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Abstract
To cope with the increase in demand on renewable energy, the modern horizontal axis wind
turbines have grown in dimension and have already reached a rotor diameter of 150 meter. With
the introduction of offshore wind parks, the door to extract multi-megawatt power from wind is
opened and has set a trend of continuing increase in wind turbine rotor diameter. This imposes
a trade-off between the energy production and the controllability of future wind turbines. The
increase in rotor diameter results in higher torque requirement on the active pitch/stall-control
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motor. Moreover, it is difficult to achieve optimal inflow condition over the entire span length
for rigid blades. This results in high structural loading, which in turn reduces the life span of the
International
blades. In light of this situation, smart rotor blades with local airfoil form-adaption promises to
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be an alternative and effective control scheme for future wind turbines. The authors present the
Phenomena and
results of investigations on active airfoil form- adaption concept for wind turbine rotor blades.
Dynamics of
A novel actuator concept is developed for incorporating airfoil trailing edge form-adaption in
Rotating Machinery wind turbine application. Structural analysis of the shape morphing system is carried out and
the aerodynamic performance of the shape-adaptive airfoil is presented.
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NOMENCLATURE
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r
t
absolute angle [rad, ◦ ]
u
relative angle [rad, ◦ ]
D1
boundary layer thickness [L]
D2
boundary layer displacement thickness [L]
D3
modulus of elasticity [M L−1 T −2 ]
Ma
local coordinate of structure mesh [−]
Nf
density[M L−3 ]
R
equivalent strength [M L−1 T −2 ]
Re
maximum strength [M L−1 T −2 ]
SXX
ultimate tensile strength [M L−1 T −2 ]
SY Y
yield strength [M L−1 T −2 ]
SZZ
boundary layer momentum thickness [L]
SXY
local coordinate of structure mesh [−]
SY Z
local coordinate of structure mesh [−]
SZX
specific work done by an airfoil section [L2 T −1 ] {f }
absolute flow velocity [LT −1 ]
[M ]
coefficient of drag [−]
[K]
coefficient of lift [−]
U
coefficient of pressure [−]
boundary layer kinematic shape parameter [−]
relative flow velocity [LT −1 ]
INDICES
incidence angle [rad, ◦ ]
length [L]
1
chord length [L]
2
span length [L]
c
pressure [M L−1 T −2 ]
s

radius [L]
thickness [L]
blade speed [LT −1 ]
deflection along x axis [L]
deflection along y axis [L]
deflection along z axis [L]
Mach number [−]
fatigue life cycle [−]
stress ratio [−]
Reynolds number [−]
normal stress [M L−1 T −2 ]
normal stress [M L−1 T −2 ]
normal stress [M L−1 T −2 ]
shear stress [M L−1 T −2 ]
shear stress [M L−1 T −2 ]
shear stress [M L−1 T −2 ]
global force vector [M L2 T −2 ]
global mass matrix [M ]
global stiffness matrix [M T −2 ]
local displacement [L]

leading edge
trailing edge
circumferential component
static quantity
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t
j
m

total quantity
coordinate plane
meridian component

ABBREVIATION
CF D
F SI
PS
SS

computational fluid dynamics
fluid structure interaction
pressure side
suction side

INTRODUCTION
Modern wind turbines run mostly at variable rotational
speed and use collective pitch control to optimize the energy yield and blade loading. The larger swept area in future wind turbines means the blades would be more susceptive to changing inflow conditions and wind shear. In
light of this situation, collective or even individual pitch
control alone would not be able to fully tame the radial
and azimuthal gradient of the inflow. To compensate,
future mega-watt rated wind turbines would require a
faster yawing and pitching mechanism which would lead
to increased loading on the entire structure. An alternative solution is the introduction of shape-morphing
airfoil sections which would allow faster and more detailed flow control over different span-wise locations of
the rotor blades.
As the idea of employing shape-adaption technique in
wind turbine blades is still in its early stage, the bulk of
investigations [19,21–23,27] are aimed at understanding
the effectiveness and the performance of the flow-control
mechanisms for wind turbine applications. The development of dedicated actuator concepts for shape-adaptive
wind turbine blades is still in its early stage. A review
of the actuator concepts and the state of the art for morphing profiles in wind turbine applications can be found
in [24]. Recently [25] have developed pneumatic actuator for wind turbine blade with deflectable flap. [26]
developed a pneumatic actuator for flaps to change the
airfoil camber. A recent work by [19] describes the advantages in using active flow control techniques in wind
turbine applications. Plasma actuators are tested by [27]
as active flow-control mechanism for the wind turbines.
The results showed an improvement of lift and delay
of flow separation for low Reynolds numbered flow. [21]
used macro-fiber composite actuators to adapt the airfoil
upper surface during operation. [22] have investigated
the performance optimization of the thick airfoil used
near the rotor hub using various combinations of aerodynamic elements. [23] investigated the use of deformable
trailing edge in reducing the blade loading. [28] investigated the concept and material requirement of passive
twist for wind turbine blades.
In scope of this investigation, active trailing-edge camber adaption of airfoil is selected as the shape adaption

