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Abstract

In order to decrease the emitted airframe noise by a two-dimensional high-lift configuration during
take-off and landing performances (NLR7301 with trailing edge flap), a morphing airfoil has been de-
signed through a shape design optimisation procedure starting from a baseline airfoil (NLR7301), with
the aim of emulating a high-lift configuration in terms of aerodynamic performances. A methodology
has been implemented to accomplish such aerodynamic improvements on the aforementioned baseline
airfoil by means of the compressible steady RANS equations at a certain angle of attack, with the
objective of maximising its lift coefficient up to equivalent values regarding the high-lift configuration,
while respecting the imposed structural constraints to guarantee a realistic optimised design. For such
purpose, a gradient-based optimisation through the discrete adjoint method has been undertaken.
Once the optimised airfoil is achieved, unsteady simulations have been carried out to obtain surface
pressure distributions along a certain time-span to latter serve as the input data for the aeroacoustic
prediction framework, based on the Farassat 1A formulation, where the subsequent results for both
configurations are post-processed to allow for a comparative analysis. Conclusively, the morphing
airfoil has proved to be advantageous in terms of aeroacoustics, in which the noise has been reduced
with respect to the conventional high-lift configuration for a comparable lift coefficient, although being
penalised by a significant drag coefficient increase due to stall conditions on the morphing airfoil’s
trailing edge.
Keywords: Morphing Structures, Aeroacoustics, Computational Fluid Dynamics, Shape Design
Optimisation

Introduction

The first subsonic jet airliners were highly con-
tributing to the generation of noise due to the high
exhaust velocity of their engines. The posterior
implementation of high bypass ratio turbofans im-
plied an overall noise reduction of 20 to 30 dB [12],
which led the way to identifying the airframe noise
contribution as notorious, specially during take-off
and landing performances, where hyper-lifting sur-
faces such as slats and flaps showed to be the main
sources within wind tunnel tests [2] with micro-
phone acoustic data acquisition, locating the most
powerful sources at the existing gaps between the
main element and both the slat and the flap, as well
as the flap side-edge [6]. However, due to the com-
plex unsteady flow features of high-lift configura-
tions, microphone tests have proved to have limited
capabilities to accurately describe the flow, conse-
quently replaced by techniques such as the Particle
Image Velocimetry (PIV) [15], providing of a more
detailed description of the flow. With the contin-
uously increasing noise regulations and quieter en-

gines, airframe noise has become a matter of first
order within the aerospace industry, consequently
increasing the need of providing high-quality flow
features description beyond nowadays experimen-
tal techniques. As a result, Computational Fluid
Dynamics (CFD) simulations are taking the lead
for such purpose. A common approach implies
solving the Reynolds-Averaged Navier-Stokes equa-
tions, which are coupled to a turbulence model
(such as the Spalart-Allamaras) [14], giving close
to experimental results. Following this step, other
studies [5] have put together the CFD computa-
tions with acoustic analogies such as the Ffowcs-
Williams and Hawkings equation [19] to develop far-
field noise predictions, becoming increasingly accu-
rate and gradually decreasing unnecessary experi-
mental tests. At this point, morphing wing studies
have been performed in an attempt to explore the
aerodynamic effects that the morphing concept may
supply, having succeeded in studies such as [11],
where adaptive leading and trailing edges proved
performance improvements at subsonic speeds. In
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addition, experimental researches with morphing
flaps [16] have proved a reduction on flap side-edge
noise. Consequently, the morphing concept has
arisen as a possible aerodynamic benefit thanks to
its adaptability to optimise an airfoil’s shape to any
performance condition, as well as a possible noise
reduction alternative, in which noise sources such
as the gaps between the main element and both the
slat and the flap would be neglected, in addition to
the aforementioned flap side-edge noise. Although
it is a potential focus of study, it is a very recent
line of search and the lack of validation data for
such accomplishments is still minimum.

