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Abstract
A three-dimensional-membrane-type wing is investigated applying
fluid-structure-interaction computations and complementary experiments. An analysis
for three Reynolds numbers is conducted at various angles of attack. The computations
are performed by means of the TAU-Code and the FEM Carat++ solver. Wind-tunnel
tests are carried out for performance analysis and to estimate the accuracy of the
computations. In the results, the advantages of an elasto-flexible-lifting-surface
concept are highlighted by comparing the formvariable surface to its rigid counterpart.
The flexibility of the material and its adaptivity to the freestream allow the membrane
to adjust its shape to the pressure distribution. For positive angles of attack, the airfoil’s
camber increases resulting in an increase in the wing lifting capacity. Furthermore, the
stall onset is postponed to higher angles of attack and the abrupt decrease in the lift is
replaced by a gradual loss of it.
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1 Introduction
Shape adaptivity during flight can offer great potential in different domains of the aerody-
namics of an aircraft [1–4]. In recent years, adaptivity has been under the scope of various
research studies behind the wordmorphing. Morphing aircraft are able to transform their
configuration by using shape-adaptive systems: They can refer to a change in the outer
shape or in the inner structure, but it can also involve a change in the noise and the elec-
tromagnetic signature. The main purpose of such a system is to increase flight efficiency
and expand flight envelopes; i.e., a single aircraft can be used for various types of missions.

1.1 Morphing aircraft systems

There has been a growing trend toward morphing systems in the aerodynamics of air-
craft over the last decade. Various examples could be enumerated to show the advantages
of such systems. With regards to aircraft, one instance is a variable wing-sweep system
used in the NextGen MFX-1 [5]. The aircraft is designed with a wing using an innova-
tive flexible skin, allowing the wing to smoothly change its shape. The wing area and
the sweep angle are interdependent. The dependency between the wing area, the wing
span, the wing chord and the wing sweep permits to combine an efficient loiter config-
uration with a high-speed dash configuration by morphing the wing from a high- to a
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low-aspect ratio. Another instance is a variable camber wing system realized with a mod-
ification of the thickness. The flexibility and adaptivity of an anisotropic material such
as a membrane could be exploited to change the thickness of an airfoil. The shape of the
wing adapts to both the freestream velocity (dynamic pressure) and the angle of attack,
and depends on the pretension of the membrane. A deformation of the membrane varies
the thickness and, thus, varies the aerodynamic properties. Research on membrane wings
is quite common with respect to MAVs [6–9] but also with regards to aircraft [10, 11].
Aerodynamic force measurements indicate that a flexible-membrane system renders bet-
ter aerodynamic performances compared to a rigid wing [6]. The flexibility resulted in a
natural adaptation of the shape to the flow through a softer stabilization of the pressure
difference between the upper and the lower side of the wing. Consequences of the adap-
tation are an increase in the lift coefficient, while the onset of stall is shifted to higher
angles of attack [6].

1.2 Wind turbine adaptive means

Flexibility offers advantages with regards to aircraft but should be exploited to high-
Reynolds-number-operating machines as well. Wind energy technology has been in the
scope of scientific research due to environmental concerns [12]. The wind-turbine size
has been continuously increasing to improve the performance of the system over the past
years. Therefore, new technologies are required to enable the feasibility of bigger rotors
with a special focus on structural issues. Reducing fatigue loads induced from aerody-
namics appears necessary. Many studies are focusing on developing new technologies
also named as ‘smart structure’ or ‘smart rotor control’ enabling reduction loads on a
blade. It can be thought of various concepts already investigated in helicopter systems.
Nevertheless, an increase in weight, in complexity or inmoving parts should be restrained
as the maintenance still needs to be limited. Furthermore, it is more interesting to control
the loads on the blade roots, which naturally implies to use small devices near the tip blade
because of the lever arm. Flaps or microtabs seem promising to be located at the tip blade
[13–16]. They could be used as discrete devices or as continuous deformable trailing edge.
Both systems alter the pressure distribution on the blade and offer an enhancement or a
mitigation in lift, which directly affect the aerodynamic load on the blade. The paper at
hand focuses on a variable-camber wing made with an elasto-flexible membrane as lifting
surface. Such a concept was already investigated in the aircraft sector and shows a great
potential in tailoring aerodynamic loads. Hence, an extension of this morphing concept
to high-Reynolds-number-operating machines suggests itself. The concept appears as an
interesting solution when it is taken as a part of the blade tip section. Altering the shape
of the blade tip area by means of a membrane section without adding additional weight
may be a powerful concept which needs to be investigated.

