 5,
the fluid front continues to advance upstream, while the
waves due to the interaction with the support structure,
begin to separate from the wave that continues to be gen-
erated at the output of the jet. It has to be noted that due
to the higher speed of sound propagation, the wave front
overtakes the fluid front and is finally attenuated as can be
seen on the last instant of time. On this basis, we can con-
clude that the maximum SPL is produced by the normal
shock wave that appears at the beginning and its subse-
quent impact with the deflector. This impact, combined
with the effect of the movement of the flow, causes the
acoustic waves to propagate upstream of the vehicle.

In a diffuse sound field, the time average of the mean
square sound pressure is everywhere the same and the
flow of acoustic energy in all directions is equally prob-
able. The analysis of the spatial dispersion of the exper-
imental results on the exterior of the fairing showed that
the pressure is almost the same at all the microphones,

therefore this approach has been considered in the vibro-
acoustic analysis showed in Section 3.2. However, only
information regarding 6 locations at the exterior of the
fairing was available. This seems a limited amount of in-
formation. Hence, the diffuse acoustic field hypothesis is
studied taking advantage of the CFD results.

A total of 176 sampling points surrounding the fairing
have been computed to evaluate the pressure field. These
points are separated in 11 axial planes with 16 equally
spaced points. Figure 6 shows, at the left part, the results
obtained for a set of points placed in the same azimuth
angle but at different height and, at the central and right
part, the results for two sets at the same height but in
different azimuth angles. The gauge pressure increases
as the wave front due to the exhaust gases moves up-
stream. After reaching the maximum the gauge pressure
decreases as a result of the second wave front. It can be
seen how for the different height planes the gauge pres-
sure is delayed on time. Moreover, the maximum of the
peak pressure decreases with height so the pressure wave
reduces its magnitude as it propagates. Concerning the
sound pressure level, SPL, there is no mismatch between
points at different revolution angles. The discrepancy of
both pressure and SPL between points at the same height
is small. But there is an increase of this difference with
the increase of height. The maximum variation of pres-
sure between points at the same plane is about 1/10 of
that for the points at different heights. Moreover, the dif-
ference of SPL at different heights is 10.6 db while at the
same plane is 0.32 dB for case b) and 1.25 dB for case
c). This is mainly because the fluid front reaches each
plane at a different time. Also, it should be noted that
the region at the lower part of the fairing supports bigger
pressure values than the upper region.

Besides, to assess the directivity of pressure waves the
pressure gradient can be analysed. As the pressure
wave moves upwards the pressure gradient on the rocket
changes over time. Figure 7 shows the evolution of the



Figure 6: Normalised pressure and normalised SPL at different heights (a) and at different azimuth angles (b and c).
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Figure 7: Temporal evolution of normalised pressure gra-
dient magnitude along the VEGA rocket.

magnitude of the pressure gradient over the rocket be-
tween the instant 0.1 s and 0.17 s. At the first instant of
time, the maximum pressure gradients are at the bottom
of the rocket and at the middle of the second stage of the
rocket due to the action of the high-speed gases. While
the exhaust gases propagate, the intensity of the pressure
gradient moves upwards. As a results of the propagation
of the pressure field the intensity of the pressure gradient
decreases with time until the last instant where the pres-
sure gradient has its lowest value. Therefore, the pressure
gradient values at the payload fairing are also reduced
with time.

The pressure gradient magnitude is composed by the gra-
dient at each of the main directions. Figure 8 shows the

DIFFUSE ACOUSTIC LOAD
!𝑑𝑃
𝑑𝑧o The streamlines show that the pressure gradient

moves along the axial direction and converge at
the tip of the payload faring.

o At the tip of the payload faring the main
contributors is the Z negative component.

oThe variations are up to 2 orders of magnitude

t = 0.126 s

!𝑑𝑃
𝑑𝑦!𝑑𝑃

𝑑𝑥
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Pressure Gradient Magnitude

Figure 8: Pressure gradient components and magnitude.

pressure gradient at each directions and the magnitude
along with the streamlines of the pressure gradient. It is
clear that the pressure gradient at the X and Y coordi-
nates are lower than the one at the axial direction. The
streamlines show that the pressure gradient moves along
the axial direction and converge at the tip of the payload
faring. At the tip, the main contributor is the Z negative
component. This negative component creates a gradient
pressure force that attracts the flow. In conclusion, the
component Z is the main contributor to the gradient of
pressure. This gradient diminish as the pressure wave is
attenuated and the maximum values happen around the
instant of time 0.1 s.



