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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 performance, a morphing airfoil has been designed through a shape
design optimisation procedure starting from a baseline airfoil (NLR 7301), with the aim of emulating a
high-lift configuration in terms of aerodynamic performance. A methodology has been implemented
to accomplish such aerodynamic improvements 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, whilst respecting the imposed structural constraints to guarantee
a realistic optimised design. For such purposes, 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 later 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 proven 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, despite being hampered by a significant drag coefficient increase due to
stall on the morphing airfoil’s trailing edge.

Keywords: camber morphing; aeroacoustics; computational fluid dynamics; aerodynamic shape
optimisation

1. Introduction

The first subsonic jet airliners highly contributed to the generation of propulsive noise
due to the high exhaust velocity of their engines. The posterior implementation of high-
bypass-ratio turbofans implied an overall noise reduction ranging from 20 up to 30 dB [1],
which led to identifying airframe noise to match and even exceed the engine’s contribution,
especially during landing approach performance. It is within these operations that hyper-
lifting surfaces such as slats and flaps have an essential role, as they enable a substantial
increase in lift to operate at these low-speed-related manoeuvres. However, together with
the landing gear, they have proven to be the main source of airframe noise due to the
complex fluid dynamic mechanisms developed around them.

Numerous experimental research works have distinguished different high-emission
locations and sources along a multi-element high-lift configuration. The geometrical
discontinuity of the flap-side edge results in a two-vortex system that radiates powerfully
and is subjected to an unsteady three-dimensional flow behaviour [2–4]. On the other hand,
several other works have localised noise sources distributed along the gaps separating
slats and flaps from the wing [5]. The geometrical complexity of the slat and wing cusps
causes flow separation [6,7], thereby causing an unsteady injection of vorticity to the mean
flow that is trapped within the cove regions in the form of separation bubbles. These flow
fluctuations cause far-field acoustic radiation. Parallel to this phenomenon, Perennes and
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Roger [7] characterised another feasible source on their multi-element two-dimensional
wing at the exit of the gap between wing and flap. A strong jet was formed as a product of
the wing’s suction side flow mixing with the flow coming from the gap. As a consequence,
the flap’s trailing edge was subjected to large pressure fluctuations and thus radiating noise.

Aiming to drastically reduce noise pollution in the vicinity of airports, acoustic regula-
tions are continuously increasing. Europe’s Vision for Aviation ’Flightpath 2050’ [8] has
targeted the ambitious objective set by the Advisory Council for Aviation Research and
Innovation in Europe (ACARE): reducing the perceived noise of a flying aircraft by 65%
(i.e., 15 dB) compared to levels in the year 2000. In line with airframe noise reduction re-
garding the flap-side edge contribution, extensive experimental research has demonstrated
the effectiveness of implementing flap-tip fences, proving to decrease the peak sound level
by 4 to 5 dB on the Ames/McDonnell-Douglas 4.7% scale DC-10 model, conducted in
the NASA Ames 40- by 80-Foot Wind Tunnel [2], as well as the 1/10 scale model wing
section from the DLR Aeroacoustics Wind Tunnel Brauschweig (AWB) [6]. The Adaptive
Compliant Trailing Edge (ACTE) project [9], initiated by the National Aeronautics and
Space Administration (NASA) in conjunction with the U.S. Air Force Research Laboratory,
incorporated the innovative Flexsys technology [10] for varying surface contours on a
Gulfstream III (GIII) aircraft trailing-edge flap, attempting to increase its aerodynamic
efficiency whilst reducing the emitted noise. In fact, NASA reported a 10 dB reduction
in the airframe noise due to this system [11]. The leading edge of the main flap section
connects to the main wing seamlessly. In addition, its inboard and outboard edges are
connected to the wing by means of flexible sections, hence eliminating the existing gaps
between wing and flap. Moreover, its trailing edge has the capability of deflecting through
bending (i.e., camber morphing), a completely opposite feature to conventional deflection
systems. These implementations have directed the research towards the so-called morphing
structures as a substitute for conventional high-lift devices.

In 1980, NASA published an extensive study addressing the potential attractiveness
of camber morphing wings at both leading and trailing edges for lift-to-drag optimisation
at any flight stage [12], consequently reducing fuel consumption and operating costs.
The study comprised different mechanisms that smoothly contoured the wing’s leading
and trailing edges independently, allowing small and large deflections for in-flight shape
adaptation. Nevertheless, this change in paradigm has introduced a major challenge
upon structure and material engineering. Seeking certain aerodynamic benefits with
morphing structures may include smooth but also severe geometry changes, making this a
difficult task to be achieved from a structural point of view. In particular, the wing skin
must provide enough flexibility to allow small and large deformations whilst resisting
the aerodynamic loads, a compromise that has been intensively investigated by means of
different materials [13–15]. In the same direction, Tani et al. [16] investigated the flap-side
edge noise reduction for a NACA23012 half-span wing by a flexible morphing slotted
flap in a wind tunnel test-bed. By creating a smooth connection between the flap edge
and the wing, overall noise levels during high-lift conditions were reduced whilst not
compromising the wing’s aerodynamic performance. On the other hand, within the EU-
funded SARISTU (Smart Intelligent Aircraft Structures) project [17], the design of both
adaptive leading and trailing edges led to performance improvements at subsonic speeds
at the Russian Aeronautical Research Centre’s Wind Tunnel. Nguyen et al. [18] have widely
investigated the aerodynamic benefits of the Variable Continuous Camber Trailing-Edge
Flaps (VCCTEF) morphing device, providing the wing with shape in-flight re-adaptation
for aerodynamic high-lift efficiency at take-off and landing, and a reduction in cruise drag.
In the previously mentioned ACTE project, drag reductions of up to 5.5% were noticed in
the flight tests [11]—in other words, approaching fuel-efficient aircraft. During take-off and
landing performance particularly, all the existing gaps and abrupt discontinuities between
wing and conventional flap systems would be removed from the equation, a potential
environment for airframe noise reduction. However, stall is expected to occur at lower
angles of attack [19]. This is likely to lead to higher landing distances, which might not be a
problem for a narrow-body aircraft, but would certainly be for wide-body jetliners.
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Experimental data acquisition has unequivocally identified the location and strength
of noise sources around a conventional high-lift configuration, and has allowed the de-
velopment of robust noise prediction semi-empirical models. However, these do not
sufficiently describe the complexity of their inherent unsteady flow physics. Nowadays,
as computational power is growing significantly, Computational Fluid Dynamics (CFD)
is gaining prominence amongst the design and analysis of aircraft. This high-fidelity tool
has provided detailed insights into the flow field that have eased the understanding of
aerodynamic noise mechanisms, hence serving as a powerful complement to airfoil perfor-
mance exploration and optimisation, preventing time- and cost-intensive premature model
testing. Rumsey and Ying [20] have gathered a vast number of research works regarding
the flow computation of high-lift multi-element configurations. Reynolds-Averaged Navier–
Stokes (RANS) methods have been shown to provide excellent accuracy on a variety of
2-D and 3-D experimental cases regarding surface pressures, skin friction, lift, and drag,
thus becoming the current most common approach. As a result, the numerical modelling
of noise has also experienced noticeable progress, where CFD calculations are coupled to
an acoustic prediction model by means of Lighthill’s acoustic analogy [21], used in several
works for flap-side edge far-field noise predictions [22]. Hence, the coupling of CFD and
computational aeroacoustics (CAA), as well as their increasing predictive reliability, may
become a robust complement to guide experimental testing towards a more efficient line
of research and more promising implementations for (1) improvement of aerodynamic
capabilities and (2) airframe noise reduction. It is within this framework that this article
is presented.

