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Abstract; With large scale wind turbines, the issue of aerodynamic elastic response is even more significant on dy-

namic behaviour of the system. Unsteady free vortex wake method is proposed to calculate the shape of wake and

aerodynamic load. Considering the effect of aerodynamic load, inertial load and gravity load, the decoupling dy-

namic equations are established by using finite element method in conjunction of the modal method and equations

are solved numerically by Newmark approach. Finally, the numerical simulation of a large scale wind turbine is

performed through coupling the free vortex wake modelling with structural modelling. The results show that this

coupling model can predict the flexible wind turbine dynamic characteristics effectively and efficiently. Under the

influence of the gravitational force. the dynamic response of flapwise direction contributes to the dynamic behavior

of edgewise direction under the operational condition of steady wind speed. The difference in dynamic response be-

tween the flexible and rigid wind turbines manifests when the aerodynamics/structure coupling effect is of signifi-

cance in both wind turbine design and performance calculation.
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0 Introduction

Large scale wind turbines operate in compli-
cated conditions, which contain all kinds of un-
steady and coupling effects of wind condition and
blade structure, thus making accurate prediction
of the turbine performance very difficult. Particu-
larly, when unsteady flow field, accompanying
frequent changes in both wind speed and wind di-
rection, passes through the long and slender
blades as well as through the tall tower, it inevi-
tably results in the so-called aero-elastic problem,
i. e. the interaction between aerodynamic forces
and rotor motion. Therefore, it is necessary to
develop accurate coupled methods between the

aerodynamic model with structure model in wind
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turbine design to enable vibration alleviation and
to develop control strategy.
Among the different aerodynamic theories to

model the rotor aerodynamics™™

, the vortex the-
ory is considered as one of the most suitable ap-
proximations because of its affordable computa-
tional costs and reasonably accurate results. In
addition, vortex models are made up of a blade
aerodynamic model including lifting line, lifting
surface or panel method'’ to describe the flow

around the blade, as well as to calculate the

trailed and shed vorticitis released to the wake,

571 B models to

using prescribed®™ or free wake
describe the wake geometry. The free wake mod-
els are more suitable for general rotor configura-

tions, since the wake is allowed to freely distort
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under the influence of the local velocity field. In
the present work, the free wake model consists of
near vortex sheets and far wake tip vertical fila-
ments. For aero-elastic simulations, the free
wake model is complemented with an elastic rotor
model for the rotor dynamics"'*'"!. The modal su-
perposition method is used to solve the wind tur-

bine elastic problem in this paper.

1 Aerodynamic Model

It is assumed that the flow field is incom-
pressible and potential in the free vortex wake
(FVW) model for the wind turbine. The blade is
modeled as a series of elements, which are repre-
sented as a line of bound vorticity lying along the
blade quarter chord line. The vertical filaments,
extending downstream from the trailing edge of
the blade element boundary, are allowed to freely
distort under the influence of local velocity field.
The governing equation of the vertical filaments
can be written in the form of a partial differential

equation as

I (P | Ir(p ) _ 1
(/)¢ + ‘:)C \Q [VDD +de (r(¢’§))] (1)

where the blade azimuth angle ¢ is a temporal co-

ordinate and the wake age angle ¢ is a spatial co-
ordinate. On the right hand side of Eq. (1), Vi
equals to the mean value of the induced velocities
at the surrounding four grid points calculated by
the Biot-Savart law. To solve the partial differen-
tial equation numerically, the finite difference ap-
proximations are used to approximate the deriva-
tives on the left hand side. For the spatial () de-
rivative, a five-point central difference approxi-
mation has been used based on the predictor-cor-
rector central (PCC) difference™™ and the predic-
tor-corrector second backward (PC2B)M%. The
accuracy of the temporal (¢) derivative approxi-
mation plays a significant role in the time-accu-
rate free vortex method. The PC2B algorithm u-
ses a second-order backward difference approxi-

mation, whereas the PCC algorithm still uses a

five-point central difference approximation.

