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Abstract

In this paper, a numerica model for fluid-structure interaction (FSI) analysis is developed for investigating the
aeroelastic response of a single wind turbine blade. The Blade Element Momentum (BEM) theory was adopted to
calculate the aerodynamic forces considering the effects of wind shear and tower shadow. The wind turbine blade was
modeled as a rotating cantilever beam discretized using Finite Element Method (FEM) to anayze the deformation and
vibration of the blade. The aeroel astic response of the blade was obtained by coupling these aerodynamic and structura
models using a coupled BEM-FEM program written in MATLAB. The governing FSl eguations of motion are
iteratively calculated at each time step, through exchanging data between the structure and fluid by using a Newmark’s
implicit time integration scheme. The results obtained from this paper show that the proposed modeling can be used for
a quick assessment of the wind turbine blades taking the fluid-structure interaction into account. This modeling can aso
be a useful tool for the analysis of airplane propdler blades.

Keywords: Wind turbine, Aeroelasticity, FS model, FEM, Blade element momentum.

1. Introduction

The interaction between fluids and structures
play an important role in a number of fields.
Important applications can be found in airplane
wings, blade machines, tall buildings, suspension
bridges and biomechanics (eg. dastic artery
modeling and simulation of flow in blood
vessals). The interaction between flowing fluids
and vibrating structure is the main subject of the
aeroelastisity. The flow induced vibration may
affect negatively the operation and the response
of the system. Aerodlasticty of wind turbine
blade is one of main considerations for the design
of wind turbine, because aerodynamic loading
causes blade to bend mostly in flapwise direction,
and causes blade section to twist to create new
fluid fields surrounding the blade. This
interaction  between  aerodynamics  and
deformation of wind turbine blade may lead to

twist to create new fluid fields surrounding the
blade. This interaction between aerodynamics
and deformation of wind turbine blade may lead
to aerodlastic problem. In fact, a lot of studies
rdated to the aeroelasticity of wind turbine,
widely used Computational Fluid Dynamics
(CFD) codes to determine the aerodynamic
loading [1, 2 and 3]. These codes require a large
numerical time and powerful computers because
the solution using these codes may take days to
completely converge. Onthe other hand, using
a full 3D model for the blade to compute the
structural deformation is computationally too
expensive, and hence the blades are treated as
series of 1D beam elements in many aeroelastic
codes [4].

The aim of this paper is to develop an
aternative computationally cheaper and thus fast
aeroelastic code for investigating the aeroelastic
response of a single wind turbine blade. For this
purpose, a simplified numerical modeling for fluid
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— structure interaction analysis is presented. The
BEM method is adopted to calculate the
aerodynamic forces considering wind shear and
tower shadow. Structural dynamic moda is
developed based on Hamilton’s principle
combining with FEM. The rotating blade is
treated as 1D dastic beam subject to flapwise
bending and torsion. A computational flow chart
for the fully fluid-structure coupling is presented
where the governing aeroelastic equations are
solved iteratively within each time step.

2. Aerodynamic Loading M odel

Aerodynamic loads acting on a wind turbine
blade is modeled based on unsteady BEM theory
and Prandtl’s tip loss factor. This method is very
fast and provides accurate results provided that
reliable airfoil data are available for the lift, drag
and moment coefficients as a function of the angle
of attack.

2.1. BEM Theory

The agorithm of unsteady BEM theory given
in [5,6] is adopted in this work to compute the
aerodynamic loads. Once unsteady BEM
algorithm is applied, the tangential Py and normal
Pz distribution of the loads acting on each blade at
each radial position, at each time step is computed
from lift L and drag D forces resulting from the
inflow on the blade using the relative velocity and
angle of attack values as follows:

L= plVral*c Ci(@) e
D = plVral’c Ca(a) e
Py = L sin(®) — D cos (@) ..(3)
Pz = Lcos(®) + D sin (D) (4

Also aerodynamic pitching moment about the
aerodynamic center is calculated as follows:

1
Mgir = E'D |Vrel|2 c? Cn(a) ...(5)

Where C,, Cy and C,, are lift, drag and pitching
moment coefficients respectively, obtained from a
lookup airfoil data table depending on the angle of
attack.Figure (1) shows the velocity triangle seen
locally on a blade eement. The vector
representation of relative velocity can be written
as.

Vrel = VO + Vrot +W - Vblade (6)
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Fig. 1. Velocity Triangle Seen Locally on a Blade
Element [5].