The purpose of this work is to investigate the correlation between aerodynamic benefits
and airframe noise reduction from morphing structures, at high-lift performance and by
means of CFD and CAA. The test-case under study is the National Aerospace Laboratory
(NLR) 7301 airfoil and flap as tested by van den Berg [23] at a two-dimensional level. The
flow is modelled by the RANS equations in order to obtain surface pressures, lift, and
drag. The same high-fidelity model is utilised for shape design optimisation (SDO) of the
baseline airfoil (NLR 7301), so as to achieve a morphing airfoil with equivalent aerodynamic
capabilities to those of the conventional configuration. Lastly, far-field noise contributions
are calculated and compared through an acoustic-analogy-based model.

Despite the notorious lack of validation data, this paper is expected to serve as a first
approach to the problem.

2. Computational Tools

The present section gives context to the numerical tools and methods that have been
used for the structural parts of this multidisciplinary work, involving flow modelling,
shape design optimisation, and far-field acoustic computations.

2.1. Computational Fluid Dynamics Solver

The present work has used the open-source Stanford University Unstructured (SU2)
computational analysis and design software [24], developed by the Aerospace Design
Laboratory (ADL) at Stanford University, in constant enhancement by the latter and de-
velopers worldwide. It is incorporated within a collection of numerical tools to discretise
and solve Partial Differential Equation-based (PDE) problems as well as PDE-constrained
optimisation problems. The flow is modelled by the compressible RANS equations for
viscous flows, formulated as [24]:

∂U
∂t

+∇ · Fc −∇ · Fv = Q in Ω, t > 0 (1)

where U represents the vector of state variables, Fc(U) and Fv(U) represent the convective
and viscous fluxes, respectively, and Q is the source term. The numerical solution of the
RANS equations is achieved by means of the Finite Volume Method (FVM) on a median-
dual, vertex-based grid. Spatial discretisation of convective fluxes is undertaken by the
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first-order accurate upwind flux-difference-splitting scheme by Roe [25], commonly used
at subsonic regimes. Increased accuracy up to the second order is achieved by utilising
Monotone Upstream-centred Schemes for Conservation Laws (MUSCL) [26], accompanied
by the Venkatakrishnan flux limiter [27] so as to avoid solution oscillations typical of
high-order schemes (“wiggly solutions”) [28].

As explained in further sections, this work’s mesh grids are fully composed of quadri-
lateral elements. Considering this fact, gradients of flow variables from viscous fluxes
are given by the least-squares method so as to provide a higher-accuracy and monotonic
solution [29].

The time-resolving strategy varies from steady to unsteady simulations. Steady simu-
lations are ruled by the Euler implicit method, and will carry the weight of validating the
present numerical approach for the NLR 7301 conventional high-lift configuration test-case,
as well as developing the shape design optimisation to the baseline NLR 7301 airfoil. On the
other hand, a dual time-stepping strategy is used within the unsteady simulations, in order
to obtain surface pressure fluctuations along a certain time-span from both the flapped NLR
7301 airfoil and the ultimate morphing airfoil. Following these steps, they are processed by
the acoustic framework to generate the far-field acoustic radiation.

The last steps to be addressed involve turbulence modelling. Flows from multi-element
configurations are subjected to high Reynolds numbers, thereby causing the boundary
layer to be largely dominated by turbulence. The present work has chosen the one-equation
Spalart–Allmaras turbulence model [30] to provide the RANS system of equations’ closure,
as it has proven high robustness and efficiency. Moreover, it has shown good quality in
handling the interaction between boundary layers and wakes (which is of great interest
considering multi-element flow interactions), as well as producing fairly accurate solutions
in reverse flows [31,32].

2.2. Optimisation Algorithm

The strategy followed is a gradient-based shape optimisation. The optimisation algo-
rithm executed herein is the Sequential Least Squares Programming (SLSQP) optimiser from
SciPy’s Python library. This methodology sets characteristic airfoil properties (lift, drag,
and lift-to-drag ratio) as the mathematical objective functions ( f ) to be minimised through
a set of design variables ( ~Dv), used to parametrise the geometry through a parametrisation
method for shape deformation. The optimisation line of search is subjected to a total of ni
carefully designed equality-based (hi) and nj inequality-based (gi) constraints, which, in
conjunction with the set of ~Dv, define the desired optimisation path. The gradient evalua-
tion (i.e., computation of sensitivities) is undertaken via the Discrete Adjoint method [33]
due to its efficiency with the RANS equations. The sensitivity computation is the result of
the derivation of the objective function ( f ) with respect to the set of design variables ( ~Dv)
at each of the optimisation iterations.

The generic formulation of the constrained optimisation problem is posed as:

minimise f ( ~Dv)

with respect to ~Dv

subject to hi( ~Dv) = 0, i ∈ {1, ..., ni}

gj( ~Dv) ≤ 0, j ∈ {1, ..., nj}

(2)

2.3. Geometric Parametrisation

The preferred approach for geometry parametrisation is the Free-Form Deformation
method (FFD) [34], which is very intuitive to use, as well as providing great versatility to
deforming geometries of any level of complexity. This advantageous feature is due to the
complete independence of its formulation from the geometry’s mesh topology, used in
works such as [35,36].

The main concept of the FFD method is to create a parametric space (FFD box) into
which the geometry under study is embedded. The FFD box is parametrised by several
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control points that are taken as design variables ( ~Dv) by the optimisation algorithm. All the
pertinent geometrical deformations are applied onto these ~Dv, which are later transmitted
to the geometry within.

Of relevance to the present work’s interest, the FFD method allows local deforma-
tion to be imposed onto each of the design variables, even allowing us to freeze their
mobility where no deformations are wanted or needed. This specific feature is used to
impose structural-based constraints during the optimisation process, as will be shown in
further sections.

2.4. Aeroacoustic Framework

Brooks et al. [37] undertook extensive research on airfoil self-noise mechanisms.
Through aerodynamic and aeroacoustic wind tunnel tests of different airfoil sections,
a wide illustrative database was produced. Of special interest are the identified mecha-
nisms related to high Reynolds numbers, characteristic of subsonic high-lift performance,
where turbulent boundary layers develop over most of the airfoil to finally convect at the
trailing edge. The pressure fluctuations along its surface and the final flow convection act
as important noise sources. High-lift configurations are also typically related to separation
features such as vortex shedding or separation bubbles, providing the flow with high
instabilities in charge of severe noise emissions.