I. Theoretical Background
The present work is based on flow description pur-
poses by means of Computational Fluid Dynamics
in order to develop accurate Shape Design Optimi-
sation analysis and airframe noise prediction com-
putations. Hence, a brief contextualisation of the
main formulations within these modules is exhib-
ited.

Aerodynamics: Governing Flow Equations
The characterisation of the physical flow behaviour
is a task developed by a set of partial differential
equations that are obtained by applying the funda-
mental physical principles of conservation to three
quantities: mass, momentum, and energy. The re-
sulting equations in their general differential and
conservation form within a defined domain Ω ⊂ R3

is formulated as [1]:

∂ ~Vs
∂t

+∇ · ~F c −∇ · ~F v = Q in Ω, t > 0 (1)

where ~Vs is a vector composed by the state
variables, of which both convective fluxes (~F c)

and viscous fluxes (~F v) are dependant: ~F c =
~F c( ~Vs), ~F

v = ~F v( ~Vs). Within the different avail-
able physical models in the open-source software
SU2 [9], the present work has been developed using
the compressible Reynolds-Averaged Navier-Stokes
equations (RANS) for viscous flows, which are
solved numerically by the Finite Volume Method
(FVM) on a median-dual, vertex-based grid. The
preferred methodology to be conducted within
the present work for the spatial discretisation of
the convective fluxes is the upwind flux-difference-
splitting scheme by Roe, commonly used at sub-
sonic regimes. In order to achieve second-order res-
olutions it has been used the Monotone Upstream-
centred Schemes for Conservation Laws (MUSCL),
accompanied with the Venkatakrishnan flux limiter
so as to avoid solution oscillations (”wiggly solu-
tions”). Concerning the viscous flows, the Least-
Squares method is chosen, which ensures a mono-
tonic solution over the domain as well as a higher ac-

curacy on the solution [8], and the overall discretisa-
tion is discretised in the time domain using the Eu-
ler Implicit method for the subsequent simulations,
and the unsteady simulations are ruled by the dual
time-stepping method. The RANS system of equa-
tions’ closure is provided by the Spalart-Allmaras
turbulence model. The computational domain can
be segregated into two boundaries: the airfoil sur-
face (S) and the far-field (Γ∞). The flow solver SU2

allows the application of physical boundary condi-
tions that define the flow behaviour in contact with
each of them. A no-slip condition is set onto the
airfoil surface parallel to an adiabatic condition, in
which a zero relative velocity is applied between the
surface and the gas immediately in contact with it
due to viscous effects. Concerning the far-field, the
flow variables belonging to the free-stream ( ~Vs|∞)
are applicable to the far-field boundary, meaning
that the airfoil’s perturbation is fully dissipated.
Mathematically, these are defined as

~Us = ~0 (2)(∂T
∂n

)
s

= ~0. (3)

~Vs|Γ∞ = ~Vs|∞ (4)

Aeroacoustics

By definition, sound is a pressure oscillation that
propagates as a wave through the medium, per-
ceived by the human ear if its frequency lays within
the range from 20 Hz until 20 KHz, where in terms
of pressure oscillation, the human ear threshold is
located at pref = 2 · 10−5 Pa.

Sources of Noise

Airframe noise comes from different flow features
that develop around a wing, and for high Reynolds
performances such as the present work’s where the
boundary layer is mainly turbulent, different noise
sources must be taken into account regarding two-
dimensional features:

Figure 1: Noise sources illustration [17].
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One of the main noise contributors are the turbu-
lent flows from the pressure and suction sides con-
vecting into the wake on the trailing edge, origi-
nating high pressure fluctuations. Regarding high-
lift configurations, this flow interaction happening
on a rigid surface (i.e. main element discharging
onto the flap’s suction side) also becomes a strong
noise mechanism [20]. Turbulent flows also add
high velocity fluctuations onto the surface of the
airfoils and thus also becoming noise generators,
as well as separation features such as vortex shed-
ding or separation bubbles, which also add high
instabilities to the flow. Nevertheless, the acous-
tic framework for noise prediction used within this
work [13] is based on the surface pressure fluctu-
ations caused mainly by two different discretisa-
tions of the airframe noise sources: the Thickness
(monopole term) and the Loading (dipole term)
noises. By definition, Thickness noise is caused by
the displacement that the surface exerts onto the
fluid by its movement, whereas the Loading noise
comes from an aerodynamic point of view, which
is the acceleration that the surface induces to the
fluid, which are expressed by two wave equations.