From the velocity triangle, the angle of attack, a,
can be computed if the induced velocity, W and
the velocity of the blade section are known:

a=0—(f+06,) ..(7

Where (B + 0p) is the pitch angle plus the twist of
the blade at each station, and the flow angle, ¢, is
defined as:

tan@ = Lrekz ..(8)
Vrel,y

Knowing a, the lift, drag and moment coefficients
can be looked up in airfoil data table. The
equations that are used in unsteady BEM model of
the present work for normal and tangential
induced velocities can be derived from Glauert’s
relation between thrust and induced velocity [5,
6].

_ —BLcos @
W= 4pmrF|Vo +f5 n(n.w)| -(9)

_ —BLsin @
Wy,=
4pmrF|Vo +fg n(nw)|

...(10)

Where fg refers to as the Glauert correction, is an
empirical relation between the thrust coefficient
and axial induction factor. It is assumed that the
induction factor does not exceed 0.2 and hence f
equals1[6].

Structural deformation for each blade station is
used to calculate the velocity of the blade section
and hence therelative velocity for each element of
the blade of the wind turbineis computed.

2.2. Wind Profile

Besides reliable airfoil data for the different
blade section, also redlistic varying wind field are
required as input to an aeroelastic calculation of a
wind turbine[5]. Wind speed generally increases
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with height, see Figure (2). Therefore, a blade
pointing upwards would encounter wind speeds
greater than a blade pointing downwards. The
wind shear is modeled in this work by the widely
used power law as [6]:

VoX) = Vo(H) (3)Y (1)

Exponent v increases with the surface roughness.
It isin therange between 0.1 and 0.25 [6].

The distribution of wind is also altered due to the
presence of tower. For an upwind turbine, when
the blade is directly in front of the tower, it
experiences minimum wind. This effect is called
tower shadow. A simple model for the influence
of the tower isto assume a potential flow around a
cylinder of a diameter 2a , see Figure (3). The
radial and tangential velocity components V6 and
Vr around the tower are determined by the
following equations [6]:

V.=V, (1 — (g)z)cos 6 ...(12)

vy = -V, (1 + (§)2>sin o ..(13)

x // i
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Fig. 2. Wind Shear Model [6].
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Fig. 3. Tower Effect Model.

3. Blade Structural M odd

The rotating blade of the wind turbine is
modeled as a cantilever eastic Bernoulli-Euler
beam with flapwise and torsion degrees of
freedom based on Stevens [8]. A pretwist angle 6
is adopted in the blade model varying linearly
through the span. The corresponding structural
dynamic equations are derived based on
Hamilton’s principle and are then discretized
using the finite element with seven degree of
freedom beam element.

The Main coordinate systems which are chosen
in the analysis of the blade model are shown in
Figures (4) and (5).

Fig. 4. Blade Coordinate System and Elastic
Deformation [7].



Mauwafak A. Tawfik

Al-Khwarizmi Engineering Journal, Vol. 9, No. 3, P.P. 15- 25 (2013)

e 1|

Fig. 5. Cross Section Coor dinate System

Figure (4) shows the main coordinate system
X, Y, Zthat isfixed in the blade root with its origin
in the intersection of blade root cross-section and
elastic axis. When the blade is not deformed, the x
axis is exactly coincident with eastic axis. The
figure also shows the deformed blade and eastic
displacement u, v and w in the x, y and z
direction, respectively. Figure (5) shows an
arbitrary blade cross section and its local
coordinate system m and (. The torsiona
deflection (@), due to the blade deformation can
also be seen.

3.1. Hamilton’s Principle

The equations of motion for a rotating
cantilever, isotropic blade are obtained using
Hamilton’s principle [8]:
218U = T) = sWldt = 0 ..(14)
Where U is the strain energy, T is the Kinetic
energy and W is the virtual work of the external
forces, where their variation can be expressed as:

R
SU = %fo I, (Egxx Sy + Gegnbeyy +

GexgOexg ) dn ddx ...(15)
ST =[5 [[, p 8Vy.Vy dnd{ dx ...(16)
SW = [(P, 6w + M 8¢) dx ..(17)

Where M is the moment about the dastic axis in
the deformed coordinate system and is calculated
as follows:

M = Mg, — P, e, ...(18)
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Where e, isthe distance from the eastic axis to
the aerodynamic center.

3.2. Finite Element M ethod

The blade is divided into a number of beam
elements. Each element is a seven degree of
freedom with three nodes, two external and one
internal, see Figure (6) [8].

Within each element, deformations between
the nodes are described using interpolating
polynomials called shape functions.

Fig. 6. Seven DOF Beam Element [8].