For airframe noise prediction purposes, the present work has utilised an acoustic-
analogy based framework [38], originally designed for wind turbine aeroacoustic prediction
and based on the Ffowcs Williams–Hawkings (FW-H) governing equation [39], a lineari-
sation of the aeroacoustic problem on a moving surface ( f ), which discretises the noise
pressure perturbation (p′) into several sources represented by particular wave equations:

�2 p′(~x, t) =
∂

∂t
[ρ0vnδ( f )]− ∂

∂xi
[Pijnjδ( f )] +

∂2

∂xi∂xj
[H( f )Tij] (3)

where �2 ≡ ∇2 − 1
c2

∂2

∂t2 is the wave or D’Alembertian operator in the three-dimensional space,
introducing the speed of sound c. In addition, δ( f ) and H( f ) are the Dirac delta and Heaviside
functions, respectively, and the Lighthill stress tensor Tij = ρvivj + Pij − c2(ρ− ρ0)δij, which
includes the Kronecker delta δij.

The present work is focused on the two first wave equations from the right-hand side
of Equation (3). These sources are both surface sources, known as the thickness and loading
noise terms:

�2 p′T =
∂

∂t
[ρ0vnδ( f )] (4)

�2 p′L = − ∂

∂xi
[Pijnjδ( f )] (5)

where p′T and p′L are the thickness and loading acoustic pressure perturbations, respectively.
By definition, thickness noise (or monopole source term named after the radiation pattern
of its solution) is caused by the displacement that the surface exerts onto the fluid by its
movement in the normal direction, analogous to considering each of the surface panels
as pistons pushing the fluid with speed vn = ~v · ~n, where ρ0 is the undisturbed medium
density—hence making this noise contribution geometric in nature. On the contrary,
the loading noise comes from an aerodynamic point of view, which is the acceleration
that the surface induces to the fluid, or the dipole term. This term is the contribution of
the net force acting on the fluid from the viscous stresses and the pressure distribution
along the surface, accounted for by Pij. Again accounting for aerodynamics, the third term
on the right-hand side of Equation (3), known as the quadrupole term, is in charge of
modelling the non-linearities due to local sound speed variation such as shock waves. It
becomes an important term for high-speed impulsive noise prediction, a matter that mainly
belongs to helicopter rotors and their inherent rotational high speeds [40]. In line with this
statement, a dimensional analysis by Curle [41] concluded that dipole sources are more
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efficient generators of sound in comparison with quadrupole sources for Mach numbers
within a subsonic regime. In other words, dipole sources have a substantial predominance
over quadrupole sources at subsonic flow conditions, which entirely define the flow during
high-lift operations. Hence, together with monopole sources, they define the predominant
variants for airframe noise generation within the subsequent study cases. It must be
clarified that, despite not being the case of the present work, thickness and loading noise
perturbations (Equations (4) and (5), respectively) exhibit a different radiation pattern to
the aforementioned monopole and dipole radiation patterns for a surface in motion.

The acoustic framework is implemented with the retarded-time Farassat 1A
formulation [42] in order to provide a solution to the thickness and loading wave equations.
Quadrupole sources are not considered according to the above reasoning, as well as due
to the high computational demand for their calculation. This formulation uses surface
pressure fluctuations, which are propagated through the continuum medium (atmospheric
air) until a certain desired location. The particularity of formulation 1A is its capability
to discretise the wing into several surface panels (see Figure 1), to later sum each of their
acoustic contributions at a certain desired observer’s location~x and time t, the total pressure
perturbation:

p′(~x, t) = p′T(~x, t) + p′L(~x, t) (6)

Figure 1. Example of a wing surface discretisation.

The proposed solutions are formulated as:

4πp′T(~x, t) =
∫

f=0

[
ρ0v̇n

r(1−Mr)2

]
ret

dS

+
∫

f=0

[
ρ0vn r̂i Ṁi

r(1−Mr)3

]
ret

dS

+
∫

f=0

[
ρ0cvn Mr

r2(1−Mr)3

]
ret

dS

−
∫

f=0

[
ρ0cvn M2

r2(1−Mr)3

]
ret

dS

(7)
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4πp′L(~x, t) =
∫

f=0

[
ṗcosθ

cr(1−Mr)2

]
ret

dS

+
∫

f=0

[
r̂i Ṁi pcosθ

cr(1−Mr)3

]
ret

dS

+
∫

f=0

[
pcosθ(1−Mini)

r2(1−Mr)2

]
ret

dS

+
∫

f=0

[
(Mr −M2)pcosθ

r2(1−Mr)3

]
ret

dS

(8)

and segregated by near-field terms (order 1/r) and far-field terms (order 1/r2). These
expressions exhibit the geometrical link between the relative position of the observer and
each of the surface panels (ds) or radiation direction (~ri), leading to the definition of the
local angle between the panel’s normal direction and the radiation direction (θ), at the
emission time (ret; τe). Consecutively, the acoustic pressure perturbation is propagated in
the radiation direction at Mach Mr = ~M ·~̂r, reaching the observer’s location at time t.

In order for the integral formulation of Equations (7) and (8) to be solved, numerical
evaluation must be undertaken. For such a task, the implemented numerical integration
algorithm is the source-time-dominant algorithm, in which the emission time of the acoustic
pressure fluctuation from a certain panel is known and propagated, determining when it
will reach the observer. Considering that the present work is developing high-fidelity CFD
simulations in which surface pressure fluctuations are expressed in the source time reference
within a previous geometrical discretisation of the wing surface, these implementations are
in natural concordance.

However, the source-time-dominant algorithm leads to unequally spaced noise cal-
culations in terms of observer time, since the generated acoustic pressure perturbation by
each surface panel reaches the observer’s location at a different time t. Therefore, in order
to proceed correctly with the summation at each time-step, an interpolation algorithm is
used so that pressure fluctuations are added at exactly the same observer time.

2.4.1. Post-Processing of Aeroacoustic Data

The subsequent total pressure signals from Farassat 1A at several observer locations are
transformed from time to frequency domain by means of the Fast Fourier Transform (FFT).
The resultant frequency spectra are displayed in one-third octave bands, thus facilitating
the location of dominant frequencies and associated Sound Pressure Levels (SPL).

2.4.2. Methodology Workflow Overview

Before proceeding to the test-cases that have been used to validate the present work’s
computational set-up, an overview of the methodology workflow is given. The present
work is subdivided into two main blocks: aerodynamics and aeroacoustics.