Farassat 1A Formulation

The Farassat 1A formulation gives a solution for the
Thickness and Loading noises that arise within the
Ffowcs-Williams and Hawkings (FW-H) equation
for an impermeable surface:

�2p′ =
∂

∂t
[ρ0vnδ(f)]−

∂

∂xi
[pniδ(f)] +

∂2

∂xi∂xj
[H(f)Tij ]

(5)

based on the Lighthill’s acoustic analogy [4]. From
the FW-H equation, one can observe the wave
equations belonging to the Thickness and Loading
noises, respectively:

�2p′T =
∂

∂t
[ρ0vnδ(f)] (6)

�2p′L = − ∂

∂xi
[pniδ(f)] (7)

for which the Farassat 1A formulation proposes a
solution as following:

4πp′T (~x, t) =∫
f=0

[
ρ0v̇n

r(1−Mr)2
+

ρ0vnr̂iṀi

r(1−Mr)3

]
ret

dS+

∫
f=0

[
ρ0cvn(Mr −M2)

r2(1−Mr)3

]
ret

dS

(8)

4πp′L(~x, t) =∫
f=0

[
ṗcosθ

cr(1−Mr)2
+

r̂iṀipcosθ

cr(1−Mr)3

]
ret

dS+

∫
f=0

[
p(cosθ −Mini)

r2(1−Mr)2
+

(Mr −M2)pcosθ

r2(1−Mr)3

]
ret

dS

(9)

So that the integral formulation of equations 8 and 9
can be solved, numerical evaluation must be under-
taken. The particularity of this formulation is the
capability to discretise the wing in several panels, to
latter sum all the overall contribution at a certain
observer’s location. Formulation 1A is a retarded-
time formulation and there exist several retarded-
time algorithms that provide a solution, one being
the Source Time-Dominant Algorithm, and
the other the Observer Time-Dominant Algo-
rithm. In other words, the first involves select-
ing an emission time for a certain panel followed
by determining when the signal will reach the ob-
server, whereas the latter involves selecting the ob-
server time at first and proceed oppositely. Consid-
ering that the present work is developing exhaus-
tive CFD simulations in which the generated data
is expressed in the source time reference, the nat-
ural procedure to follow is to propagate this set of
aerodynamic data towards the observer, thus im-
plementing a source-time dominant algorithm.

Post-Processing

The output from the Farassat 1A formulation is the
total noise acoustic pressure signal in the time do-
main (which corresponds to the sum of the Thick-
ness and Loading noise contributions), which ought
to be transformed to the frequency domain in or-
der to present acoustic data in terms of dominant
frequencies and associated Sound Pressure Lev-
els (SPL). For such purpose, the numerical tool
more commonly used is the Fast Fourier Trans-
form (FFT) which converts a time domain signal
to frequency domain. With the aim of presenting
a more readable display of the acoustic frequency
spectrum, the noise contributions can be displayed
in one-third octave bands.

II. Methodology
The procedure within the methodology section
starts with a proper discretisation of the compu-
tational domain by means of generating a mesh,
in which the governing flow equations (compress-
ible RANS) are to be solved. Steady simulations
will be undertaken with respect to the NLR7301
with trailing edge flap validation test-case from van
den Berg [18] in order to validate the computational