Lagrangian

Fig. 1 Schematic of discretized tip vortex geometry

In the present work, a new time-accurate al-
gorithm is developed for overall convergence in
the numerical iterations. For this, Eq. (1) can be
written in another form as

Ir (P _ a0 1
N, I 0

Vo +Via (r (¢ 0O ]

(2)
Eq. (2) can be written in a general form of ordi-

nary derivative equation as

Y (3)
dx

The predictor process in the predictor-correc-
tor algorithm adopts an explicit format, whereas
the corrector process adopts an implicit format.
Assuming the steps are equal, the general form of

the linear multistep method for Eq. (3) is written

as
k k

Za.fy“‘j :}lZBianj 4
i=0 i=o0

where y,.; and f,;; represent the terms of

y(x.4;) and f(x,+;+y.4;) respectively. The val-
ues of constants o; and B;(j=0,1++,%) can be ob-
tained using the method of undetermined coeffi-
cients. An explicit three-step linear multistep

method is given by
Vuts — 7%(3.’)}714»2 7 63’7171 + Vau ) + Shfn*2 (5)

The local truncation error of Eq. (5) is

T, — %lfym () + Ok 6)

An implicit three-step linear multistep meth-

od is given by
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The local truncation error of Eq. (7) is
T, :7%}143)(4)(1‘,,) +Om®) (8)

The explicit and implicit three-step linear
multistep methods are used in the temporal (¢)
derivative approximation. A new predictor-
corrector algorithm is developed as

For the predictor
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and for the corrector
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It is obvious from the local truncation errors
of Egs. (5,7) that the new predictor-corrector al-
gorithm has third-order accuracy, and therefore
this algorithm is referred as the three-step and
third-order predictor-corrector ( D3PC) algo-
rithm. PCC is a single-step algorithm and has
second-order accuracy. The single-step algorithm
is simple, but its numerical stability is not good
enough. The multistep method has recently been
widely used since it has better stability and con-
vergence. Although the PC3B algorithm is a
three-step algorithm, it only achieves second-
order accuracy, which results in low efficiency.
The D3PC algorithm developed in this paper is al-
so a three-step algorithm, but is of third-order
accuracy.

In this paper, the three-dimensional rotation-

al model is included in the aerodynamic model.

The three-dimensional rotational effect is one of

the typical differences between rotor and fixed
wing, which is characterised by significantly in-
creased lift coefficient compared with the corre-
sponding 2D case. The higher anales of attack can
contribute to the delay of the occurrence of flow
separation. Du-Selig stall-delay model™™ 0 cou-
pled with the free vortex wake model is used to
modify the airfoil aerodynamic data by considera-
tion of the three-dimensional rotational effect
here.

The aerodynamic loading is caused by the
flow past the wind turbine structure composed of
the blades and the tower. The air loads can be
calculated through the discrete blade element
method. Every blade element is regarded as a 2-D
airfoil, and the relative velocity vector V., is ob-
tained from

Va=V_.+V.+Vi.tV, 1D
where V,,, is the rotational velocity. The induced
velocity Vi can be directly computed in the free
vortex wake method. In the case of an aero-elastic
computation, it is necessary to calculate the blade
elastic deformations denoted by the local blade ve-

locity V.

2 Dynamics Equation for Aerodyna-

mic and Structural Coupling

If a wind turbine is described as a discretized
mechanical system, the principle work is to cor-
rectly set up the mass matrix M, stiffness matrix
K, and damping matrix C, for the dynamics
equation

M{z}+Cl{z} +K{z}) ={F)} az
where { F(2)} denotes the generalized force vector
associated with the external loads. x is the gener-
alized displacement. In this paper, the Newmark
method is used to solve the dynamics equation.
The discretized calculation process to solve the
dynamics equation is presented as

(M + yAIC + BAPK) {3}y =
{F},n—Cliz} + A —pa{x),]—

K[ {x}, + At{x}, +A7Z2<1 —2@{x}),] (13)
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where the subscript represents the time-step
number. The displacements at the time step n+1
are calculated from the results of the previous
time step n, at which the displacements, veloci-
ties, and accelerations for each node are already
known.