The starting point is the aerodynamics block, which includes all flow computations
of the test-cases used for validation purposes, and the shape design optimisation of the
selected baseline airfoil. All flow computations herein are steady-state solutions. The objec-
tive of this block, firstly, is to obtain an accurate solution of the multi-element configuration
composed of the NLR7301 baseline airfoil plus a trailing-edge flap. The resulting aero-
dynamic coefficients, especially the lift coefficient, are set as the targeted aerodynamic
performance to be accomplished by the morphed NLR7301 baseline airfoil. In order to do
so, a shape design optimisation is performed.

Following the aerodynamics is the aeroacoustics block. Once the two aforementioned
configurations prove to be aerodynamically comparable, an unsteady-state formulation is
used to obtain time-dependent surface pressure data for a selected time-span and time-step,
which are afterwards manipulated by the aeroacoustic framework so as to obtain each of
their far-field noise contributions.
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An illustration of the methodology described in this section is depicted in Figure 2.

Initial Set of Design Variables

No

Yes

Stopping
Criteria

Reached?

Optimal Aerodynamic Shape

Unsteady CFD
Simulations

Farassat 1A
Formulation

OASPL

Steady CFD
Simulation

Sensitivity
Analysis

Airfoil Geometry

Mesh Generation

New Set of Design
Variables

FFT

NRL 7301 + FlapNRL 7301

Figure 2. Methodology workflow.

3. Computational Set-Up Validation

The following section introduces the test-cases that have been used to validate the
CFD (Section 3.1) and aeroacoustic (Section 3.2) computational set-ups.

3.1. NLR 7301 with Trailing-Edge Flap

The present work is focused on the conventional high-lift configuration tested by van
den Berg [23], comprising the supercritical airfoil NLR 7301 and a 32% chord trailing-edge
flap, deflected 20◦. The width of the gap between wing and flap is 2.6% chord, with mixing
of the wing wake and flap boundary layer not occurring. The computational domain can
be segregated into two boundaries: the airfoil surface (s) and the far-field (Γ∞). The flow
solver SU2 allows the application of physical boundary conditions that define the flow
properties in contact with each of them. A no-slip condition is set onto the airfoil surface,
which imposes a zero relative velocity between the surface and the gas immediately in
contact with it due to viscous effects. Moreover, an adiabatic wall boundary condition
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is set, meaning that there is no heat transfer to the surface. Concerning the far field,
a characteristic-based boundary condition is applied, where the state variables belonging
to the free-stream (U|∞) are applicable to the far-field boundary, meaning that the flow is
undisturbed. Mathematically, these are defined as

us = vs = ws = 0 (9)(∂T
∂n

)
s
= 0 (10)

U|Γ∞ = U|∞ (11)

Steady flow computations have been performed with the free-stream conditions
M∞ = 0.185, Re = 4.28× 106 at ISA Sea Level conditions, at an angle of attack of α = 10.1◦.
Despite the slight variation in the Reynolds number from van den Berg’s experiments
(Re = 2.51× 106) due to considering a unit reference chord in the numerical simulations, it
is not expected to have a perceivable influence on the results.

The physical domain has been meshed using a C-grid typology composed of quadri-
lateral elements, which account for several quality requirements, such as maximum
skewness, resolution, flow alignment, and continuity between adjacent elements, as de-
picted in Figure 3. The domain has its boundaries at 14 chord lengths downstream
and 10 chord lengths upstream in the upwards and downwards directions with a to-
tal of 233.462× 103 nodes. A total of 498 nodes have been used to discretise the NLR 7301
airfoil surface, while, for the flap surface discretisation, 492 nodes have been used. A wall
grid spacing of 1× 10−6 c has been implemented to ensure the Spalart–Allmaras condition
of y+ < 1 to properly resolve the viscosity-affected boundary layer. A high refinement is
set within the gap region between airfoil and flap. In order to guarantee a high level of
flow alignment on the wake elements, the real direction of the wake has previously been
tracked downstream by means of coarser meshes.

Figure 3. Mesh around NLR 7301 airfoil with trailing-edge flap.

The convergence criteria correspond to a logarithmic reduction in the density equation
residual of four orders of magnitude with respect to its initial value. Its convergence history
is displayed in Figure 4 alongside the development of the aerodynamic coefficients for a
total of 40× 103 iterations, for a Courant–Friedrichs–Levy number of CFL = 2.

In terms of computed surface pressure distributions (Cp) along both NLR 7301 and
flap surfaces in Figure 5, results show very good agreement with experimental data. Flow
separation does not occur, meaning that the flow is fully attached on both elements. Table 1



Aerospace 2022, 9, 43 10 of 29

shows a slight underprediction of the lift coefficient (Cl) by 0.069% with respect to the
experimentally obtained value, whereas the drag (Cd) and pitching moment (Cm) coeffi-
cients are overpredicted by 5.29% and 3.88%, respectively. The well-predicted aerodynamic
performance of this CFD validation test-case illustrates the potential of the SU2 software
and the Spalart–Allmaras turbulence model for subsonic multi–element flow modelling.
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Figure 4. Residuals and aerodynamic coefficients versus iteration number of the NLR 7301 airfoil
with trailing-edge flap for M∞ = 0.185 and α = 10.1◦.
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Figure 5. Comparison of experimental and numerical surface pressure distributions at α = 10.1◦ and
M∞ = 0.185 of the NLR 7301 airfoil with trailing-edge flap.
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Table 1. Comparison of numerical and experimental lift and drag aerodynamic coefficients and
pitching moment coefficient of the NLR 7301 airfoil with trailing-edge flap.

Cl Cd Cm

Experimental 2.877 0.0567 0.463
Present work 2.875 0.0597 0.481

3.2. NACA 0018 Wing

In order to verify the numerical implementation of the Farassat 1A Formulation,
acoustic predictions were undertaken on a 20 cm chord NACA 0018 airfoil and 40 cm
thickness, at zero angle of attack. Unsteady aerodynamic data were obtained from wind
tunnel experiments developed at Delft University of Technology, at a sampling frequency
of 30,069 Hz and a time-span of 0.2 s [43]. The wing was meshed with 33,280 quadrilateral
panels, resulting in the acoustic pressure signal from Figure 6 at an observer located 2 m
above the trailing edge of the central wing section.

The frequency analysis in 1/3 octave bands from Figure 7 proves the overall agreement
with the acoustic prediction from TU Delft’s Farassat 1A implementation, for the very same
test-case. The frequency range from 102 to 103 Hz shows very good agreement between
both of the implementations’ sound pressure levels. Regarding the lower and higher
frequency ranges, sound pressure levels are slightly overestimated with respect to TU
Delft’s prediction.
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Figure 6. Close–up of computed acoustic pressure of the NACA 0018 wing.
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Figure 7. Comparison of 1/3 octave bands between Farassat 1A noise prediction codes from IST and
TU Delft of the NACA 0018 wing.

4. Results

This section presents the results concerning the NLR 7301 aerodynamic shape design
optimisation (Section 4.1), and the subsequent airframe noise prediction computation
(Section 4.2).