strategy to develop the actuator system. This allows the
performance optimization of the airfoil profile for fixed
incidence angle as well as performance evaluation of the
morphed profile for varying inflow conditions.

1. ACTUATOR CONCEPT
This work focuses on the development of an actuator
to actively adapt the shape of the airfoil trailing edge
section of horizontal axis wind turbine rotor. In the following sections, the strategy and the design constraints
of the shape adaption and the actuation concept are presented.

1.1 Constraints of Shape Adaption
In a first step, a number of criteria is defined for the
selection of the actuator for wind turbine application.
These boundary conditions are specified by the different aspects of the wind turbine life cycle, spanning from
the production process to the aerodynamic and structural performance requirements of the components. The
boundary conditions are given in table 1 . These boundary conditions predefine the concept of the shape adaption. The aerodynamic requirements define the shape
of the morphed airfoil, whereas the structural requirements define the material of the shape adaptive airfoil
section and the actuator system.

Goal

Aerodynamic

Structural

Construction
Miscellaneous

Subtask
Increased startup lift
Controllability of operational loading
Gradual attaining of stall
Good post-stall characteristics
Reduced structural loading
Increased life cycle
Reduced weight
Compatible with existing wind turbine
blade structure
Low complexity of production
Ease of Maintenance
Cost

Table 1. Boundary Conditions for Form-adaptive Wind
Turbine Blade Concept.

1.2 Aerodynamic Shape of the Adaptive Airfoil
In the next step, the target slope of the camber line at
the trailing edge for the shape-adaptive airfoil is selected.
Figure 1 shows schematic of flow-turning over an airfoil
along with the velocity and angle definition used in this
work. The initial form of the airfoil is depicted in blue
and the final bent-shape is shown in green. The Euler
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2.1 FSI Simulation

turbine equation states
(1)
(2)

a = (cc,2 − cc,1 )u
a = (tanβ2 − tanβ1 )cm,1 u1

For a constant-incident flow, the specific work a changes
with the change in the angle ∆β2 , which corresponds to
the change in slope of the camber line at the trailing
edge for the shape-adaptive airfoil. The specific work
done by a deformed airfoil is given as
a∗ = (tanβ2∗ − tanβ1 )cm,1 u1

(3)

a = (tan(β2 + ∆β2 ) − tanβ1 )cm,1 u1

(4)

∗

∆β2
w2

uj

cm,j
αj cc,j
cj

β2

wj
βj
w1

i
β1

Figure 1. Flow Turning over Shape-Adaptive Airfoil

Hence, a target bending of 8◦ of the camber line is selected for the implementation in wind turbine application.

1.3 Actuation Concept
The actuation concept for incorporating a bending on
the airfoil profile skin is depicted in the figure 2. The
underlying concept is to use inward protruding beam
elements on the inner side of the airfoil profile skin. The
concept is similar to the stringer principal [4]. Bending
moment applied on the beams will deform the airfoil
skins. The skins of the shape-adaptive airfoil section
are modeled to be made of elastic material.

Figure 2. Schematic of Bending of Airfoil Skin

2. METHODICS
In the following sections, the core strategy of the design
and analysis of the shape-adaptive airfoil profile are presented.