1.3 Fluid-structure interaction computations for morphing systems

In spite of the numerous potential advantages of adaptivity on aerodynamic characteris-
tics and efficiency, the capability of morphing systems still needs to be explored. A key
aspect is represented by high-fidelity computations able to accurately predict the behav-
ior of such systems. Fluid-Structure-Interaction (FSI) computations were employed to
investigate the fish-bone-active-camber morphing concept [11]. The FSI computations
used two codes to separately investigate the aerodynamics and the structural mechanics
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of the system. The aerodynamic pressure was found with the XFOIL panel-method code
using a boundary-layer coupling, while the deflections of the trailing edge were com-
puted with an Euler-Bernoulli beam-theory-based analysis. These codes were coupled
and iterated until convergence was achieved for the relevant parameters [11]. A two-level
optimization routine was also investigated for morphing camber airfoil [17]. The XFOIL
code was used for the aerodynamic analysis whereas a Finite Volume Beam elements
method was used for the structural analysis. A genetic algorithms was finally devel-
oped to find the best airfoil change and the best structural configuration to satisfy the
requirements.
Elasto-flexible membrane systems are controlled by a strong reciprocity between the

membrane’s deformation and the pressure distribution. Therefore, FSI computations
are needed as well to analyze the system. The current paper presents a FSI investiga-
tion of an elasto-flexible membrane wing/airfoil. The Reynolds-averaged-Navier-Stokes
(RANS) code TAU from the German Aerospace Center (DLR) [18] and the finite-element
method (FEM) CARAT++ from the Chair of Structural Analysis at Technical University
of Munich (TUM-SA) [19] are employed. Comparison with experimental data allows to
evaluate the validity of the computations, and eventually leads to an assessment of the
passive-camber-change concept.

2 Elasto-flexible membrane wingmodel
2.1 Geometry conception

Acting on the flow at the tip blade should have a more important impact on the loads at
the root because of the lever arm. The configuration investigated in the current study is
a half-type three-dimensional-elasto-flexible-membrane wing. The geometry is tapered
as it can properly represent the advantages of such a concept when it is located at the
blade tip area. It was decided not to use a twist in order to focuse the study only on the
influence of the membrane. The wing is made of two rigid spars, the first one along the
leading-edge (LE) and the second one along the trailing-edge (TE). The lifting surface is
a highly tensioned, anisotropic elastic fabric sewed onto the two spars. The membrane is
coated on the outside of the wing with a rubber layer to ensure air impermeability. The
mechanical properties were determined with uniaxial tensile tests on membrane material
samples. The moduli of elasticity are E1 = 2.1 MPa and E2 = 4 MPa in the warp and
weft directions, respectively. The chord direction aligns to the weft direction to limit the
deformation of the membrane when it is loaded. The lift of the wing increases with an
increase of the camber. However, a too strong increase in camber eventually leads to flow
separation.
The wing geometry is depicted in Fig. 1. The LE spar has been designed in [20, 21]. Its

shape is a double ellipse, which permits a reduction of the suction peak of the resulting
pressure distribution on the wing upper side. The various lengths are also shown. Two
sketches describe the geometry of the airfoils used for the wing: Section A-A represents
the airfoil geometry for the inboard part of the wing and section B-B represents the airfoil
geometry at the outboard part of the wing. The TE spar is a cylinder and was constructed
as adjustable to pre-stress the membrane. The TE can be translated in the chordwise
direction to introduce an initial elongation. In the current study, a pre-strain of 10% of
the chord length is set on the membrane. The initial pre-strain corresponds to an initial
of pre-stress σ0 = 2.1 MPa.
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Fig. 1 Three dimensional elasto-flexible membrane wing model with geometrical characteristics