4.1. Aerodynamic Shape Design Optimisation
4.1.1. NLR 7301 Baseline Airfoil

The shape design optimisation of the NLR 7301 baseline airfoil is undertaken in order
to generate a morphing airfoil that reaches, or even surpasses, the aerodynamic performance
of the flapped configuration in terms of maximum lift, whilst avoiding the drag being
significantly penalised. As a result, the morphing airfoil will be capable of operating at
take-off and landing performance, which requires a substantial increase in lift. The previous
step in the NLR 7301 shape design optimisation is to obtain its aerodynamic capabilities at
the same angle of attack and flow conditions as the conventional configuration, exhibited
in Table 2, for ISA Sea Level conditions.

Table 2. Angle of attack and inflow conditions for the NLR 7301 airfoil flow computation.

Parameter Value

Angle of attack, α 10.1◦

Mach, M 0.185
Reynolds, Re 4.28× 106

The subsequent results are used to establish a reference in terms of initial aerodynamic
coefficients before the shape optimisation. In addition, the computational set-up and the
computed flow are utilised as the starting solution for the optimisation design loop.



Aerospace 2022, 9, 43 13 of 29

The flow is computed using the previously validated symbiosis between the compress-
ible RANS equations and the Spalart–Allmaras turbulence model, in a steady simulation.
The new physical domain is meshed through a design loop that is subjected to the same
quality requirements as the conventional high-lift configuration from Section 3.1. Conse-
quently, and proceeding analogously, the domain has been meshed using a C-grid typology
composed of quadrilateral elements with a total of 84.650× 103 nodes, depicted in Figure 8.
The NLR 7301 surface has been discretised by 351 nodes. The domain’s boundaries are
located 14 chord lengths downstream and 10 chord lengths upstream, in the upwards and
downwards directions. A wall grid spacing of 1× 10−6c ensures sufficient grid resolution
to fulfil the Spalart–Allmaras condition (y+ < 1).

Figure 8. Mesh around the NLR 7301 baseline airfoil.

Again, the convergence criteria are set to a density residual reduction of four orders
of magnitude, which has been achieved by a total of 13× 103 iterations and a Courant–
Friedrichs–Levy number of CFL = 2, as depicted in Figure 9. The resulting surface pressure
distribution from Figure 10 clearly illustrates the difference in aerodynamics between a
single element and a multi-element configuration, if compared to the surface pressure
distribution from the NLR 7301 plus trailing-edge flap (Figure 5). If one focuses on each of
the main elements’ upper surfaces, it can easily be seen how the leading-edge pressures
from the multi-element configuration are greatly increased as a result of the flap’s gap
influence in comparison with the single-element’s, achieving their peaks close to Cp u −10
and Cp u −5, respectively. Smith [44] identified this effect as the circulation effect: the
downstream element causes the trailing edge of the adjacent upstream element to be in a
region of high velocity that causes a flow inclination on its rear, which effectively increases
its angle of attack. Such an effect induces considerably greater circulation on the forward
element, and hence greater lift.

The resulting aerodynamic capabilities in terms of lift, drag, and moment coefficients
are summarised in Table 3, where the subscript b refers to the baseline airfoil.

Table 3. Aerodynamic coefficients of the NLR 7301 airfoil at α = 10.1◦.

Cl|b Cd|b Cm|b
1.149 0.0216 0.032
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Figure 9. Residuals and aerodynamic coefficients versus iteration number of the NLR 7301 airfoil for
M∞ = 0.185 and α = 10.1◦.
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Figure 10. Numerical surface pressure distribution at α = 10.1◦ and M∞ = 0.185 of the NLR
7301 airfoil.

At this point, the main objective of the shape design optimisation of the NLR 7301
baseline airfoil arises by itself. Considering the lift coefficient of the conventional high-lift
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configuration from Section 3.1 (Cl = 2.875), the outcome of the optimisation design loop
(Cl |opt = Cl) will be achieving or surpassing a positive lift increment of

∆Cl(%) =
Cl |opt − Cl |b

Cl |b
× 100

=
2.875− 1.149

1.149
× 100 = 150.2%

(12)

with respect to its initial value, thus demanding a considerable aerodynamic lift enhancement.

4.1.2. NLR 7301 Shape Design Optimisation

This objective, however, is not allowed to be reached at any cost since realistic designs
are sought, thereby suggesting the need to introduce several geometrical constraints to
induce controlled geometry deformations. This way, the resulting optimised morphing
airfoil will be as close as possible to a structurally feasible design from a short-term future
point of view.

In order to address the structural limitations that ought to be imposed in the sub-
sequent designs, one must consider the structural layout of commercial jets along their
wingspan, essentially composed of a wing-box structure, ribs, and secondary structures
such as the mechanisms to actuate the control surfaces and the high-lift devices, all housed
by the wing skin. Nowadays, the wing box represents the main structural element and
has been, over time, carefully designed, with significant design changes. Considering the
sensitivity of this matter, it becomes a necessity to define a virtual wing box that must not
be subjected to severe deformations during the shape optimisation procedure.

This prevents the present work from exploring the design space to the full extent
where unconstrained designs might, eventually, reach the targeted lift coefficient (Cl |opt)
parallel to more competitive lift-to-drag ratios. On the contrary, these designs might also
imply unreachable geometries from a structural point of view, thus not fulfilling the present
work’s design requirements.

As introduced in Section 2.3, FFD is the preferred parametrisation method to be
used, allowing us to define an FFD box with a set of 22 design variables, as illustrated
in Figure 11. It has been found that for the present work’s cases, increasing the number
of design variables adds complexity to achieving controllable and smooth deformations,
as well as increasing the computational time cost. A wing box defined within 20% and
60% of the chord is chosen for this work to test the morphing capabilities. Chordwise
wing-box positions are usually defined during the structural design process of a three-
dimensional wing and typical values are within 12% and 71% [45–47]. It is at this point
where the potential of FFD arises, where a virtual wing box is built by freezing the design
variables that are red-coloured, leaving the rest (blue-coloured) in charge of the shape
design optimisation.

-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

x/c

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

y
/c

FFD Design Variables with Mobility
Frozen Design Variables - Wing Box

Figure 11. FFD box design variables with virtual wing box and deformable leading and trailing edges.
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Nevertheless, and in spite of the opposite nature of fixed and non-fixed design vari-
ables, the FFD formulation is built to ensure smooth surface continuity between their
domains; thus, design irregularities are avoided. A last remark on how the FFD box is built
addresses the margins between its boundaries and the NLR 7301 baseline airfoil, which are
narrowed so that the differential between each of the control points’ (or design variables)
locations and the airfoil nodes is minimised, and consequently the relative coordination
is increased.

Observing the non-fixed design variables from Figure 11, it is clear that the airfoil’s
leading and trailing edges have the responsibility of pursuing the positive increment of lift
via proper geometry deformations. In conventional three-element high-lift configurations,
this is achieved by deflecting leading-edge slats and trailing-edge flaps, which directly
contribute to increasing the wing’s chord (and sectional area) and camber.