The interaction of fluid and structure is a considerable
phenomenon in wind turbine flow. The modern wind
turbine blades with sub 100 m diameter experience substantial loading owing to the aerodynamic forces. The
design aspects viz. size, material, inflow velocity, design
tip speed ratio, cone angle, control schemes each plays a
significant part in the blade loading. The aeroelasticity
of the wind turbine blade and tower is acknowledged in
the scientific community and design tools are dedicated
to model the aeroelastic behavior of the wind turbine
flow [8–11].
The majority of these codes resolves the aeroelasticity in a global manner where the basic beam equation
is use to model the structure under the aerodynamic
loading. From numerical point of view, the modeling
of the fluid-structure interaction can be subdivided in
the subtasks, a) resolving the fluid field variables, b) resolving the structural response to the body forces acting
owing to the fluid flow, c) transferring the deformation
of the structural mesh in the fluid model to incorporate the movement of the wetted body. A fully resolved
monolithic approach to employ a system of aggregated
equations to solve the coupled fluid- structure system
for the wind turbine would be numerically challenging
and too cumbersome to apply. Recent attempts have
been taken by [12] to simulate the fluid structure interaction in a strongly coupled manner. The general trend
for turbomachinery is to rather use the staggered approach, i.e. using well established codes for the fluid
and the structural solver separately and coupling them
at a predefined step. Recently, attempts [13] have been
taken to employ the staggered fluid-structure simulation
to resolve the wind turbine structural and flow fields.

2.2 Flow Simulation
The flow simulations around the airfoil shapes are carried out with the help of the panel method code XFOIL
[1]. The XFOIL code employs linear-vorticity stream
function panel method coupled with viscous formulation
of the flow-field via integral boundary layer method [2].
The required inputs for the XFOIL code are the airfoil
shapes in plain text format and the aerodynamic boundary conditions.

2.3 Structural Simulation
The structural simulation is carried out with the help of
the open source software CalculiX [3].
The general equation of motion for the linear static system is as follows [3]
[M ]{Ü } + [K]{U } = {f }

(5)
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With
(6)
(7)

{U } = U (t)
{U (0)} = U0
n
o
Ü (0) = Ü (0)

(8)

Here [M ] is the global mass matrix, {f } is the global
force vector, and [K] is the global stiffness matrix. The
time derivatives U̇ and Ü of the displacement field U
represents the velocity and the displacement of the volume respectively.
The global force vector {f } is time-dependent, and contains both inner and outside forces.
The displacement field {U } is assumed to be a continuous function of the finite elements in the field, and is
described in [3] as

U (X) =

N
X

CrunchiX [3]. The deformed shape of the airfoil profile
is then used for a second aerodynamic simulation via
XFOIL. The resulting aerodynamic forces are then incorporated in further structural simulations to recalculate the required actuation forces.
A parametric study is conducted to determine the shape
and the position of the cam profile, the dimensions and
relative positions of the beam elements, the required actuation torque, and the material characteristics of the
airfoil skin to achieve optimal profile pressure distribution for the morphed airfoil shape.
Aerodynamic Boundary Condition
Actuator Loading
Fluid
Solver

Structure
Solver

Aerodynamic Loading
Shape Morphing
Fluid Solver
Structure Solver
FSI Iteration

Fluid
Solver

(9)

φi (η, ζ, ξ) Ui

Structure
Solver

i=1

The function φi is the shape function and is defined by
the mesh element type. In this case, the 10-node tetrahedral element is used as shown in figure 3.
ξ

Figure 4. FSI Steady-state Staggered Coupling Scheme
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Figure 3. 10-Node Tetrahedral Element C3D10 [3]

2.4 FSI Coupling Scheme
For transient aeroelastic problems, conventional staggered approaches are taken in both serial [5] and parallel
modes [6]. Farhat and Lesoinne [7] have recently proposed an improved serial staggered algorithm for time
dependent coupled fluid-structure model.
Hence a similar strategy is applied for an assumed
steady state behavior. A steady-state staggered fluidstructure interaction scheme is used to numerically simulate the shape-adaptive system. The structural simulation is performed using finite element simulation software CalculiX CrunchiX [3].
Figure 4 depicts the steady-state staggered FSI coupling
scheme. At first, the 2D viscous flow field around the
airfoil is simulated with the help of XFOIL. In the next
step, structural simulation of the morphing structure under aerodynamic and actuation forces is performed using