The impermeability of the configuration is necessary to ensure meaningful results dur-
ing the wind-tunnel tests. Therefore, two rigid blades were included at the root and the tip
of the wing. The blades have the same geometry as the root and the tip airfoil geometry
(Section A-A and B-B of Fig. 1) of the wing and allowed to seal the membrane at them.
The tip wing has been designed with a taper ratio of λ = 0.6, which results in a wing
reference area of S = 0.564 m2 and an aspect ratio of AR = 3.26.

2.2 Experimental configuration

The experimental configuration of the elasto-flexible membrane wing is represented in
Fig. 2. The wing is mounted in the test section of the wind tunnel A of the Chair of Aero-
dynamics and Fluid Mechanics at the Technical University of Munich (TUM-AER). A
peniche, represented in Fig. 1, with the same geometry as the airfoil at the wing root is
placed under the wing to avoid any influences of the boundary layer of the wind-tunnel
test section floor. Both the peniche and the wing are mounted on a circular plate in the
test section, which can be rotated to set the angle of attack α. The wing is directly con-
nected to an aerodynamic balance under the wind-tunnel test section floor to measure
forces and moments. There is no contact between the peniche and the wing, ensuring
that the balance only measures the aerodynamic forces and moments acting on the wing.
In addition to aerodynamic force and moment measurements, photogrammetry tests

were performed to measure the deformation of the membrane. More information about
both techniques are given in the following sections.
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Fig. 2 Elasto-flexible membrane wing model mounted in the test section of wind tunnel A

3 Experimental procedures
3.1 Force measurements

An external six-components strain gauge balance is used to measure the aerodynamic
forces and moments of the wing. The balance is set under the wind-tunnel test section
floor. As the balance is connected to the wing, the extension of the strain gauge resulting
from the aerodynamic loading renders the forces on it.
Force measurements are performed at several α for various freestream dynamic pres-

sures q∞. Table 1 gives an overview of the tests carried out in the wind tunnel with the
associated conditions. As mentioned in Section 2, a circular plate allows to set α. The bal-
ance turns with the model, providing forces and moments in the wing-fixed coordinate
system. Therefore, a rotation of α is mandatory to obtain the forces in the wind-tunnel
coordinate system. Figure 3 illustrates the rotation transformation. The force measure-
ments are recorded using a sampling frequency of 1 Hz averaged on a sampling time of
20 s. A repetition of the tests shows a maximum deviation in lift of �CL = ±0.04 and in
drag of �CD = ±0.004.

3.2 Membrane deformation measurements

A stereo-photogrammetry technique is applied to measure the deflection of the wing.
As the LE and TE are made of steel, an approximation of the deflection of the two
spars was found to be less than 1% of the maximal membrane deformation. Conse-
quently, the stereo-photogrammetry technique was employed to measure the membrane
deformation. The procedure exploits the direct linear transformation (DLT) method to
reconstruct the coordinates of specific pre-selected points. The points are marked with