Due to the direct proportionality between the sectional area and lift, adding slats
and flaps to the main element results in a positive increment of lift. At the same time,
an increase in camber will inherently result in augmenting the surface pressure difference
between the suction and pressure sides of all elements, also leading to an increase in lift.
The deflection of trailing-edge flaps causes the Cl − α curve to move upwards and towards
the left as the deflection increases, which is translated into a higher maximum lift coefficient
(Cl,max), as well as higher Cl values for the same angle of attack. Regarding the deflection
of leading-edge slats, their effect upon the Cl − α curve is materialised by increasing Cl,max
and the operational angles of attack by delaying stall, for an unchanged slope of the curve.
Knowing this, it may seem obvious to address these lift-increasing, stall-retardant features
by proper deformations of the design variables. However, morphing an airfoil alone may
imply that these aerodynamic benefits are not fully obtained, essentially due to the lack of
carefully designed slat and flap lifting surfaces, as well as the lack of the slots between the
elements. Consequently, it becomes imperative for the present work to understand Smith’s
conclusions [44] on the aerodynamic influence between the elements of a three-element
configuration, in order to give some reasoning on which aerodynamic divergences to expect
between the ultimate morphed airfoil and a multi-element configuration. The first one
is the slat effect, in which the pressure peak of the downstream element is considerably
reduced by the action of the circulation on the upstream element, consequently reducing the
adverse gradients and allowing the boundary layer to much better negotiate the modified
pressure distribution. In turn, the second effect (previously observed in Section 4.1.1),
the circulation effect, defines the lift increase of the upstream element not by a higher angle
of attack, but by a greater circulation induced by the downstream element. The trailing
edge of the first is at a region of high velocity that effectively increases its angle of attack.
As a result, more favourable pressure distributions are obtained, leading to an increase in
lift and, if compared to the very same airfoil attempting to provide the same lift, with a
lower nose pressure peak—again, alleviating the pressure gradients on the boundary
layer for a more competitive performance. It is precisely this high-velocity region that
provides a stall-retardant effect, called the dumping effect. Here, the boundary layer of the
upstream element discharges into a flow with a higher velocity than the free-stream velocity,
partially relieving it from the pressure rise imposed as it travels along the surface. As a
consequence, separation problems are delayed, and higher lifts are permitted. In addition,
as the boundary layer from upstream elements is dumped at velocities higher than the free-
stream, the final deceleration of the wake to free-stream occurs out of contact with a wall,
the so-called off-the-surface pressure recovery. In other words, the pressure rise at the wake of
upstream elements is diminished, hence transporting the greatest pressure recovery to free-
stream conditions towards the trailing edge of the whole set, and out of the domains of the
elements’ surfaces, helping to avoid early separation on the surface. This is a more efficient
way than a deceleration in contact with a wall due to the off-the-surface deceleration being
able to endure pressure rises in much shorter distances, compared to boundary layers.
Lastly, it must be noted that properly designed multi-element airfoils develop their own
boundary layer without any merging between adjacent elements, the fresh-boundary-layer
effect, also being the present work’s case. This works as a safety measure against separation,
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as breaking up the surface into several elements favours the development of thin boundary
layers, which can withstand greater pressure gradients than thicker ones.

It may seem reasonable to categorise these lift-empowering, stall-retardant effects
as boundary layer control effects. In a way, this is precisely what the aerodynamics of a
multi-element airfoil provide thanks to the gaps, which widen the aircraft’s operational
range and lead its performance to be feasible at higher angles of attack without boundary
layer separation.

This gives the present work a crucial hint of what is to be expected from a morphed
single element. If a substantial lift increase is to be achieved by means of the non-fixed
design variables (refer to Figure 11), there exists no other way than a slat and flap-like
deformation, aiming to increase the curvature as well as the chord and sectional area.
However, the lack of slots and the aforementioned favourable aerodynamics will, most
certainly, have a negative impact concerning stall. In this case, the absence of any external
aid will force the boundary layer to develop under harsher conditions, whilst still having
to fulfil our challenging demands.

Conclusively, considering the high probability of a partially separated region, it will be
this work’s duty to minimise its impact on the ultimate morphed airfoil’s lift-to-drag ratio.

4.1.3. Optimisation Geometrical Constraints

Near-future structural feasibility will not only be achieved by the imposition of a
virtual wing box but also by geometrical constraints, which will orchestrate the behaviour
of the design variables through the entire shape design optimisation of the NLR 7301
baseline airfoil. The user’s direct influence upon the design path (or line of search) increases
its accuracy towards the desired outcome.

One of the most delicate features to have under control during the whole process is
the airfoil’s minimum thickness (tmin|opt), which is set to be greater than 5% of the baseline
airfoil’s maximum thickness (tmax|b ):

tmin|opt ≥ 0.05× tmax|b (13)

due to manufacturability reasons. This is directly related to the chord increase that the
baseline airfoil will be forced to undertake via a chord constraint. If only surface stretching
was imposed, the probability of large areas below the minimum manufacturable thickness
would become substantial, especially at the trailing edge, where thickness is already of
low values. As a consequence, high aerodynamic loads over these thin areas could lead
to a structural failure. In addition, an area constraint is implemented to help support this
concept, with which the sectional area will also be forced to increase in order to avoid
excessively large thin areas. All these constraints together are intended to emulate the
geometrical implications of deflecting conventional slats and flaps.

In order for these concepts to be materialised as constraints, the following crude
approach was used: in the conventional high-lift configuration, the flap represents 32% of
the NLR 7301’s chord, and an added sectional area of 30%. Analogously to the morphed
airfoil, the present work will limit its chord’s positive increment to a maximum value of
32%, while its sectional area will be forced to increase at least half of the flap’s area:

c|opt ≤ c|b + 0.32× c|b (14)

A|opt ≥ A|b + 0.5× (0.3× A|b) (15)

The intentions behind these constraints become now visible. The sectional area is
given more freedom to explore the design space compared to the chord, as no upper
limitations are set. The expected consequence is a thickness compensation during the
surface stretching caused by the chord increase. Again, despite the fact that these are
only rough approximations, they allow us to predefine the outer layer of the shape design
optimisation’s DNA—the governing global behaviour of the deformations.
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4.1.4. NLR 7301 Morphing Design

The present work’s target lies amongst the infinite solutions within. If the line of search
is to be fully and accurately parametrised, the core (or inner layer) of the deformations’
behaviour must be set and this implies coding the non-fixed design variables.

Each of the design variables depends upon its own associated bi-dimensional vector
of scale factors SFi = (xmov, ymov) in the horizontal and vertical directions, respectively.
Their value acts directly upon the amplitude and direction of the surface deformation to be
applied at each optimisation step, where a higher absolute value of a scale factor comes
with greater achievable deformations.