The numerical scheme presented in this work is based
on two dedicated softwares for the simulation of the flow
field and the structural response coupled with a mapping
algorithm in between the individual software. The mapping algorithm is developed with the assumption of a
homogeneous aerodynamic loading along the span-wise
direction of the blade element. This is valid in the case
of the wind turbine application only when no rotational
effect is considered and is similar in strategy to the classical blade element momentum theory [31]. In the actual
case, the flow around the wind turbine blade would be
3D in nature and the effects could be incorporated using
either 3D Navier-Stokes simulation [32] or from experimental data [33].
If the 3D effects are neglected, the aerodynamic field
around the wind turbine blade can be resolved with the
help of 2D fluid solver. The structural model, however,
requires a 3D representation of the body to calculate
the structural response for the given mass and stiffness
matrix. Hence a mapping strategy is to be taken to
transfer the field variables between the wetted surfaces.
The mapping strategy is shown in figure 5. The 2D
(z, x) fluid mesh is assumed to be symmetric in y direction. The aerodynamic pressure distribution is thus
mirrored along the y axis. The aerodynamic loads are
interpolated over (z, x), and transferred to the free surface of the 3D (y 1 , y 2 , y 3 ) structure mesh. A spline inter-
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polation scheme is used to interpolate the aerodynamic
forces on the nodes of the C3D10 tetrahedral elements.

upper and lower inward-protruding beam sections from
the fixed part are lupper = 22 mm and llower = 37 mm
respectively. The heights of the beams are hupper = 14
mm, and hlower = 8.7 mm respectively.

lc

x
Fluid Mesh

hupper
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lupper
Structure Mesh

y2
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z

y

z
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ls

hlower

Figure 6. Base Geometry of Shape-Adaptive Airfoil

y
Figure 5. FSI Mapping Scheme

A similar strategy is adopted for the coupling of the
displacement matrix of the structure mesh to the fluid
mesh. Hence the displacement field of the nodal elements of the structural mesh are translated to the deformed shape of the aerodynamic body. The mesh of
the aerodynamic solver is then updated and the respective sweep of aerodynamic simulation is carried out.
Benchmark tests of the flow solver XFOIL [30] and of
the structural solver CalculiX CrunchiX [29] are available and show reliable performance. To validate the predictions made by the individual softwares, actual experimental investigations are required on prototype blade
section.

For the structural simulation, the elements pertaining
to the leading edge section of the airfoil are defined with
single point constraints boundary condition having zero
degree of freedom. The front end sections of the shapeadaptive airfoil are modeled as fixed with the leading
edge of the airfoil. The material is defined as isotropic in
nature and respective modulus of elasticity, density and
Poisson’s ratio are defined. The governing equations are
solved for static analysis of a linear-elastic system. The
aerodynamic and the actuator loadings are provided as
distributed pressure loadings on the element faces of the
respective surfaces.
The boundary conditions for the flow simulations are selected as Reynolds number Re = 986557.29 and Mach
number M a = 0.209 corresponding to a relative inflow
velocity of w1 = 70.71 m/s.

3. NUMERICAL SIMULATION
The boundary conditions, preparations and execution of
the numerical simulations are presented in the following
sections.

3.1 Geometry and Boundary Condition
For the numerical simulation the following geometric
and boundary conditions are applied.
Figure 6 depicts the base geometry of the shape-adaptive
airfoil. The aerodynamic shape of the base airfoil is
taken to be that of a NACA 0012 airfoil. The chord
length of the airfoil is lc = 200 mm, the span length is
ls = 198 mm. The airfoil is divided into two distinctive
parts, the first 40% of the chord length is modeled as to
be rigid, and the later 60% of the chord length is modeled to be shape adaptive. The shape adaptive part is
divided into two slender beam sections forming the respective surface profiles of the upper and lower surfaces
of NACA 0012 airfoil. The thickness of the beam elements are taken as to be t = 2 mm. To provide for the
transfer of the actuator forces, two inward protruding
beam sections each of 3 mm thickness are incorporated
in the adaptive sections of the airfoil. The distance of the