3



set-up (mainly the mesh and the Spalart-Allmaras
turbulence model). The aeroacoustic framework re-
quires unsteady aerodynamic data to be run within
the aforementioned validated computational set-
up along a certain time-span, where the Faras-
sat 1A formulation (following the implementation
from [13]) will output the Total noise contribu-
tion at a selected observer’s location (defined by
the user), to latter be post-processed to obtain the
comparative SPL levels within the one-third octave
bands. This acoustic set-up has been validated
against acoustic data from TU Delft on a NACA
0018 airfoil section. Recalling the main objective of
this work, noise reduction through camber morph-
ing is to be explored, thereby adding a new compu-
tational set-up comprised by Aerodynamic Shape
Optimisation resorting to gradient-based optimis-
ers (exploring the Adjoint method capabilities on
efficiently computing the sensitivities) of the base-
line airfoil (NLR7301) from the high-lift configura-
tion. For that purpose, an analogous mesh genera-
tion methodology has been carried out. Afterwards,
proper design variables have been established con-
sidering the Free Form Deformation method (FFD),
under imposed structural constraints mainly re-
garding the definition of a wing-box. In addition,
several geometrical constraints have been added to
the optimisation procedure in order to account for
feasible designs from the structural point of view.

Test-Cases

The validation cases for the present work’s compu-
tational set-up are subsequently presented.

NLR7301 with Trailing Edge Flap

The flow conditions of this test-case are set to a
Reynolds1 and Mach numbers of Re = 2.51 · 106

and M = 0.185, respectively, at an angle of attack
of α = 10.1 degrees. The mesh generation quality
design-loop has been created to account for several
quality requirements such as skewness, resolution,
flow alignment, and continuity of the mesh cells.
The mesh is classified as C-grid typology, fully com-
posed by quadrilateral elements that define a do-
main of 14 chord lengths in downstream direction,
and 10 chord lengths towards the upper, lower and
upstream directions. It is composed by 233.462 ·103

nodes, with a wall grid spacing of 1·10−6 c to ensure
the Spalart-Allmaras condition of y+ < 1, with high
refinement within the gap region between the main
element and the flap, as well as the wake, which has
been tracked to follow its real direction. The subse-
quent results show an excellent agreement on both

1The present case has considered a Reynolds number of
Re = 4.3 · 106 due to performing flow analysis at ISA Sea
Level Conditions.

suction and pressure sides with the experimental
data, as depicted in figure 2:

Figure 2: Surface pressure distributions from TU
Delft and the present work.

Concerning the lift and drag aerodynamic coeffi-
cients, table 1 presents a comparison with the ex-
perimental results:

Cl Cd

Experimental [18] 2.877 0.0567
Present work 2.875 0.0597

Table 1: Comparison of numerical and experimental
aerodynamic coefficients for the flapped NLR7301
high-lift configuration.

Conclusively, based on these results, the aerody-
namic computational set-up is considered valid for
the present work’s upcoming simulations.

Aeroacoustic Verification Test-case

The same test-case on a NACA 0018 at zero an-
gle of attack has been chosen to verify the aeroa-
coustic set-up. As the post-processing codes have
been implemented within this work, a verification of
the SPL levels against the aeroacoustic framework
and TU Delft one-third octave bands has been per-
formed, as shown in figure 3:

Figure 3: Total Noise levels comparison.
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In a general basis, the sound pressure levels follow
the experimental trend with fair agreement, spe-
cially after f = 103Hz, conclusively proving the
validity of the acoustic framework and its output
results’ post-processing implementations.

III. Results
To evaluate the potential of the camber morphing
concept, one needs to compare it to a high-lift con-
figuration (NLR7301 with flap) in terms of aerody-
namic and aeroacoustic capabilities.