The definitive set of scale factors was obtained as a result of the reasoning presented
in Section 4.1.2, where the line of search of the shape optimisation was to be set so as
to emulate a slat (−xmov,−ymov) and flap-like (xmov,−ymov) deployment for curvature
increase, ultimately having defined them for each design variable, as presented in Table 4,
where Iind = [0, 10] corresponds to their indexed position along the x axis, from leading to
trailing edge, while Jind = [0, 1] along the y axis or, in other words, corresponding to the
suction and pressure sides, respectively.

Table 4. Scale factors at each of the non-fixed FFD design variables for the NLR7301 SDO.

Design Variable: (Iind, Jind) xmov ymov

(0,0) −1.0 −1.0
(0,1) −1.0 −1.0

(1,0) −1.0 −1.0
(1,1) −1.0 −1.0

(7,0) 0.6 −0.75
(7,1) 0.6 −0.75

(8,0) 0.5 −0.75
(8,1) 0.5 −0.75

(9,0) 0.4 −0.6
(9,1) 0.4 −0.6

(10,0) 0.225 −0.375
(10,1) 0.225 −0.375

The partition between leading and trailing edge becomes clearly noticeable with the
gap spanning from Iind = [2, 6], which corresponds to the virtual wing box. The leading
edge has been given a higher absolute value of scale factors for both directions if compared
to the trailing edge, which is translated into more freedom of movement. The reason is a
higher concentration of area in the leading edge that can be exploited, and hence a lower
probability of minimum thickness constraint violation or large low-thickness areas due
to surface stretching. In line with this reasoning, the trailing edge design variables have
gradually been given a decreasing scale factor amplitude as they approach the airfoil’s low-
thickness trailing edge, thus implementing a more restrictive local movement if compared
to the leading edge.

The definition of the geometrical constraints plus the design variables ( ~Dv) sets the
foundations that lead to this work’s targeted designs. Thus, together with the lift coefficient
Cl being set as the objective function to be maximised, the mathematical definition of the
SDO can now be displayed:

maximise Cl

withrespectto ~Dv

subjectto tmin|opt ≥ 0.05× tmax|b
c|opt ≤ c|b + 0.32× c|b
A|opt ≥ A|b + 0.5× (0.3× A|b)

(16)
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As previously introduced, the starting solution for the shape design optimisation is the
NLR7301 steady RANS case from Section 4.1.1. The same computational approach has been
used for the intermediate stages during the optimisation process, a coupling between the
compressible RANS and Spalart–Allmaras turbulence model in a steady-state simulation.
The morphing evolution from the baseline airfoil up to the definitive morphing airfoil is
depicted in Figure 12.

Figure 12. SDO NLR7301 morphing stages.

A comparison between the geometrical parameters from the baseline airfoil NLR7301
and the definitive morphing airfoil is shown in Table 5.

Table 5. Dimensionless chord and area from NLR7301 and definitive morphed airfoils.

Parameter Baseline Optimised

Chord c|b = 0.9443 c|opt = 1.2528
Area A|b = 0.1083 A|opt = 0.1342

The relative chord and area increase of the morphed airfoil are ∆c(%) = 32.6 and
∆A(%) = 23.92, meaning that the geometrical constraints as well as the targeted morphing
behaviour have been respected: a comparable overall chord increase to 32% from the flap
deployment, and an area increase that has surpassed the 15% set as the minimum in the
geometrical constraints.

From a general point of view, smooth deflections have been achieved towards the
desired directions thanks to the scale factors’ amplitudes and their sign convention, fairly
emulating the deflection of a slat and flap devices for curvature increase. Concerning the
leading edge, applying less restrictive scale factors has not led to problematic low-thickness
areas, while the trailing edge, even subjected to a more restrictive margin of movement
and not having surpassed the minimum thickness constraint, will certainly be the most
challenging one from a structural point of view due to a larger low-thickness area, as it will
have to withstand the aerodynamic loads without a structural collapse.

Regarding the aerodynamics, Figure 13 alongside Table 6 show how the lift and drag
coefficients have evolved during the shape design optimisation from start to end and at the
different intermediate stages of the process. The values shown are the last values of each of
the iterative processes for every design, the convergence criteria of which correspond to a
logarithmic reduction in the density equation residual of four orders of magnitude.

On the other hand, considering that unsteady features were highly likely to arise
and not properly captured by a steady formulation, a maximum of 20× 103 iterations per
design was set in case the convergence criteria were not fulfilled.

The trend in the lift curve shows the desired behaviour, boosting its climb rate from
the second design up to a maximum value of Cl|opt = 2.854, which is considered valid for
comparison with the conventional high-lift configuration and its numerically obtained Cl
value (Cl = 2.875). This substantial lift increase is accompanied by a similar trend in the
drag curve, which starts increasing its rate of climb from the third to the fourth stage of the
SDO, achieving a maximum value of Cd|opt = 0.1209, a dramatic increase if compared to
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the NLR7301 baseline airfoil, and an indicator of an undesired unsteady feature due to the
high curvature of the last designs. Both aerodynamic coefficients are plotted in Figure 14.
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Figure 13. Evolution of Cl and Cd coefficients during the NLR7301 SDO for M∞ = 0.185 and
α = 10.1◦.
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Figure 14. Steady RANS solution of the aerodynamic coefficients from the definitive morphed airfoil
for M∞ = 0.185 and α = 10.1◦.
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Table 6. Aerodynamic coefficients during the SDO.

Iteration Cl Cd

1 1.149 0.0216
2 1.284 0.0236
3 1.789 0.0387
4 2.354 0.0738
5 2.854 0.1209

Clear oscillations on both coefficients are observed, meaning that the morphed airfoil
hides unsteady features that cannot be described by the steady formulation or to make the
solution converge: the mean value from each of the oscillating aerodynamic coefficients is
Cl = 2.85 and Cd = 0.14 for the lift and drag, respectively. For this reason, the natural step
that followed these results was to address the unsteadiness via an unsteady simulation to
properly describe it. As previously introduced, a dual-time stepping strategy was used.
The sampling frequency was set at fs = 1000 Hz, equivalent to implementing a time-step
of ∆t = 1 ms. The solution reached a stable behaviour after a time-span of t = 0.7 s and
outputted slightly different mean lift and drag coefficients, displayed in Table 7.

Table 7. Morphed airfoil mean lift and drag coefficients from the unsteady simulation.

Coefficient Value

Lift coefficient, Cl |opt 2.827
Drag coefficient Cd|opt 0.155

The unsteady simulation revealed an almost unchanged lift coefficient and a more
penalising drag coefficient. Figure 15 shows a colour map of the Mach distribution
around the morphed airfoil, as well as the instantaneous flow streamline pattern at the
last time-step.

Figure 15. Flow visualisation on the definitive morphed airfoil for M∞ = 0.185 and α = 10.1◦.