A cubic polynomial shape functions is
assumed for the flap deformation (w) and a
quadratic polynomial shape functions for the
torsion deformation (¢). The continuous
deflections over a beam element can be expressed
in term of nodal displacements:

W(S)} _ [HW 0 ]
{@(S) - 0 HQ) {u}
Where s = x;/1; isthelength of i beam element,

and {u}, the element nodal displacement vector is
defined as:

...(19)

{uT}: [WA|WA|WB|W];'|®A|®M|®B] (20)
The interpolating functions are defined as:
Hyy [ 253 —3s2+1)
H 1;(s3 — 252 +5)
Hy =1, 1= il
Y| Hus { ~2s5° + 3s° } )
Hyy k 1i(s® — s2) }
Hg, 252 —3s+1
Hy = {Hopz :{ —452 + 45 } ..(22)
Hps 2s° —s
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Application of Hamilton’s principle in the
discritized form and peforming the necessary
calculus and assembling, the following nonlinear
equation of motion for rotating blade can be
obtained:

[MKii} +[C] {u }+[K{u}={Q} -(23)

Where [M], [C], and [K] are global matrices of
inertia, damping and stiffness respectively, {Q} is
the aerodynamic load vector. The structural
damping effect was introduced into the model
using the Rayleigh approach. The formula for the
Rayleigh damping matrix is characterized by the
following equation:

[C]=a[M] + b [K] ...(24)
Where a and b coefficients are computed using
two characteristic system eigen- frequencies ,,
®, and their desired damping ratio ;, &

4. Fully Coupled BEM-FEM Approach

The system of FS| eguations of motion (23) of
wind turbine blade are solved by a numerical
Newmark’s time integration scheme. Assuming a
linear variation of the acceleration between two
instants of time, the expressions for velocity and
displacements are given by:

Uppar = U + [(A = )ity + yilerac]AL
...(25)

Urar =
ue + 1At + [(2 - B) i, +
..(26)

In which y and B are Newmark’s parameters that
are chosen based on desired stability and
accuracy. Thetask is to evaluate the displacement,
velocity and acceleration at the time t+ At . After
the displacement increment Au is introduced to
solve the FSI equations of motion, the following

Bile+ac] At

expressions  for  iipgars Upgnr  Usppr &€
formulated asafunction of T, , 0, us .
. 1 1 . 1 .
Uerar = gz Au— gt — G5 — Dk
...(27)
. |4 Y .
Ueppar — M Au — (,E — 1) u At
Y .

(ﬁ — 1) i, ..(28)

Upppar = Up + Au ...(29)
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In this work, the aero eastic response of the
wind turbine blade was conducted using a coupled
BEM-FEM program written in MATLAB.
Assuming initial values for displacement, velocity
and acceleration vectors, the program first
calculates the aerodynamic force vector {Q} for
the blade based on BEM theory. Then at each
time step, the aerodynamic forces are applied on
the corresponding nodes of the blade and the
program solves the structural equation based on
FEM to determine the new blade deformations at
time t+ At using equations (27)-(29). Lastly, dueto
these new deformations the program updates the
aerodynamic forces for the next time step t+At .
The flow chart of the fully fluid — structure
interaction coupling approach is shown in figure

().

5. Numerical Results

The present work is to study a single wind
turbine blade’s aeroelastic response in time
domain. The combined flap - torsion oscillation is
presented here. A 2MW Tjaerborg wind turbine
blade was chosen to perform the numerical
simulation using afully coupled FSI analysis. The
detailed structural blade properties and airfoil data
are well documented in [6] and [9] respectively.
The blade is originally twisted and thus structural
properties were modified into the main blade
coordinate system [6]. Some basic parameters and
geometry of this turbine are listed in Table (1).
The 29 m blade is composed a series of NACA
4412-4443 profile and is discretized by 29
elements. The simulation is performed at a
constant wind speed at hub V=12 nVs, air density
is 1.225 kg/m®, wind speed exponent v is 0.2 and
the diameter of the tower is assumed to be
constant with 4.5 m. The rotating speed of rotor is
fairly constant speed of 20 rpm. Based on this
information the blade will make one complete
revolution and passes the tower every 3 seconds.
The desired damping ratio (;=(,=0.02 and the
time step is chosen to be At =0.0003.

The simulation first was performed assuming
the blade is rigid. Figure (8) shows the time
history of angle of attack and lift coefficient of the
blade at three different radial nodes. The graphs
show several dips. Each dip corresponds to the
instant that the blade passes the tower.