Aerodynamics
In order for the morphing airfoil to achieve a com-
parable maximum lift coefficient to that of the con-
ventional high-lift configuration, a shape design op-
timisation must be performed, mathematically for-
mulated as:

maximise Cl

with respect to ~Dv

subject to cM ≤ cB + 0.32 · cB = 1.32

tM ≥ 0.05 · tB = 0.00825

AM ≥ AB + 0.15 ·AB = 0.1245
(10)

where the lift coefficient has been set as the objec-
tive function to impose a dramatic increase which
has not been achieved by drag or lift-to-drag objec-
tives functions (using the same design variables and
constraints). Geometrical constraints have been
imposed, regarding chord, minimum thickness and
area. As the flap represents a 32% of the airfoil’s
chord, a constraint to not surpass this value is im-
posed. Regarding thickness, a minimum thickness
has been imposed to ensure manufacture feasibil-
ity, followed by an area constraint, in which a pos-
itive increment has been imposed in order to allow
the morphing airfoil to emulate the conventional
added sectional area of high-lift devices. To define
the design variables ( ~Dv), the FFD parametrisation
method has been employed for the definition of a
box enveloping the baseline airfoil, as illustrated in
figure 4:

Figure 4: Design Variables located on the Free Form
Deformation box.

After some sensibility analysis with respect to the
number of design variables, a set of 22 control points

equally divided on the suction and pressure sides
has been implemented. For a structural compro-
mise, a wing-box has been defined (red-coloured
design variables) ranging from ≈ 0.2c to ≈ 0.6c by
freezing the control points comprising within these
two values. Consequently, only the blue-coloured
design variables have been in fact used in the opti-
misation, allowing both leading and trailing edges
to morph in a similar fashion as the conventional
high-lift devices. With this aerodynamic shape op-
timisation set-up, a lift and drag coefficients of 2.85
and 0.14 have been obtained. Concerning the lift
coefficient, it is 0.09% below the one from the high-
lift configuration. However, drag has suffered a con-
siderable increase of 134% due to local stall condi-
tions on its trailing edge, as illustrated in figure 5:

Figure 5: Definitive geometry of the morphing
NLR7301 airfoil; Visualised with Paraview.

The remaining geometrical characteristics are pre-
sented in the following table:

Chord, cM 1.2528
Area, AM 0.1342

Table 2: Dimensionless chord and area from the
morphing airfoil.

Aeroacoustics

Once the two main geometries have been aerody-
namically characterised, dual-time unsteady simu-
lations have been performed to supply the acoustic
framework of surface pressure data for noise predic-
tion calculations. The sampling time-span has been
of ts = 0.2s, after a transient state of t = 0.7s due
to the steady simulations being the starting flow so-
lutions, at a sampling frequency of fs = 1000Hz,
equivalent to an unsteady time-step of ∆t = 1ms
and its corresponding Strouhal number Stl = 15.87.
For this case, the morphing airfoil’s lift and drag co-
efficients have slightly changed to:

Lift coefficient, Cl 2.827
Drag coefficient Cd 0.155

Table 3: Morphing airfoil lift and drag coefficients
from the unsteady simulation.
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caused by a better description from the unsteady
simulation of the unsteadiness caused by the sep-
aration bubble. Regarding the aerodynamic co-
efficients, the lift coefficient has slightly changed
to 1.73% lower to that of the flap configuration’s,
whereas the drag coefficient has increased up to
a 159%. Concerning to the acoustic calculations,
both geometries have been extruded to achieve a
thickness of 8cm as the acoustic verification case,
which has been discretised in 89 sections by repli-
cating the airfoils along the z direction as well as
the surface pressure data, as illustrated in figure 6:

Figure 6: Wing surface discretisation.

Regarding the flapped configuration, the main ele-
ment and the flap contributions are computed sep-
arately, which for the case of an azimuthal position
of 90 degrees from a circle of radius R = 2m with its
centre at the mid-chord of the whole configuration,
the Total noise expressed in one-third octave bands
for the main airfoil (figure 7) and the flap (figure 8)
are:

Figure 7: Total noise of main element at 90 degrees.