The unsteady RANS and Spalart–Allmaras turbulence model coupling predicts the
presence of a pair of oscillating mean separation bubbles at the morphed airfoil’s trailing
edge. Hence, it becomes now evident that this unsteady feature is the cause of a dramatic
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drag increase. The hypothesis from Section 4.1.2, where a locally stalled feature on this area
was predicted, materialises. It is imperative to mention that no vortex shedding occurs
and the pair of recirculating mean bubbles remain oscillating but always on the trailing
edge. This behaviour might show the limitations of the Spalart–Allmaras turbulence model
against large unsteady features such as these.

4.2. Aeroacoustic Prediction

The far-field aeroacoustic contribution was focused on the comparison of the main
configurations of the present work: the baseline NLR7301 airfoil plus a trailing-edge flap,
and the resulting morphed airfoil from the shape design optimisation. In this work, far-field
aeroacoustic noise predictions have been obtained from surface pressure data provided
by dual-time-stepping unsteady simulations along a certain time-span. In order to be
consistent along the development of the work, a time-step of ∆t = 1 ms was again set for
the conventional flapped configuration, following the set-up for the unsteady simulation of
the morphed airfoil from the previous section. The surface data sampling has been carried
out for a time-span of t = 0.2 s.

As the acoustic framework was originally built for three-dimensional computations,
both configurations have been provided of thickness and hence converted into 8 cm span
wings. Considering the limitations of the acoustic framework, a maximum of 89 panels
have been used to discretise the wing along its span direction, the z axis. With respect
to the aerodynamic data and analogously to the geometrical extrusion to gain thickness,
the surface pressure data have been replicated in the z direction by means of the 89
airfoils used to discretise the wing. Consequently, the far-field noise predictions describe
aeroacoustic noise sources of a bi-dimensional nature. Lastly, the far-field noise predictions
have been calculated at several observer locations, acting as an array of microphones
around each of the configurations and forming a circle in the xy plane with a radius of
R = 2 m, spaced every ∆(◦) = 10◦.

Regarding the conventional flapped configuration, the noise contributions of the two
elements have been computed separately to be summed afterwards. In all the acoustic
data generated, one can observe the higher amplitude of the loading noise, or dipole
sources, with respect to the thickness noise, meaning that the aerodynamic loads have a
greater contribution to overall noise than the purely geometrical, monopole sources. This
statement can be particularly visualised through the Sound Pressure Levels (SPL) expressed
in third-octave bands for these two noise sources in Figures 16 and 17, where the loading
noise’s Sound Pressure Levels (SPL) are substantially greater than the thickness noise’s,
by 25 dB in the case of the dominant frequency f = 1000 Hz.

The total noise computation allows a comparison among the overall noise contribu-
tions from each configuration. Hence, the corresponding SPL values expressed in one-third
octave bands for the NLR7301 and its trailing-edge flap are depicted in Figures 18 and 19,
respectively, both having a very similar pyramidal trend to the SPL plots from the NACA 0012
shown by Brooks [37] at very similar velocities.

In contrast, the morphed airfoil SPL one-third octave bands slightly differ from the
flapped configuration, where a contribution at low frequencies around f = 50 Hz arises,
reaching a maximum value slightly above 40 dB, depicted in Figure 20. A study of the
flow features and self-noise of airfoils near stall or in stall [48] showed exactly the same
phenomenon on experimental far-field data on a NACA 0012 at α = 10.8◦, in which deep
stall effects such as vortex shedding were found to have an influence on the low frequency
range, presenting peaks in the frequency spectrum up to 50 dB, which are the signature
of stall conditions, also appearing in other experimental works, such as [49]. This result
suggests that the unsteady fluctuations on the trailing edge are at least partially captured
and transmitted to the observer’s location.
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Figure 16. NLR7301 loading noise one-third octave bands at azimuthal position of 90◦.
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Figure 17. NLR7301 thickness noise one-third octave bands at azimuthal position of 90◦.
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Figure 18. NLR7301 total noise one-third octave bands at azimuthal angle of 90◦.
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Figure 19. Trailing-edge flap total noise one-third octave bands at azimuthal angle of 90◦.
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Figure 20. Morphed airfoil total noise one-third octave bands at azimuthal angle of 90◦.

A very important matter must be addressed when computing the Overall Sound
Pressure Levels (OASPL) at the different azimuthal locations around the morphing airfoil.
As the acoustic framework of the present work computes the total noise emitted only by
surface pressure fluctuations, the noise emitted by, for example, vortex shedding features
from stall conditions is not accounted for, and this must be taken into account in the OASPL
values. Regarding the noise estimation of an airfoil at a deep stall, works such as [50]
have quantified an increase in Sound Pressure Levels up to 10 dB in such circumstances.
Nevertheless, the morphing airfoil is not under deep stall conditions and such increments
might not be achieved.

Even though some trailing-edge unsteadiness might have been captured, in order
to provide a more conservative approach to the matter, a hypothetical overall increase of
10 dB for all OASPL values is also displayed in Figure 21, alongside the calculated ones for
the conventional configuration, and the “clean” OASPL prediction for the morphed airfoil.
The smoothness of the OASPL spatial distribution shows compactness, meaning that the
time-step used for the simulations is adequate to properly represent the OASPL directivity.

Regarding the calculated OASPL for the morphed airfoil, remarkable improvements
(positive values in Figure 22) are achieved at all observer locations up to ≈22% with respect
to the conventional high-lift configuration. On the other hand, if the conservative increase
of 10 dB on the morphed OASPL values is applied, local noise penalisation arises in some
observer locations, as seen in Figure 23, where the maximum penalisation barely reaches 2%
with respect to the high-lift configuration, in contrast with the 12% maximum improvement.
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Figure 21. OASPL comparison for the NLR7301 plus trailing-edge flap and morphed airfoil.

Figure 22. OASPL comparative results between flapped and morphed airfoils, for a set of micro-
phones spaced 10◦ from each other.
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Figure 23. OASPL comparative results between flapped and conservative morphed airfoils, for a set
of microphones spaced 10◦ from each other.

5. Conclusions

The objectives of this work were to develop a methodology to perform a shape design
optimisation of the NLR7301 two-dimensional airfoil section by means of the morphing
concept, in order to achieve equivalent lifting capabilities to a high-lift configuration at take-
off and landing performance, composed of the NLR7301 baseline airfoil and a trailing-edge
flap, to later obtain and compare each of the configurations’ far-field noise contributions.

Validation test-cases have proven both CFD and aeroacoustic computational set-ups,
mainly the RANS equations accompanied by the Spalart–Allmaras turbulence model
in both steady and unsteady simulations, and the Farassat 1A formulation for far-field
noise prediction.

The definitive morphed airfoil has proven to be advantageous in terms of noise
emissions for a comparable lift to that of the flapped configuration for the present work’s
computational set-up, up to a 22% relative noise reduction, even for a conservative case of
an overall noise increase of 10 dB due to stall, where the maximum local noise increase
does not surpass 2% with respect to the conventional configuration, in contrast with
a maximum relative decrease of 12%. Nevertheless, these achievements come with a
significant penalisation regarding the drag coefficient due to the presence of a set of two
mean recirculation bubbles on its trailing edge.
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