3.2 Discretization of the Aerodynamic Flow-field
The discretization of the airfoil for the aerodynamic flow
simulation is directly related to the airfoil profile coordinate point distribution. Hence, numerical routine is
used to generate the base airfoil and the deformed airfoil
shapes. The deformation of the shape-adaptive airfoil is
obtained from the CalculiX CrunchiX simulation result
and is updated for subsequent aerodynamic simulation.
Batch scripts are prepared to load the deformed airfoil
profile in XFOIL and the geometric design routine of
XFOIL is used to check and smooth the paneling of the
airfoil profile. The airfoils are discretized in 226 panels.

3.3 Discretization of the Structure
The structural mesh is generated with the help of open
source mesh generation software NETGEN [14,15]. The
CAD model of a blade section is loaded in NETGEN as
step (ISO 10103) format. The blade-geometry contains
filleted surface to eliminate structurally weak sections.
In a first step, the geometric model is loaded in the NETGEN software and analyzed for topological failure and
healed if any found. Through a selection of parameters,
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3.4 FSI Sweep
In the first step, Python routine is used to generate the
CalculiX GraphiX batch data to (*.fbl) to read the mesh
generated by NETGEN and save the volume and surface
meshes for the structural simulation.
In the following step, the CalculiX GraphiX routine is
run in batch mode and the element and node indices
along with the boundary condition files are saved.
Numerical routines using the open source software GNU
Octave are developed to read the CalculiX GraphiX output file and the aerodynamic loading files obtained from
the XFOIL simulation result.
In the next step, the FSI mapping algorithm is implemented and the input files for the structural solver CalculiX CrunchiX are prepared.
In the following step, GNU Octave codes for interpreting the deformed shape of the structure are run and the
deformed airfoil shape is passed to the XFOIL code for
aerodynamic simulation.

4. RESULTS
In the following sections the results of the FSI simulations are presented.

4.1 FSI Simulation First Sweep
The first FSI sweep starts with the aerodynamic flow
simulation of the base airfoil with XFOIL. The resulting
aerodynamic loadings are used for the structural solver.
The actuator forces required for deforming the base airfoil with the target deformation angle are obtained via
repeated iterations of the structural simulation.
4.1.1 XFOIL Simulation of Base airfoil

In a first step, the NACA 0012 airfoil is simulated for
an incidence angle i = 0◦ . The resulting pressure distribution around the airfoil surface profile is depicted in
figure 7. For the symmetric airfoil with 0◦ incidence angle, the aerodynamic loadings are identical for the upper
and lower surfaces of the airfoil.

104500

Suction Side
Pressure Side

104000
103500

p[P a]

the mesh granularity, local and global mesh-size grading, discretization of curved geometry and the number
of surface and volume mesh optimization are set, and
the final volume mesh is generated. The software automatically detects the edges present in the CAD model
and divides the 3D mesh in several faces, with a boundary number assigned to each face. This information is
used for later definition of the boundary conditions in
the structural solver. The automatic mesh generator
discretizes the geometry in 183451 nodal elements. A
total of 57360 surface elements and 92510 volume elements are constructed from these nodal points.

103000
102500
102000
101500
101000
100500
100000
0

20

40

60

80 100 120 140 160 180 200

z[mm]
Figure 7. Surface Pressure Distribution for Base Airfoil

4.1.2 CalculiX Simulation

In the next step, the FSI coupling routine is implemented,
first by reading the volume and surface meshes generated by the CalculiX GraphiX software. The aerodynamic loadings are fetched from the XFOIL simulation
result of the base airfoil. Actuator forces are defined in
the CalculiX CrunchiX input file, and structural simulations are carried out to determine the actuator loads for
achieving the target bending of the airfoil. The structural simulations are carried out for static analysis with
the help of SPOOLES solver [16].
The resulting deflection of the airfoil profile are depicted
in figure 8. The deflection D1 and D3 are along the
airfoil thickness and chord directions respectively. The
trailing edge of the airfoil is deflected by D1 = 28mm.
The inward-protruding beam elements are rotated in the
x−z plane owing to the bending of the airfoil upper and
lower surfaces. These rotation is translated in a maximum shift of D3 = −4.34 mm for the upper inwardprotruding beam, and that of D3 = 3.21 mm for the
lower inward-protruding beam.
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Figure 9. Shape-adapted Airfoil with Base Airfoil