Figure 8: Total noise from the flap at 90 degrees.

where the highest noise contribution belongs to the
main element. Two dominant frequencies can be
observed for both elements at f1 = 1000Hz and
f2 = 2000Hz, in a similar general trend to the
NACA 0012’s one-third octave bands at α = 10.8
degrees from [3]. With respect to the morphing air-
foil at the same observer’s location, its noise contri-
bution is depicted in figure 9:

Figure 9: Total noise from the morphing airfoil at
90 degrees.

where there is still predominance of f1 and f2. In
addition, a peak of ≈ 40dB arises at low frequen-
cies, which is a clear sign of the local deep stall
conditions on its trailing edge [7]. Deep stall con-
ditions have been quantified to increase the SPL
values up to 10dB for a fully stalled airfoil [10].
Directivity OASPL values are plotted in figure 10
on the aforementioned circular observer’s location
display spaced 10 degrees between each other for
the flapped configuration, as well as the morphing
airfoil with and without accounting for this hypo-
thetical increase of 10dB:

Figure 10: OASPL comparative results between the
flapped and morphing NLR7301 airfoil.

where the smoothness of the OASPL spatial dis-
tribution shows compactness, meaning that the
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Figure 11: OASPL comparative results between the
flapped and morphing NLR7301 airfoil.

Strouhal number is adequate. Regarding the mor-
phing airfoil without accounting for the stall noise
increase (clean results), it implies relative reduction
values (positive values in figure 11) up to ≈ 22%
with respect to the conventional high-lift configu-
ration. For the conservative case of accounting for
the limit stall noise increase, some locations show a
slight increase of noise with respect to the high-lift
configuration, quantified in figure 12:

Figure 12: OASPL comparative results between the
flapped and morphing NLR7301 airfoil.

where the maximum noise increase barely reaches
a 2% with respect to the high-lift configuration,
in contrast with the maximum relative decrease of
12%.

Conclusions
The objectives of this work were to develop a
methodology to perform a shape design optimisa-
tion of a two-dimensional airfoil section by means
of the morphing concept, in order to achieve equiv-
alent lifting capabilities to a high-lift configuration
at take-off and landing performances, to latter ob-
tain the aiframe noise contributions regarding both
configurations for comparison. Validation test-cases

have proved both CFD and Aeroacoustic computa-
tional set-ups, mainly the RANS equations accom-
panied with the Spalart-Allmaras turbulence model
in both steady and unsteady simulations, and the
Farassat 1A formulation for noise prediction. The
morphing airfoil has proved to be advantageous in
terms of noise emissions for a comparable lift as the
flapped configuration, up to a 22% of relative noise
reduction, even for the case of an overall noise in-
crease of 10dB due to stall, where the maximum
local noise increase does not surpass a 2% with re-
spect to the conventional configuration, in contrast
with a maximum relative decrease of 12%. Never-
theless, these achievements come with a significant
penalisation onto the drag coefficient due to stall
conditions on its trailing edge. Concerning commer-
cial airliners, take-off and landing performances rep-
resent a small percentage of the totality of a flight,
which mostly belongs to cruise conditions. Hence,
as the morphing airfoil can also be optimised dur-
ing cruise conditions, the drag penalisation on take-
off and landing performances in terms of a higher
fuel consumption could be balanced on cruise con-
ditions.

Future Work

Other turbulence models with better agreement in
separated regions (such as the SST Menter turbu-
lence model) should be tested in order to compare
the quality of the flow description accomplished in
this work. In addition, Large-Eddy simulations may
also be performed due to the better capturing of
large-scale features such as separation bubbles, pos-
sibly resulting into better flow computations, and
consequently better aeroacoustic predictions.
Regarding the unsteady simulations, other time-
steps (i.e. resulting into different Strouhal num-
bers) should be performed to analyse the influence
of the Strouhal number on the results, in terms
of dominant frequencies and their corresponding
Sound Pressure Levels.
Flow control techniques should be investigated in
order to significantly reduce the stall region, lead-
ing to a drag reduction that could also bring an
inherent decrease in airframe noise.
Experimental tests should be performed to reliably
quantify the noise contribution of stall features and
hence improve the noise prediction mappings.
From the structural point of view, research should
be made regarding the feasibility of the design, as
well as the possible mechanisms that could perform
such deformations.
Finally, three-dimensional analysis of aerodynamic
effects would be the next step to evaluate the po-
tential of the morphing concept.
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