3.2. Vibro-acoustic response

The development of numerical models has been carried
out to model the vibro-acoustic behaviour of a VEGA
launcher during the lift-off. The goal is to provide a
numerical simulation framework for the posterior analy-
sis of acoustic reduction solutions proposed in this work.
Due to the high complexity of manufacturing and testing
a 1:1 fairing mock-up, a reliable numerical model for the
VEGA fairing is required.

No other elements apart from the fairing itself are con-
sidered in the model. Therefore, the model consists of
an exterior acoustic unbounded domain, the fairing as the
structural domain and a second acoustic domain which
represents the air inside the fairing. The relevant fre-
quency bands regarding the current acoustic load inside
the fairing are between 200 Hz and 1250 Hz in terms
of third octave bands. Given the characteristics of the
system under study it is not appropriate to develop and
solve a single numerical model for the whole frequency
range. Therefore, an approach based on multiple numeri-
cal models for multiple frequency ranges is adopted. The
modelling approach for the low frequency range is based
on a BEM-FEM-BEM model for the external air, the fair-
ing structure and the internal air respectively. In the high
frequency range, the Statistical Energy Analysis (SEA) is
selected as recommended by the ECSS [26]. In addition,
the SEA formulation combined with the low frequency
selected methods results in an efficient hybrid model for
the medium frequency range. Hence, the medium fre-
quency range is analysed through the Shorter and Lan-
gley method [27] for the interaction between FEM and
SEA. In order to define the different frequency ranges
involving different numerical methods, the applicability
frequency range of SEA is established at 630 Hz band.
This frequency threshold is limited by a minimum mode
count of 6 resonant modes per 1/3 octave band [28]. This
modelling technique is available in VA One simulation
software, by ESI group [29], that has been used for ob-
taining the simulation results shown in this paper.

The fairing structure is considered to be compound of
three different structural elements given their different
geometry: the bottom section or boat-tail, the cylindri-
cal section and the concave end, ogive. In addition, the
payload adapter (PLA) has been included in the study.
The fairing external structure is assumed to be composed
of 2 mm thick M55J skins and an aluminium honeycomb
core, with density 49.66 kg/cm3. For the low frequency
model, the FEM mesh size has been determined to pro-
vide 6 elements per wavelength up to 1000 Hz, resulting
in a mean mesh size of 0.04 m. The SEA model is based
on a SEA sandwich plate with analogous properties. As
there was not information available regarding the fairing
structural damping, a damping law against frequency has
been defined. In order to provide a reasonable damping
value for the sandwich structure alone, a constant loss
factor of 1 % is considered for the low frequency model
and a decay as η ∝ f1/2 for the high frequency model.
For the external fluid a null loss factor is considered while
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Figure 9: Structural response in 1/3-octave bands. Nor-
malised velocity.

for the internal air, due to the presence of auxiliary ele-
ments and the possible surfaces finishes a variable loss
factor is used. The acoustic load acting on the fairing is
assumed to be a diffuse acoustic field.

The structural response of the fairing has interest as an
indicator of the dynamics of the whole system, to assess
the continuity between models applicable in different fre-
quency ranges. In the low frequency model the structural
response is calculated only at five locations per structural
element due to very high computation cost. In the hy-
brid and high frequency models, in addition to these, the
spatial average velocity per component has been calcu-
lated. The comparison between the three magnitudes is
shown in Figure 9. Good agreement is found for all the
elements except for PLA, that shows the largest differ-
ences between the low frequency model and the rest of
the results. The good agreement between the single point
velocity and the spatial mean of the hybrid models shows
that the point velocity of the low frequency model is a
good estimator of the global response at least at the fre-
quency bands compared.

To overcome the limited information to model the vibro-
acoustic behaviour of the launcher, an adaptation term be-
tween the model developed and the available experimen-
tal data from the Vega lift-off has been defined. A lin-
ear relationship has been assumed between the quadratic
acoustic pressure measured during the launching and the
one obtained by the model. If the acoustic pressure is
expressed in level scale the adaptation term C can be ob-
tained subtracting the sound pressure levels correspond-



(10.a) Comparison between measurements and numerical normalised SPL inside (left) and outside (right) the fairing.

(10.b) SRI1 in 1/3-octave bands through the
low frequency model.

(10.c) SRI2 in 1/3-octave bands through the
low frequency model.

(10.d) SRI3 in 1/3-octave bands for the
low, medium and high frequency models

Figure 10

ing to the experimental data and the simulations as:

p2exp = βp2num → SPLexp = SPLnum + C (1)

where the variables with the exp subscript are those mea-
sured during lift-off, the variables with the num subscript
are obtained with the numerical model and the adaptation
term is C = 10 log β.