Table 1 Summary of the different tests and measurement techniques

Flow condition Force measurements Deformation measurements

Re 4.35 x 105, 6.67 x 105, 8.70 x 105 4.35 x 105, 6.67 x 105, 8.70 x 105

q∞ 140 Pa, 310 Pa, 520 Pa 140 Pa, 310 Pa, 520 Pa

α [-5 : 2 : 30] deg -5 deg, 0 deg, 5 deg, 15 deg
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Fig. 3 Sketch explaining the rotation transformation for the force measurements

white reflectors. The points are set on the membrane and the measurements permit to
reconstruct their coordinates. The basis of this method is illustrated in Fig. 4. One photo is
taken by each of the two cameras placed at an angle of around 45 deg to one another. From
the two photos, the equations of the DLT approach reconstruct the three dimensional
coordinates of the reflectors.
A calibration is necessary to determine the unknown variables of the DLT method. A

plane with a matrix of points, the distances of which are uniform and known, is used to
calibrate the system. The plane is moved in the z-direction to calibrate a volume given
by [Xmin Xmax, Ymin Ymax, Zmin Zmax] as defined by the user. During the experiments,
four cameras are used simultaneously to record both the upper and lower surface of the
wing. The cameras have a resolution of 1600 x 1200 pixels, which in conjunction with the
image optics and the distance to the model makes the area of the measured x-y plane 208
x 156 mm2. One shot was not enough to record the whole wing in its length. Therefore, a
translation in the y-direction was necessary to measure the deformation on the complete
wing. Afterwards, an interpolation is used to obtain the deformation in all directions.
Reconstruction of the position of the reference points during the calibration indicates an
average accuracy of 0.13 mm per pixel.

3.3 Test conditions

The conducted measurements are summarized in Table 1. Force measurements are car-
ried out for angles of attack from -5 deg to 30 deg for three freestream dynamic pressures,
namely q∞ = 140, 310 and 520 Pa. The membrane’s deformation is measured for the
same q∞ but only at α = −5, 0, 5, 10, and 15 deg.

4 Numerical procedures
The FSI computations are performed using two solvers: on the one hand, the TAU code is
employed to resolve the Navier-Stokes equations and on the other hand, the CARAT++
code is employed to find the membrane deformation.

4.1 CFD and FEM solvers: TAU/CARAT++

4.1.1 CFD solver

The CFD code TAU from the DLR [18] solves the RANS equations governing the flowfield
throughout the FSI computations. TAU can solve the equations either toward steady state
or time-accurately for unsteady problems. A cell-vertex spatial scheme is employed to
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perform the fluid computations and the multigrid method is furthermore exploited to
accelerate solution convergence. A three level W-symmetric multigrid cycle is therefore
selected. The coupling between TAU and the FEM solver is achieved through a Python
code.
The computations are performed with a dual time step method and several physical

time steps, namely 150, 300 and 600μs, are investigated to perform a time step sensi-
tivity study. The URANS computations are based on the Spalart-Allmaras one-equation
turbulence model assuming a fully developed turbulence boundary layer. Finally, the con-
verged state at two angles of attack, namely α = 5 deg and α = 10 deg for q∞ = 520
Pa, are investigated and compared to the experimental data to assess the accuracy of the
computations.

4.1.2 FEM solver

The equations governing the displacement of the membrane are solved with the
CARAT++ code [19]. The dislocation of the structure is calculated in an incremental way
based on the principle of solution advancement by continuation. The procedure starts
with the unloaded structure and converges to an equilibrium solution under a load distri-
bution by advancing the solution step by step. In the current study, a predictor-corrector
method using force control is used to solve the structural problem. In predictor-corrector
methods, iterations are performed to calculate the new equilibrium state.
The membrane deformation is modeled with membrane element. The material is 0.5

mm and has a mass per surface area of 160 g/m2. The ratio between the thickness of
the membrane and the root chord length or the span is found to be smaller than 10−3.
Therefore all stresses in the thickness direction can be assumed to be negligible. Elements
on the LE and the TE are fixed to keep the geometry of the section according to what was
found in the experiments. Furthermore, the wing root, the wing tip and the peniche are
considered as fixed bodies as well to be consistent with the experimental procedure. The
elements on the membrane are allowed to dislocate in all the spatial directions. An initial
pre-stress of σ01 = 2.1 MPa is set for the membrane in the chord direction just as in the
experiments. An additional pre-stress of σ02 = 0.4 MPa is set in the span direction to
avoid possible surface crinkles. Furthermore, the membrane is assumed to be anisotropic
with an elasticity modulus of E = 4 MPa and a Poisson coefficient of ν = 0.2.