(a)

Profile

4.2 FSI Simulation Second Sweep
In the second FSI sweep, the aerodynamic loading on
the airfoil is updated from the aerodynamic simulation
result from XFOIL. The actuator forces are kept unchanged to those of the first FSI sweep.
4.2.1 XFOIL Simulation of Shape-Adapted Airfoil

(b)
Figure 8. CalculiX: Deformations (a) D1 (b) D3

The aerodynamic loading from the XFOIL simulation
for the shape-adapted airfoil is presented in figure 10.
The pressure distributions show rough profile which result from the waviness in the airfoil panels. This is a
direct result of the mapping algorithm for the FSI simulations.

106000

Suction Side
Pressure Side

104000
102000

The resulting airfoil shape after the first FSI sweep is
shown in figure 9. The camber line of the shape-adaptive
airfoil is deformed by 8◦ total, which translates to a
bending of about 28 mm at the trailing edge.

p[P a]

4.1.3 Resulting Airfoil Shape
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Figure 10. Updated Aerodynamic Loading

4.2.2 CalculiX Simulation with Recalculated Aerodynamic
Forces

In the next step, structural simulation are carried out
with the updated aerodynamic loadings. The actuator
forces are kept unchanged for this stage to investigate
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4.2.3 Resulting Airfoil Shape

The resulting shape after the second sweep are shown in
figure 11. The shapes of the airfoil profile are changed
owing to the updated aerodynamic loadings. The pressure side has a total of 1.12 mm less deflection and the
suction side has 0.36 mm more deflection at the trailing
edge. The difference in the deflections are 0.56% and
0.18% of the chord length respectively.

35
Deflection at Trailing Edge [mm]

the effect of the changed aerodynamic loadings on the
deformation of the airfoil surfaces.

Lower Beam Element
Upper Beam Element

34
33
32
31
30
29
28
27
26
1

2

3

4

5

6

Iteration [−]

Figure 12. Iterations of Sweep 2
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Figure 11. Shape-adapted Airfoils for Subsequent FSI

Sweeps

In the following step, the aerodynamic analysis of the
shape adapted airfoil is carried out. The shape-adapted
airfoil has a lift coefficient of cl = 1.2867 and a drag
coefficient of cd = 0.02128.
The airfoil profile coefficient of pressure distributions are
depicted in figure 13. Results of the first FSI sweep and
those of the final FSI sweep are presented along with
the coefficient of pressure distribution for the symmetric NACA 0012 airfoil. The rough distribution of the
cp values are observed at sections where the deformed
airfoil profile shows wavy nature. The cause of this lies
on small changes in deflection values interpolated by the
FSI mapping algorithm.

4.2.4 CalculiX Simulation with Recalculated Actuator Forces
1.5
1
0.5
0

cp [−]

In the next step, structural simulations are carried out
with varying actuator forces to achieve the target camber deformation of the airfoil. Hence 6 further iterations
are carried out to obtain the end result. The resulting
trailing edge deflection for the airfoil upper and lower
surfaces are shown in figure 12. the The final actuator forces on the upper and lower beam sections are
increased 4.23% and 1.51% respectively to achieve the
camber line bending of 8◦ .
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Suction side Sweep 1
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Suction side Base Airfoil
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Figure 13. Airfoil Profile Coefficient of Pressure

Distributions
The kinematic shape parameter over the airfoil profiles
are shown in figure 14. Interestingly the values of hk
for both shape adapted airfoil differ from that of the
base NACA 0012 airfoil in the fixed section upstream
to the shape-adaptive section. Whereas the change in
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the pressure side occur close to the shape-adaptive section, the suction side distributions of hk exhibit an early
peak near the nose section. For the shape-adaptive airfoils from both FSI sweeps, distinctive jump in hk is
observed upstream of the shape-adaptive section. The
values of hk reach 9 for both the cases. An investigation
of the boundary layer shows, however, no trace of flow
separation.