The generalized displacement and velocity in
the form of expansion from the time step n to the
time step n+1 are given by

{i'},m ={x}, + AL —p{xt, + 7{;1.'}”\ 1]

{1'},,\] == {1'},, +At{i}“ +A7t2[(1 -

2 {x}, — 2p{x} ] a4
where y=0. 5 and = 0. 25 are the trapezoidal
conditions in order to guarantee unconditional
convergence. It is worthy to note that a small
enough computing time step is required for gai-
ning more accurate structural dynamic response.
Here, the time step is chosen on the basis of the
one tenth of the rotating cycle when the structural
response is significant enough. The calculation
procedure is shown in Fig. 2. (FVW. the free

vortex wake method, FEM: the finite element

modeling)
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Fig. 2 Calculation procedures for dynamic responses

The blade gravitational force and centrifugal
force are included in the calculation. Gravity is
responsible for a sinusoidal loading of the blades
with a frequency corresponding to the rotation of
the rotor. The blade experiences tensile stress
and compressive stress because of the gravitation-
al loads, thus resulting in the blade vibration de-

formation and affecting the rotor aerodynamic

performance. The gravitational loading is ob-
tained from

df,=A[0 0 mg]" (15

where A is the coordinate system transformation

matrix, m, the ith blade element mass, and df,

the gravitational loading of the ith blade element.

The inertial loading stems from the centrifu-

gal force on the blades due to rotation. The cen-

trifugal force df, acting on the blade element at a

radius r from the rotational axis is obtained by

df.=0Q%rm,; (16)

3 Numerical Results and Analyses

3.1 Calculation model validation

The National Renewable Energy Laboratory
(NREL) Phase VI rotor geometry, aerodynamic
and structural properties are well documented in
Ref. [18]. The operating condition for the experi-
ment is varied from wind speed of 7 to 25 m/s.
The rotor speed is 72 r/min with the cone angle
of tip pitch being 3° and 0° . The rotor radius is
5.029 m.

Fig. 3 shows the variation of rotor torque
with wind speed, and comparison with the experi-
ment data. The calculation results agree well
with the experimental data at low wind speeds.

At higher wind speeds, however, there are dis-

crepancies, probably due to the stall effects.

2 000
1800

400  oExperiment --a--Calculation

200 1 1 1 1
7 10 13 15 20 25

Wind speed / (m * s™)

Fig. 3 Variation of rotor torque with wind speed

Fig. 4 shows the variation of normal and tan-
gential coefficients at different span with wind
speed. Ranging from low to high wind speeds, it

is found that the normal and tangential force coef-
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ficients of the blade root are slightly worse than
other part of the blade, which is due to the fact
that the blade root suffers the serious stall effect.
It is difficult to simulate the stall situation. The

better stall model is needed to use in the free

wake method. However, both the middle and tip
part of blade have a good match with the experi-
mental data. Therefore, one can say that the cal-
culation model is well used to calculation the

loads of the wind turbine.
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Fig. 4 Variation of normal and tangential coefficients at different wind speeds

3.2 Large-scale wind turbine numerical results

and analyses

The NH1500 wind turbine is adopted as a
calculation example in this paper. The calculation
time step is 10°/0Q. The wind speed is 8 m/s. To
reflect the similarity of NH1500 and real 1.5 MW
wind turbine, the rotor main parameters are
shown in Table 1.
power of NH1500 is 1. 5 MW. The NH1500 and

real 1.5 MW wind turbine have the similar blade

It can be seem that the rated

length and wind speed operational condition. And
the NH1500 also adopts the variable-pitch varia-
ble speed control strategy. Moreover, to describe
the NH1500 detailedly, the NH1500 blade main
structural parameters are shown in Table 2. All
the aerodynamic centers of blade are located in a
quarter chord length. Mass and elastic centers are
given through chord length percentage in the air-

foil coordinates.