Fig. 4 Sketch explaining the two operations during a photogrammetry measurement
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4.1.3 FSI coupling

The open-source coupling tool EMPIRE [22] realizes the coupling of CARAT++ and TAU.
Two clients are involved in the FSI simulations. The fluid client starts by solving the flow
problem and then sends the local forces on the membrane to EMPIRE. Next, EMPIRE
performs the mapping between the CFD and FEM surfaces and transfers the forces to the
structural client. Afterwards, CARAT++ renders the displacement and transfers it back
to EMPIRE. Finally, the fluid client receives the displacement through the mesh mapping.
The coupling iteration ends by applying the displacement to the CFD mesh. Coupling
iterations are repeated until convergence is reached.
The mapping itself is executed by using a modified dual-mortar mapping method for

the force exchange and a nearest-element method for the displacement transfer [22]. On
the one hand, themortar mapping is based on consistency, implying that an invariant field
is exactly mapped from one mesh to the other. It also uses the principle of energy con-
servation: The total energy is conserved as the fields are mapped between the meshes at
the interface. The modified dual mortar method enforces consistency of the mapping by
scaling up the structural shape functions. On the other hand, in the displacement map-
ping with the nearest-element interpolation, each fluid node is projected onto its nearest
element in the structure mesh and the unknown value of the displacement is assigned as
a result of interpolating the projection node inside the element.

4.2 Meshes

Two different meshes are necessary for the computations. One for the URANS compu-
tations and one for the FEM analysis. Each mesh is of a structured type, albeit obtained
with a separate grid generator. The CFD mesh is constructed by means of ICEM CFD
[23], while the structural mesh is constructed with GiD [24].

4.2.1 CFDmesh

The flowfield is globally discretized using a C-topology mesh. An O-topology, however,
is employed to refine the wing’s near field, ensuring a more accurate resolution of the
boundary layer. A detailed overview of the computational domain and the grid is given
in Fig. 5. The mesh is generated with a resolution of y+ < 1 near the wing. The growth
ratio of the cell in the wall-normal layer is lower than 1.2. Finally, a minimum cell angle of
30 deg is achieved to ensure a good quality of the mesh. The computational domain has
a size of 20 x cmax in the freestream direction behind the wing and 12 x cmax in the other
directions. Far-field boundary conditions are prescribed at the inflow; the wind-tunnel
floor as well as the wing and the peniche wall are modelled with a turbulent viscous wall.
A grid-sensitivity study is conducted to ensure the results independency from the spa-

tial discretization. Three distinct resolutions are investigated; their characteristics are
summarized in Table 2. The grid sensitivity is performed for two angles of attack, namely
α = 5 deg and α = 10 deg. The results are summarized in Table 3 where CL and CD
are described. The coefficients are fluctuating for the coarse mesh whereas they achieved
a constant value for the two finer resolutions. The deviation of CL between the medium
and the fine CFD mesh (the values for the medium mesh are used as references) is equal
to 0.2% at α = 5 deg and to 0.1% at α = 10 deg, and the deviation of CD is equal to
1.6% at α = 10 deg. As a compromise with respect to computational effort and accuracy
enhancement, the medium resolution is chosen for the FSI computations.
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Fig. 5 CFD and FEM Meshes. a CFD mesh domain. b CFD mesh around the wing. c Detailed view of the CFD
mesh near the wing. d FEM Mesh

A time-step sensitivity study is performed as well. The preliminary physical time step
is equal to δt = 300μs. The time step analysis is performed by studying the response
of the computations for the half and the double of δt = 300μs. The results show that
for δt = 300μs and δt = 600μs, CL and CD are the same. However, for δt = 150μs,
undesired unsteady phenomena occur. Consequently, the time step of δt = 600μs is
chosen for the following computations.