Figure 11: Adaption terms by 1/24-octave (blue) and 1/3-
octave (red) bands.

C is obtained for both the acoustic field inside (Cint) and
outside (Cout) the fairing. Figure 11 shows the results
for Cint and Cout. It can be observed that Cint is greater
than Cout since it includes all the discrepancies between
the fairing structures.

The mean value of the sound pressure level inside and
outside the fairing is presented to show the consistency

in both structural and acoustic response between the dif-
ferent frequency ranges. Moreover, to assess the perfor-
mance of the modelling framework, numerical results are
compared with the experimental results available. Fig-
ure 10.a left shows the comparison between the measured
mean SPL of the internal microphones; the mean of the
surface pressure at the two corresponding locations in the
FEM/BEM model and an estimation of the surface pres-
sure for the hybrid and SEA models, considering that the
surface pressure is the mean SPL of the cavity plus 3 dB
due to the reflection of the sound field on the wall sur-
face. Regarding the continuity between models, a very
good agreement is found between the two primary mod-
els, FEM/BEM and SEA, with differences lower than 1
dB on the overlapping bands. The difference between
these models and the secondary hybrid model is larger up
to 6 dB. Figure 10.a right presents the mean SPL outside
the VEGA fairing. For the test, this corresponds to the
mean of the two microphones on the external face. For
the FEM/BEM model this magnitude is calculated aver-
aging the surface pressure at the two corresponding lo-
cations in the numerical model. For the hybrid and SEA
models, this value is fixed and associated to the Diffuse
Acoustic Field. Therefore, there is not any difference
between the results of these latter models and the test.
Differences between the test and the FEM/BEM model
are lower than 1 dB. Although there are noticeable differ-
ences between the test measurements and the numerical
models, especially for the low frequency bands, these are
considered acceptable. Therefore, the modelling frame-
work proposed is considered valid for the analysis of the
vibro-acoustic response of a VEGA-like fairing designed.



In order to evaluate the performance of the fairing anal-
ysed as acoustic protection of the launch vehicle payload,
three sound reduction indices have been defined. Figure
10.b shows the first sound reduction index (SRI1) based
on the difference between 6 external SPL and 2 internal
SPL. The second sound reduction index, shown in Fig-
ure 10.c, evaluates the mean of point transmission loss
determined from the interior and exterior surface pres-
sures at eight locations. The transmission loss at each
location and the mean value show a noticeable disper-
sion. Finally, the mean transmission loss (SRI3) deter-
mined as the level difference between the mean SPL on
the outer face of the fairing wall and the mean SPL inside
it is shown in Figure 10.d. Both low and high frequency
models show good agreement in the overlapping bands.
The maximum difference is of around 1 dB even if the
first 1/3-octave band shown for the SEA model is not in-
side its considered applicability range.

4. CONCEPT DESIGN FOR NOISE REDUCTION

(12.a) Launch pad unit cell. (12.b) Fairing unit cell.

Figure 12: 3D view of the proposed structure.

The acoustic metamaterials that we develop consist of
panels made of periodic distributions of waveguides
loaded by Helmholtz resonators. More information re-
garding the concepts to understand the physical mecha-
nisms producing the perfect absorption of sound and the
low transmission through the structures developed can be
found in [4] [30] [6] [5] [31].

The transmission loss of the existing fairing has been
analysed by means of the data provided by ESA. The
transmission loss (TL) presents a deep around 400 Hz.
Therefore, we develop solutions that will improve this TL
and will introduce additional effects like acoustic absorp-
tion in the problematic bands of frequencies. In particu-
lar, the solution proposed in the launch pad is based on
increasing the absorption capabilities, in such a way that
the reflected wave through the rocket will be strongly re-
duced in the range of frequencies of interest between 125
and 500 Hz. Then, the solution proposed for the fairing

will reduce the transmission loss from 250 Hz introduc-
ing absorption peaks around 400 Hz to avoid the prob-
lematic range of frequencies.
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Rainbow trapping absorber panel

Composite sandwich
panel

+
Helmothz resonator

Figure 13: Sketch of the implementation of both solu-
tions in the VEGA launch pad. Rainbow trapping ab-
sorber implemented as a cover of the exhaust ducts and
the metamaterial added to the existing wall at the fairing.