10

Pressure side Sweep 1
Suction side Sweep 1
Pressure side Final Sweep
Suction side Final Sweep
Pressure side Base Airfoil
Suction side Base Airfoil

9

hk [−]

8
7

profiles are shown in figure 16. For the shape-adaptive
airfoils, the suction side boundary layer momentum thickness θ increases way upstream of the shape-adaptive section. This, in combination of the relatively unchanged
boundary layer displacement thickness distribution (figure 15) results in the difference in the suction side kinematic shape factor change relative to the NACA 0012 airfoil observed in (figure 14). Also noticeable is the change
of the boundary layer momentum thickness distribution
for the pressure sides upstream of the shape-adaptive
sections. Comparing the onset of these changes to those
of the boundary layer displacement thickness (figure 15),
the shift of the kinematic shape factors in (figure 14) for
the pressure sides are explained.
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Figure 14. Airfoil Profile Kinematic Shape Parameter
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The boundary layer displacement thickness over the airfoil profiles are shown in figure 15. Also in this case,
a shift in the change in boundary layer upstream of
the shape-adaptive sections are observed for the pressure sides of the shape-adaptive airfoil. For the suction
side, the values of δ ∗ increase starting from the shapeadaptive section.

0

0.2

0.4

0.6

0.8

1

z/lc [−]
Figure 16. Airfoil Profile Boundary Layer Momentum
Thickness Distributions

4.4 Structural Analysis
0.045

Pressure side Sweep 1
Suction side Sweep 1
Pressure side Final Sweep
Suction side Final Sweep
Pressure side Base Airfoil
Suction side Base Airfoil

0.04
0.035

δ ∗ /lc [−]

The resulting shape-adapted airfoil is then analyzed for
structural properties. The material of the airfoil is taken
as Aluminium alloy (EN AW 2024-T4 [AlCu4Mg1]). The
alloy has a density of ρ = 2.77 g/cm3 an ultimate tensile strength σts = 469 MPa, yield strength of σy = 324
MPa, and a modulus of elasticity of ǫ = 73.1 GPa [17].

0.03
0.025
0.02
0.015
0.01
0.005
0
0

0.2

0.4

0.6

0.8

1

z/lc [−]
Figure 15. Airfoil Profile Boundary Layer Displacement
Thickness Distributions

The boundary layer momentum thickness over the airfoil

In a first step, stress distributions are investigated
to check for design weak points. The principal stresses
of the shape-adapted airfoil are presented in figure 17.
The principal stress along x axis is presented in figure 17
(a). The bases of the upper and lower inward-protruding
beams undergo the maximum stresses in this direction.
The values remain within the safety limit for the given
material. Figure 17 (b) depicts the principal stress along
y axis. Although the value remains within the safety
limit, the presence of stresses along y direction suggests
compound bending of the airfoil surfaces along the spanwise direction. Figure 17 (c) depicts the principal stress
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along z axis. The material is stressed at the most along
the z direction owing to the tensile and compressive
loads from the shape adaption. The critical areas are
the sections from the beginning of the shape-adaptive
part to the inward-protruding beam sections where the
actuator loads are applied. The upper section of the
shape-adaptive part of the airfoil undergoes the highest
stress. Results from initial design iterations suggest that,
a shift in the position of the inward-protruding beams
further towards the trailing edge would improve the situation. Hence the positioning of beams are selected at
the furthest possible station for the current airfoil dimension.

DAT1: STRESS
TIME:1.000000
ENTITY:SXX
max: 3.22e+02
min: −4.11e+02

(a)

3.22e+02
2.87e+02
2.52e+02
2.17e+02
1.82e+02
1.47e+02
1.12e+02
7.74e+01
4.25e+01
7.66e+00
−2.72e+01
−6.21e+01
−9.70e+01
−1.32e+02
−1.67e+02
−2.02e+02
−2.37e+02
−2.71e+02
−3.06e+02
−3.41e+02
−3.76e+02
−4.11e+02

DAT1: STRESS
TIME:1.000000
ENTITY:SYY
max: 3.51e+02
min: −4.48e+02

(b)