4.2.2 FEMmesh

The FEM mesh is generated with GiD [24]. It is an adaptive pre- and post-processor
for numerical computations developed at the International Centre for Numerical Meth-
ods in Engineering (CIMNE). The structured mesh with quadrilateral elements is shown
in Fig. 5. Analogously to the CFD mesh, a refinement study is performed to ensure the
results independency of the spatial discretization. The study is performed by applying a
pressure load to the membrane of the same order of magnitude as the expected pressure
loads in the FSI computations. Four different meshes were investigated. Between two res-
olutions, 10 nodes are added in each line of the chord direction. As the error between
the resolutions does not exceed 0.1%, the selected mesh is the one with 4100 nodes (20

Table 2 Characteristics of the different resolutions of the grids

Characteristics Coarse Medium Fine

Total numbers of nodes 4.6 Million 8.9 Million 12.3 Million

Normal layer nodes 54 elements 65 elements 90 elements

Circumferential layer nodes 244 elements 244 elements 244 elements
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Table 3 Comparison of the lift and drag coefficients between the different spatial resolutions at
α = 5 deg and α = 10 deg

- Coarse Medium Fine

CL at α = 5 deg 0.519 ±0.027 0.516 0.515

CD at α = 5 deg 0.032 ±0.003 0.029 0.029

CL at α = 10 deg 0.906 ±0.026 0.898 0.897

CD at α = 10 deg 0.066 ±0.005 0.063 0.062

nodes per line) and presents a relative error of 0.05% in comparison with the finest res-
olution. A finer mesh is generated at the LE and TE to capture the geometry accurately.
Although these areas do not contribute to the structural loading, an accurate representa-
tion of the geometry is necessary to ensure the correct coupling between the CFD mesh
and the FEMmesh.

5 Results and discussion
5.1 Benefits of an elasto-flexible lifting surface

Before presenting the results obtained during this analysis, a brief introduction is given
on the effects of the membrane as lifting surface of a wing. Previous investigations [25,
26] show that the membrane flexibility and adaptivity allow a passive flow control. The
membrane enables a change of the surface contour under a varying dynamic pressure
permitting a change in the airfoil’s camber. When the elasto-flexible geometry is com-
pared to its rigid counterpart, the camber increase leads to higher CL. Furthermore, the
stall region of the wing is modified. Instead of having an abrupt decrease of CL, the lift
slope CLα becomes shallower causing a gradual decrease of CL. Therefore, the onset of
stall is delayed to higher angles of attack and the stall occurs smoothly. In the following,
the results obtained for the three-dimensional model are presented in two sections. On
the one hand, the aerodynamic parameters (CL and CD) and the membrane deflection are
plotted at various dynamic pressures and on the other hand, FSI data are compared to the
experiments values.
Dynamic-Pressure Dependency: Lift, Drag and Lifting Surface Deflection
The following data are obtained for the experimental three-dimensional flexible wing

shown in Fig. 1. The wind-tunnel test data are depicted in Fig. 6, namely CL-α and CL-
CD for three dynamic pressures: q∞ = 140 Pa, q∞ = 310 Pa and q∞ = 520 Pa. In
Fig. 7, the membrane dislocation is depicted along the span. All parameters CL,CD and
the membrane deflection have to be analyzed and compared to understand the features
of the flexible wing concept.
For a low q∞, namely 140 Pa, CL increases linearly with α until it reaches CL−max � 1.3