4.1. Noise reduction metamaterials for the launch
pad

The ground base usually includes sub-surface channels
the design of which is mostly oriented to act on exhaust
gases. The channel walls and bottom, mainly made with
refractory concrete, are highly reflecting for sound waves,
and therefore far to be optimal from the noise manage-
ment point of view [2, 32]. The two main methods to
reduce the noise pressure levels are sound absorption,
mainly by water injection, and the control of sound re-
flection, by acting on the shape of flame deflectors and
coverings. The strategy proposed is to design a structure
which is able to act on the two current basic mechanisms
for sound control, by covering the channels with a highly
absorbing structure. The goal is to design a panel that de-
creases sound levels present at the launch pad area, and
consequently, reduce the reflection of the acoustic load
back to the fairing. The panel is to be placed on the
ground, partially covering the exhaust gas channels. To
achieve the desired dimensions, the panel will be com-
posed by the periodic repetition of a unit cell which be
seen on Figure 12.a. The unit cell consists in a sequence
of Helmholtz resonators with different geometries, whose
geometrical parameters are carefully calculated by opti-
misation methods to achieve a high absorption in a fre-
quency band that runs from 125 to 500 Hz. The optimal
solution has 9 resonators and a length of 32.85 cm as can



be seen on [5]. The resulting structure has been called a
rainbow trapping absorber, because sound is trapped and
dissipated withing the structure at different depths, de-
pending on its frequency.
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(14.a) Map angle of incidence versus frequency of
the absorption coefficient.
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Figure 16. Maps angle of incidence vs. frequency of the absorption coefficient for different 

configurations with different number of resonators. 

 

These data the absorption coefficient have been used to calculate the diffuse field as shown with the 

red lines in Figure 17. We compare the absorption in the diffuse field incidence and the absorption for 

the normal incidence. The results reveal the expected behavior, as the absorption coefficient for angles 

bigger than 60º is reduced, the perfect absorption behavior is also reduced for the diffuse incident field. 

 

 

 

 

Figure 17. Comparison of the absorption coefficient for the diffuse field incidence (red lines) with the 

absorption at normal incidence (black lines). The configurations are the same as in Figure 16. 
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(14.b) Comparison of the absorption coefficient for the
diffuse field incidence with the absorption at normal

incidence.

It is important to keep in mind that the acoustic panel
will be composed of a large number of unit cells. A sin-
gle cell is very light, but the total weight of the structure
may increase considerably for a large number of cells.
Therefore, a trade-off of the absorption with the number
of resonators has been done to reach a compromise so-
lution between the total area and the weight of the struc-
ture. Different panel depths (L) from 5 to 40 cm and dif-
ferent number of resonators (N) from 2 to 10 have been
studied. Except for a very small number of resonators or
very small thickness, the peaks of absorption are high and
reach the perfect absorption in the configuration. The fi-
nal geometry has half the width and fewer resonators than
the optimal structure. Figure 12.a shows the structure that
has 7 resonators and 16.7 cm of length. As can be seen
on Figure 14.b, the metamaterial structure does not have a
flat absorption band but presents high peaks of absorption
and a mean absorption of 0.78.

The configuration proposed has been optimised with a
normal incident plane wave as an excitation. However,
if other angles of incidence are considered the sound ab-
sorption of the structure will change. This is an impor-
tant topic, because as it has been seen on Section 3.1,
the flow field in exhaust channels does not have a main
direction in that region. Thus, the influence of oblique

incidence has been analysed. The absorption coefficient
has been calculated as a function of frequency and the
angle of incidence. Figure 14.a shows that the absorp-
tion coefficient remains almost constant up to angles of
incidence of 60◦. Furthermore, the absorption coefficient
has been calculated for a diffuse acoustic incidence. Fig-
ure 14.b compares the absorption for a diffuse field inci-
dence and for normal incidence. As the absorption coef-
ficient for angles bigger than 60◦ is reduced, the perfect
absorption behaviour is also reduced for the diffuse inci-
dent field. However, the diffuse field curves of the panel
do not change much since the cosine function does not
decrease too much until about 60◦. Hence, the structure
even at oblique incidence presents a good behaviour.

4.2. Noise reduction metamaterials for the fairing

In this configuration, the panel is introduced behind the
existing fairing wall as can be seen on Figure 13. This
structure is asymmetric and therefore, the scattering re-
sponse will be different on each side of the structure. On
the one hand, when the incidence wave comes from out-
side the fairing, the sound reflection, R+, by the fair-
ing wall is very high due to the high impedance of the
composite. As a consequence, the sound transmission,
T+ is expected to be low. Due to these properties, the
absorption effect added by the panel of Helmholtz res-
onators is expected to be limited, but will contribute to
improve the transmission loss of the reference panel. On
the other hand, when the incident wave corresponds to a
wave coming from inside the fairing, the composite wall
act almost as a rigid wall and the problem can be con-
trolled by the reflection coefficient R−. Therefore, this
solution is expected to improve both the transmission loss
as well as the absorption of the system.