Then, FSI simulation considering flexible
blade has been performed. Figure (9) shows the
time history of the flapwise displacement at three
different radial nodes. Maximum deformation is at
free end of the blade, is 2.3 m (7.93 % of blade
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length). This result agrees with the hypothesis
introduced in Spera [10] which states that the
linear formulation is adequate with small
deformation where the deflection ratio is less than
10%. Figure (10) shows the time history of
torsion angle at three different cross sections. The
torsion angle increases with distance from the root
to tip and the torsion angle undergoes high
frequency oscillations. This behavior agrees
qualitatively with that obtained from [1]. Figures
(9) and (10) show that once the initial transient
decays, there is a sudden decrease in the flapwise
displacement and torsion angle at each time

corresponds to the blade passes the tower. Figure
(11) shows the time history of angle of attack and
lift coefficient at three different nodes. The
transient dynamic effect and unsmooth curves can
be seen compared with rigid blade simulation
result in Figure (8). It is obvious that the outer
section of the blade is highly affected by the
interaction between wind load and structural
vibration due to its low stiffness, in comparison
with the root and middle sections which are
designed to have high stiffness.

{ Initial Values J

v

Aerodynamic load l

calculation

I ‘

A 4

[ Wind load

Structural dynamic

Elastic def ormation of

calculation blade
Next time
R
step

No

Yes

Fig. 7. Flow Chart of the Fully FSI Coupling Algorithm.

20



Mauwafak A. Tawfik

Al-Khwarizmi Engineering Journal, Vol. 9, No. 3, P.P. 15- 25 (2013)

Tablel,

Basc Parameter sand Geometry of the 2MW Tjareborg Turbine[9].

Rotor Blades Tower

Number of 3 Blade length 29m Tower height 56 m

blades

Rotor diameter  61.1m Root chord 33m Shape, upper half conical

Hub height 61m Tip chord 09m Diameter at base 7.25m

Rotor speed at 22.36 rpm Twist (linear) 0.333deg/m  Diameter at h=28 m 475m

rated power

Tilt 3 deg. Blade profiles NACA Diameter at h=56 m 425m
4412 - 4443

10 T T T T T T T

Angle of attack (deg.)

Time (sec.)

(@ Angleof Attacks.

15 i

LA T r=12m —

Lift coefficient

08 L L

Time (sec.)

(b) Lift Coefficients

Fig. 8 TimeHistory of (a) Angle of Attacksand (b) Lift Coefficientsfor Rigid Blade Computations.
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25 T T T T

Flapwise displacement (m)

-05
o}
Interaction time (sec.)

Fig. 9. TimeHistory of Flapwise Displacement at Three Different Nodes along the Blade Radial Axis.

T T T
s
r=12m
v A A A g -
3 -
ﬁ r=2im
a2
g r=29m |
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Fig. 10. Time History of Torsional Anglefor Three Different Nodes along the Blade Radial Axis.

10 T T T T T T

Angle of attack (deg.)

[ [ [ [ [ [ [ [ [ [

Interaction time (sec.)

(@ Angleof Attacks.
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15

—r=27m
"""" r=21im

8 r=12m|

Lift coefficient

08 I I [ I I [ I [ I I [

Interaction time (sec.)

(b) Lift Coefficients

Fig. 11. Time History of (a) Angle of Attacksand (b) Lift Coefficientsfor Flexible Blade , FSI Computations.

6. Conclusion Nomenclature

This paper presents a fully fluid-structure
interaction (FSI) modeling to solve the aeroelastic
problem of a single wind turbine blade. Effects of B number of blades
wind shear and tower shadow are considered in ; -
this modeling. An effective and fast coupled < lift coefficient
BEM - FEM program written in MATLAB is Cd drag coefficient
developed for studying the aerodastic behavior of

a radius of tower [m]

Cn itching moment coefficient
the blade in time domain using Newmark’s time P g
integration scheme. The main conclusions of this c length of chord [m]
paper arelisted below: D drag force [N]
Theresults clearly show that the blade section E modulus of elasticity [N/m?]
exhibits rotation as well as flapwise . _
deformation and stabilize after several time F Prandtl”stip loss correction

interactions. fy Glauert correction
The results show that the aerodynamic loads

are highly affected by the flexibility of the
blade which will have some effects upon the
output power.

The results indicate that the blade passing the
tower produces an appreciable drop in the
aeroelastic response.

It is concluded that the present modal is
computationally more time efficient than

G modulus of rigidity [N/m?]

H hub height [m], shape function

L lift force [N]

M moment [N.m]

n normal vector; number of blades
R blade length [m]

other CFD aeroelastic model. r radial position [m]

The present FSI modeling is useful and can be - _

utilized in modeling airplane propeller blades blage blade velocity vector
v, undisturbed wind velocity vector
Vot rotational velocity vector
Vrer relative velocity vector

23
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X g T

QR D < D v m <R ™ Q

induced velocity vector
flap deformation [m]
distance from surface [m]
angle of attack [deg.]
Newmark’s parameter
Newmark’s parameter
strain

damping ratio

pretwist blade angle [deg.]
wind profile exponent
density of air [Kg/m]
flow angle[deg.] , torsional
deformation [deg.]
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