at α = 15 deg. Then, CL decreases gradually up to α = 15 deg suggesting the progression
of the flow separation to the LE. Fig. 7 illustrates the membrane dislocation. At α = 0 deg
and α = 5 deg, the dislocation of the membrane is quasi-null: The pressure induced on
the membrane at q∞ = 140 Pa is not sufficient against the membrane tension to cause a
dislocation. At α = 10 deg a dislocation of both membrane sides appears at −0.11 m and
−0.74 m of the spanwise but is too small to influence the linearity of CL-α. At α = 15 deg,
the lower surface of the membrane dislocates to the z-axis direction resulting from the
pressure side, whereas the upper surface dislocates lightly to (-z)-axis direction (Fig. 7 at
−0.74m and−0.11m of the spanwise). The latter is caused by the flow separation starting
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at the TE and progressing to the LE inducing a pressure less favorable to the dislocation.
At q∞ = 140 Pa, the wing can be compared to a rigid wing in the linear part and the
aerodynamic characteristics, namely CL-α and CL-CD can be used as reference data for
the following.
CLα shows a pronounced dependency on q∞. For higher q∞, namely 310 Pa and 520

Pa, CLα becomes steeper than for q∞ = 140 Pa in the linear region of the CL-α curve, i.e.,
between α = −5 deg to α = 15 deg. The latest is due to the change of the wing’s camber.
The airfoil-section’s camber increases with q∞ and α compared to the case q∞ = 140
Pa as the pressure distribution on the membrane upper side surface increases with both
parameters. CL reaches higher values at every α for both q∞ = 310 and 520 Pa. The curve
CL-CD shows the same efficiency in the linear region, which indicates that CD increases
with q∞ at a same α as well. Furthermore, in the stall region, i.e., between α = 15 deg to
α = 30 deg,CL is higher for higher q∞, which suggests that the flexibility of themembrane
allows also a higher camber in the stall region.

5.2 Evaluation of the accuracy of the computations

The numerical computations are compared to experimental data for cross-evaluation. In
the following, a comparison at α = 5 deg and α = 10 deg for q∞ = 520 Pa is performed
between FSI computations and wind tunnel tests. On the one hand, CL-α and CD-α are
compared on Fig. 8. On the other hand, the deflection of themembrane is plotted in Fig. 9.
The FSI computations were performed as described in Section 4.1.3. The coupling is

computed till the aerodynamic coefficients converge. The maximal error of CL and CD
between the two latest iterations are equal to 0.35% and 0.4%, respectively. On the one
hand, the FSI computations estimate CL = 0.85 and CD = 0.059 at α = 5 deg, whereas
CL = 0.92 and CD = 0.079 are measured at α = 5 deg in the wind tunnel. A difference
between FSI computations and wind tunnel data is of 7% and 25% for CL and CD, respec-
tively. On the other hand,CL = 1.18 andCD = 0.124 are predicted at α = 10 deg, whereas
the wind tunnel tests measured CL = 1.11 and CD = 0.113 at α = 9 deg and CL = 1.18
and CD = 0.130 at α = 11 deg: the difference between FSI computations and wind tunnel
data are under 6.2% and 9% for CL and CD, respectively.
The FSI computations show a good agreement with the wind-tunnel data. Neverthe-

less, the small differences obtained in CL and CD at α = 5 deg and α = 10 deg can be

Fig. 6 Evolution of CL-α and CL-CD obtained with the experiments at three q∞ and with CFD computations
at q∞ = 520 Pa