Table 1 NHI1500 rotor parameters

Parameter Value
Number of blades 3
Rotor radius/m 41.5
Blade length/m 40.5
Rated rotational speed/(r « min™ ') 17.25
Rated power/MW 1.5
Rated wind speed/(m + s ') 10.5
Cut-in wind speed/(m * s 1) 3
Cut-out wind speed/(m « s ') 25

Here, the finite element method is applied to

establish the wind turbine structural model.
Two-node beams and shell elements are used to
model the blade and tower, respectively. The na-
celle mass and moment of inertia are simulated
through the 0D element in PATRAN software.
The rotor is rigidly connected to the tower. The
boundary conditions are imposed at the bottom of
the tower through fixed constraints. The modes
of NH1500 wind turbine are calculated at the

rotational speed of 17. 2 r/min with the calculated
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Table 2 Main structural parameters for the NH1500 blade

R/m (Mass/unit)/  Torsional rig}dity/ Flapwise .Edgewise Stif.fness/ Center of Center

(kgem™ ) (MN » m?) stiffness/(MN +« m?) (MN « m?) mass/ % of elastic/ %

1 266. 93 1 880 2 530 2510 50. 00 50. 00
2.5 199 1230 2 390 1 040 49. 05 48. 11
4 195 750 2010 873 48.98 47. 40
5.5 192.09 520 1700 1030 46. 69 45.42
7 192 383 1 350 1 380 43.53 43.13
8.5 192.7 257 1120 1530 38. 32 39.74
10 186. 2 164 896 1820 38.16 39.50
11.5 185.41 107 706 1680 34. 68 38.00
13 155. 50 76 552 1520 33.90 36. 27
14.5 151.1 54 214 807 34.14 36. 35
16 147.95 40 167 680 34. 14 36.43
17.5 144. 69 30. 3 130 548 34.22 36. 36
19 141.79 23.4 100 459 34.07 36. 20
20.5 135. 31 17.8 76.2 397 34.15 36. 28
22 129. 00 14 58.3 328 34. 15 36.21
23.5 120. 28 11.5 45.1 263 34.00 36. 21
25 111.74 9.5 34.4 212 34.00 36. 06
26.5 99. 456 7.6 26.5 170 34.08 36. 30
28 93.438 6.3 19.6 131 34. 64 36. 38
29.5 83.431 5.1 14.7 100 35.19 37.01
31 69. 54 4.1 10.9 78.8 35.51 37.73
32.5 59.565 3 7.5 64.9 35.91 38. 20
34 46. 265 2.3 4. 96 49.5 35.52 38.21
35.95 37.309 1.8 3.09 36.3 37. 26 39.48
37 32 1.3 2.13 29 41. 14 42.32
38.5 29.935 1 1.3 20.6 49. 05 45. 81
40 9.98 0.5 0. 645 11.3 45.49 44,15
41 13. 34 0.072 3 0.166 3.22 0.59 39.41
41.5 1.77 0.03 0. 000 96 0.030 8 40. 09 38. 80

modes shown in Table 3.

Table 3 Mode description

Mode description Natural frequency/Hz

Left-right tower 1st 0.420
Fore-aft tower 1st 0.422
0.775
Blade flapwise 1st 0. 802
0. 833
1. 243
Blade edgewise 1st 1.335
1. 361
2.049
Blade flapwise 2nd 2.194
2.308

Fig. 5 shows the comparison of calculated

value and experimental value. NH1500 is a 1/16

scaled model on the experiment. The calculated
data and experimental data changing trend are ba-
sically consistent. In Fig. 5, the calculation val-
ues are slightly higher than the experiment data.
The probable reason is that the experiment wind
turbine model is a scaled model.

Fig. 6 shows the downstream displacements
of the blade tip vortex, calculated from the FVW
method. To investigate the blade deformation
effect, the NH1500 blade is considered rigid and
flexible, respectively. It can be clearly seen from
Fig. 6 that the difference in the vortex position
between the assumed rigid blade and the actual
flexible blade.

The displacement difference in-

creases from 0. 05R to 0. 1R as the tip vortex fila-
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ment moves downstream. It can be reasoned that
this difference has influence on the air load calcu-
lation through the induced velocity calculation,
which depends on the spatial distance of the vor-
tex to the blade.