The fairing structure considered here is a sandwich panel
made of two walls of M55J composite material and an
aluminium honeycomb structure inbetween. The geom-
etry and the material properties of the structure are the
same as in Section 3.2. The scattering properties of the
complete system will depend on the geometrical parame-
ters. Therefore, an optimisation method, in which the ge-
ometrical parameters of the structure are tuned to obtain
the desired transmission and absorption, has been devel-
oped. The number of resonators along the panel thickness
is fixed to a single resonator, which is the best config-
uration in terms of mass reduction and improvement of
TL as well as absorption. Besides, the thickness of the
panel has been fixed to 1 cm, allowing a thin panel that
could be easily glued to the fairing wall. The optimisa-
tion is achieved for an incident plane wave coming from
inside the fairing and considering both normal incidence
and diffuse field. The unit cell obtained can be seen on
Figure 12.b. The Transmission Loss (TL) for both condi-
tions are depicted in Figure 15.a. The results for the op-
timisation with normal incidence present an average TL
of 140 dB with a peak of 167 dB at 411 Hz. While the
results in diffuse field condition present an average TL
of 142 dB with a peak of 174 dB at 423 Hz. From the



results, it is clear that the behaviour is mainly the same.

Frequency (Hz)
200 400 600 800 1000

T
L 

[a
.u

.]

0

0.2

0.4

0.6

0.8

1 Normal incidence
Diffuse field
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As the optimised structure is composed of only one res-
onator along the thickness, there is in only one peak of
absorption at 400 Hz. But as in the case of the launch pad
solution, increasing the number of resonators will widen
the frequency band of absorption. Figure 15.b illustrates
the TL for different number of resonators. The configu-
ration with 2 Helmholtz resonators produces 2 peaks of
absorption, while the configuration with 3 Helmholtz res-
onators produces 3 peaks. Despite a better TL, it has to
be noted that the thickness of the treatment increases with
the number of resonator and this will impact directly the
mass of the applied treatment. The area density of the
panel is therefore doubled in the case of 2 HRs and tripled
in the case of 3 HRs. Hence, the solution with one res-
onator is optimal because it provides perfect absorption
and moreover minimises the mass added to the fairing.

5. CONCLUSIONS

In the context of the design of a noise reduction tech-
nique to improve the sound attenuation during space ve-
hicles launch, a numerical modelling framework has been
defined. Computational fluid dynamics has been used
to obtain information about the phenomena that occur
at launch, facilitating the comprehension of the gener-
ation and propagation mechanisms of noise. Through
Schlieren images the shock waves have been identified.
By displaying the Sound Pressure Level for different in-
stants, it has been found that the SPL maxima appear due
to the normal shock wave generated by the jet and its im-
pingement with the deflector. Moreover, the propagation
of the upstream sound waves and the vertical directivity
of the pressure over the fairing have been observed.

For the vibro-acoustic problem, a numerical model com-
posed of a set of numerical models for different frequency
ranges have been proposed. It is composed of two main
models, a discretised model based on FEM and BEM for
the low frequency range and a SEA model for the high
frequency range. The models developed show a good
frequency consistency, showing in general good agree-
ment in the overlapping frequency bands. Also, there is
good agreement between models and the test on the outer
surface pressure. While for the internal surface pressure
noticeable differences are shown. Nevertheless, given the
limited information known and the important hypothesis
done, the results are considered adequate for the aim that
is to provide of a modelling framework and a reference
case for subsequent work packages.

On the acoustic domain, two metamaterial structures
made of arrangements of Helmholtz resonators have been
developed as noise mitigation systems for the launch pad
and the fairing. In the case of the launch pad, the structure
will be placed in the top of the exhaust channels. After
a trade-off analysis of the absorption with the number of
resonators, the final configuration is composed of 7 res-
onators and therefore has a wide frequency band of max-
imum absorption between 200 and 500 Hz. In the case
of the fairing, the metamaterial is added to the existing
wall. As the mass is critical for the fairing, the metamate-
rial consist only of one resonator. Therefore the solution
introduce only an absorption peak around 400 Hz. Ex-
perimental validation of the proposed mitigation will be
performed in the next phase of the study.
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