Piquee et al. Advances in Aerodynamics            (2019) 1:20 Page 12 of 16

Fig. 7 Membrane deflection at α = 5, 10 and15 deg and q∞ = 140, 310 and 520 Pa

explained by analyzing the membrane deflection described in Fig. 9. The figure shows the
membrane deflection for three sections in the spanwise direction and compared the FSI
results to the experimental data. At α = 5 deg, the membrane deflection is well estimated
at y/s = 0.16 but a higher disparity is observed at y/s = 0.592 on both surfaces. The
FSI computations underestimates the membrane deflection at y/s = 0.592 explaining the
discrepancy in CL and CD observed in the polar curves of Fig. 8. At y/s = 0.96, small dis-
parities are observed as well. At α = 10 deg, themembrane deflection is well estimated on
the upper-side surface of the membrane at y/s = 0.16 and y/s = 0.592, whereas small dif-
ferences are observed at X = 0.8 on the lower-side surface at y/s = 0.592. Nevertheless, a
good agreement is obtained for the membrane deflection, resulting in a good agreement
in CL and CD.
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6 Conclusion
The flexibility and the adaptivity of a membrane serving as a lifting surface have been ana-
lyzed with fluid-stucture-interaction simulations by means of the TAU code and the FEM
CARAT++ solver. The lift and drag coefficients of the flexible geometry are compared to
the values obtained for the rigid counterpart. The simulations are validated with wind-
tunnel data by comparing the aerodynamic coefficients and the membrane deflection at
various angles of attack. The wind-tunnel data were also performed for three distinct
Reynolds numbers at various angles of attack. The aerodynamic coefficients are ana-
lyzed to draw conclusions about the dependency of the flexible geometry to the dynamic
pressure.
Regarding the benefits of the flexible geometry, the membrane adjusts its shape to the

pressure distribution. The flexibility and adaptivity of the material allow a change of the
wing geometry, which can positively influence a lift increase. At small angles of attack, a
positive membrane deflection and an increase in the airfoil’s camber are observed. The
gradient of pressure is higher than for the rigid geometry over a broader wing area, which
enables the lift to be higher than for the rigid geometry. At higher angles of attack, the
onset of stall is postponed and the abrupt decrease of the lift is replaced by a gradual
decrease of it. The flexible geometry offers a better aerodynamic efficiency in the stall
region than its rigid counterpart. Furthermore, the wind tunnel data show that the lift and
the lift slope have a pronounced dependency on the dynamic pressure. Both increase with
it at small angles of attack as the membrane deflection leads to a higher camber. The grad-
ual decrease of the lift for high angles of attack still occurs at various dynamic pressures
and is also delayed. Concerning the fluid-structure-interaction simulations, they show a
good agreement with the wind tunnel data and suggest, therefore, good promises in the
development of accurate high-fidelity computations.

Nomenclature
Re Reynolds number
q∞ freestream dynamic pressure, Pa
E1,E2,E Moduli of elasticity in the warp and the weft directions of the membrane and
taken for the computations, MPa
a1, a2 dimensionless value of the prior axis of the ellipse at the root and at the tip,
respectively

Fig. 8 Comparison of CL-α and CL-CD for FSI and wind tunnel data at q∞ = 520 Pa
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Fig. 9 Evolution of the deformation along the wing issued from the FSI computations and the experiments
at α = 5 deg and 10 deg and q∞ = 520 Pa

bu1, bu2 dimensionless value of the second axis of the upper half ellipse at the root and at
the tip, respectively
bl1, bl2 dimensionless value of the second axis of the lower half ellipse at the root and at
the tip, respectively, -
dte dimensionless value of the diameter of the trailing edge
s span of the wing, m
S reference area of the wing, m2

AR aspect ratio of the wing
λ taper ratio of the wing
c chord length, m
x, y, z wind-tunnel coordinates
X,Y ,Z dimensionless wind-tunnel coordinates related to the root chord
Xmax dimensionless coordinate for the maximal deformation of the membrane
U∞ freestream velocity, ms−1

u,w axial and vertical velocity, ms−1

Cl,CL lift coefficient for airfoil and wing, respectively
CLα slope of the lift curve over α

Cd,CD drag coefficient for airfoil and wing, respectively
α angle of attack, deg
α0 angle of attack for CL = 0, deg
αCL−max angle of attack for maximal CL, deg
CP pressure coefficient

Abbreviations
CFD: Computational fluid dynamic; DLR: German Aerospace Center; DLT : Direct linear transformation; FEM: Finite-element
method; FSI: Fluid-Structure-Interaction; LE: Leading edge;MAV : Micro air vehicle; RANS:
Reynolds-averaged-Navier-Stokes; TE: Trailing edge; TUM-AER: Chair of Aerodynamics and Fluid Mechanics at Technical
University of Munich; TUM-SA: Chair of Structural Analysis at Technical University of Munich
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