For further analysis, the wind speed distri-
bution and the vorticity of the wake are calculat-
ed. The wind speed of the wake V(V,,V,,V.) is
defined as

V(V, .V, . VO=Vi+ Vi + Vit Viet Ve
an

To find the wind speed of the wake seen by
V(V,.,V,,V.), the induced velocity of the tip
vortex V%, the induced velocity of the bound
vortex V2, the induced velocity of the trailed
vortex Vi4, and the induced velocity of the shed
vortex V3., must be added as vectors into the in-
flow velocity, V...

As the wind speed distribution is known, the

vorticity £(&,.&,,&.) is calculated by

v, av,
! dy dz
av, V.

£, = e Y (18)
g =V V.
SoJdx dy

Figs. 7,8 give the development and evolve-

ment of the tip vortex for the rigid and flexible
blades with the axial downstream distance, re-
spectively. The vortical strength increases down-
stream just behind the rotor with a wake expan-

sion, but gradually dissipates as the axial distance

further increases for the both cases. However,
both the vortical strength and the wake expansion
for the assumed rigid rotor are stronger than

those for the actual flexible rotor.
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Fig. 6 Cyclic variation of tip vortices with downstream

distance
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Fig. 7 Axial distribution of tip vortex for rigid blade
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Fig. 8  Axial distribution of tip vortex for flexible

blade

Fig. 9 shows the OR section distribution of
the wind speed of the rigid blade. Fig. 10 shows

the OR section distribution of the wind speed of
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Fig.9 OR section distribution of wind speed V. (m/s)
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X/ R

Fig. 10  OR section distribution of wind speed V. (m/s)
of flexible blade

the flexible blade. It is found that the OR section
wind speeds of the flexible blade are weaker than
the rigid due to the structural deformation. The
effect is significant for wake prediction.

Fig. 11 illustrates some representative nu-
merical results among which the aerodynamic
characteristics are presented by the blade root
loads for the flexible case at the wind speed of
8 m/s. The root loads all fluctuate sinusoidally
with azimuthally angle for both cases with and
without gravity considered. Nevertheless, the
amplitudes of the load variation differ from each
other due to the gravitational effect. In addition,

the blade dynamic deformation is also influenced

by the gravity. The dynamic displacement in the
flapwise direction when gravitational force is not
considered is only about 4% of that when the
gravitational force is taken into account, as
shown in Fig. 12.

It is obvious from Fig. 13, where the wind
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Fig. 11 Edgewise force at blade root
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Fig. 12 Dynamic displacements at blade tip in flapwise

direction

0.510 —
0.505 - —— Flexible ----Rigid

0.500
0.495 /_\
~ 0.490
0485 &
0.480
0475
0.470 |
0.465 L L . . ’ ;
1 6 11 16 21 26 31 36

Azimuth step

Fig. 13  Wind turbine power coefficients, V.. =8 m/s
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turbine power coefficient C, is compared between
the rigid and flexible considerations, that the
flexible wind turbine C, is larger than the rigid
one and changes with azimuth angle. According
to the comparison of minimum value, the flexible
wind turbine C, is 1. 6% more than the rigid one.
It is the reason that the flapwise direction induced
velocity of flexible blade has a larger change am-
plitude than the edgewise direction induced veloci-
ty. And the flapwise direction induced velocity is
weaker than the rigid one. Thus, the attack angle
and the flow angle of flexible blade are both lar-
ger. Finally, the tangential force coefficient to
the rotor is larger, which can lead to the increas-

ing of torque and C,.

4 Conclusions

The numerical analysis of wind turbine wake
and loads are presented in this paper. An aerody-
namically and structurally coupled model is devel-
oped and used to predict the flexible wind turbine
loads and aerodynamic performance. The results
demonstrate that FVW and FEM coupling model
can predict the wind turbine dynamic characteris-
tics effectively and efficiently. The dynamic dis-
placement in the flapwise direction without con-
sidering gravitational force is only 4% of that
with gravitational force. Moreover, according to
the comparison of minimum value of C,, the C,
value of the flexible wind turbine is 1. 6% more
than that of the rigid one. Despite the fact that
the accuracy of the calculated results needs to be
improved for further validation by experiment da-
ta, the wind turbine wake and dynamic response
can be better understood through the results ob-

tained from this study.
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