3.51e+02
3.13e+02
2.75e+02
2.37e+02
1.99e+02
1.61e+02
1.23e+02
8.47e+01
4.66e+01
8.58e+00
−2.95e+01
−6.75e+01
−1.06e+02
−1.44e+02
−1.82e+02
−2.20e+02
−2.58e+02
−2.96e+02
−3.34e+02
−3.72e+02
−4.10e+02
−4.48e+02

DAT1: STRESS
TIME:1.000000
ENTITY:SZZ
max: 1.06e+03
min: −1.21e+03

(c)

1.06e+03
9.49e+02
8.42e+02
7.34e+02
6.26e+02
5.19e+02
4.11e+02
3.03e+02
1.95e+02
8.77e+01
−2.00e+01
−1.28e+02
−2.35e+02
−3.43e+02
−4.51e+02
−5.59e+02
−6.66e+02
−7.74e+02
−8.82e+02
−9.90e+02
−1.10e+03
−1.21e+03

Figure 17. CalculiX: Distributions of Principal Stresses
(a) SXX (b)SY Y (c)SZZ

In the next step, the von Mises stress distribution is observed and is depicted in figure 18. The highest von
Mises stress is observed in the suction side near the beginning of the shape-adaptive part of the airfoil. However, with a maximum value of 106 N/mm2 the stresses
remain well within the safety region of the selected material.

DAT1: STRESS
TIME:1.000000
ENTITY:MISES
max: 1.06e+03
min: 0.00e+00

1.06e+03
1.01e+03
9.60e+02
9.10e+02
8.59e+02
8.09e+02
7.58e+02
7.08e+02
6.57e+02
6.07e+02
5.56e+02
5.05e+02
4.55e+02
4.04e+02
3.54e+02
3.03e+02
2.53e+02
2.02e+02
1.52e+02
1.01e+02
5.05e+01
0.00e+00

Figure 18. CalculiX: von Mises Stress Distributions

4.4.1 Fatigue Analysis

In order to check the feasibility of the proposed design,
the system should be checked for the fatigue loading.
In this section, the system is checked for the stresses
resulting from the shape deformation. The following assumptions and boundary conditions are considered for
the prediction of the fatigue life cycle for the adaptive
system. The loading is taken to be unidirectional with a
stress ratio R = 0, the maximum stress is taken to be of
the von Mises stress calculated by the structural solver
σmax = 106 MPa. Now from empirical database presented in [18] the fatigue life cycle can be predicted for
the fatigue stress with the help of the following equations
σeq = σmax (1 − R)

0.52

logNf = 20.83 − 9.09log(σeq )

(10)
(11)

It is to be noted that the equations are given for stresses
in kilopound per square inch (ksi) [18]. The resulting
fatigue life cycle is Nf = 1010 . Hence it is to be noted
that in the actual case, the stress ratio would take a
positive value and the fatigue life cycle would increase.
The choice of R = 0 is here appropriate as the zero
deformation load of the wind turbine blade life cycle is
an unknown value at this moment.

5. DESIGN
The deflection D3 from the the beam elements give a
pretext for the design of the actuation system. The actuator is modeled as a kinematic module able to rotate
around its axis and has a cam profile which determines
the actuation forces exerted on the different beam sections. The actuation force is achieved through implementing a torque which translates in a coupled bending
moment on the profile upper and lower skins.

6. DESIGN OF THE CAM PROFILE
The design of the cam profile for the actuation is shown
in figure 19. In this case a double cam profile is used to
simultaneously exert the actuating forces on the upper
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and lower protruding beam elements. The dimensions
of the cam profile are taken to incorporate the required
bending shape of the airfoil. Hence, the deflections D3
of the upper and lower beams have to be realized by
actuating the cam profile. The cam is designed to have
a base diameter of db = 12 mm. The upper and lower
eccentricity are taken as l1 = 3 mm and l2 = 2 mm
respectively. These values correspond to the deflection
D3 of the beams at the mid-plane. The cam has to be
rotated counter-clockwise to achieve the required shape
adaption of the base airfoil. A gradual slope is incorporated to hinder sudden shape change. The values of
the angles are selected as γ1 = 62◦ , γ2 = 114◦ ,γ3 = 74◦
and γ4 = 110◦ . The material for the cam is taken as
stainless steel (DIN X2CrNiMoCuWN25-7-4).

γ3
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