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SUMMARY

In this paper, we target more advanced fluid–structure interaction (FSI) simulations of wind turbines than
reported previously. For this, we illustrate how the recent advances in isogeometric analysis of thin structures
may be used for efficient structural mechanics modeling of full wind turbine structures, including tower,
nacelle, and blades. We consider both horizontal axis and vertical axis wind turbine designs. We enhance
the sliding–interface formulation of aerodynamics, previously developed to handle flows about mechanical
components in relative motion such as rotor–tower interaction to allow nonstationary sliding interfaces. To
accommodate the nonstationary sliding interfaces, we propose a new mesh moving technique and present
its mathematical formulation. The numerical examples include structural mechanics verification for the new
offshore wind turbine blade design, FSI simulation of a horizontal axis wind turbine undergoing yawing
motion as it turns into the wind and FSI simulation of a vertical axis wind turbine. The FSI simulations are
performed at full scale and using realistic wind conditions and rotor speeds. Copyright © 2014 John Wiley
& Sons, Ltd.

Received 24 February 2014; Revised 11 June 2014; Accepted 12 June 2014

KEY WORDS: horizontal axis wind turbine; vertical axis wind turbine; sliding interface; fluid–structure
interaction; isogeometric analysis; composites; thin shells; NURBS; mesh moving

1. INTRODUCTION

Accurate and robust full-machine wind turbine fluid–structure interaction (FSI) simulations engen-
der several significant challenges when it comes to modeling of the aerodynamics. In the near-tip
region of the offshore wind turbine blades, the flow Reynolds number is O(107), which results in
fully turbulent, wall-bounded flow. In order to accurately predict the blade aerodynamic loads in this
regime, the numerical formulation must be stable and sufficiently accurate for this Reynolds number
and in the presence of thin, transitional turbulent boundary layers. The FEM-based moving-mesh
ALE-VMS (i.e., variational multiscale formulation written in the arbitrary Lagrangian-Eulerian
frame) technique [1–3] combined with weakly enforced essential boundary conditions [4–6] was
found to give a good combination of accuracy and efficiency for this problem class [7], and that is
what we employ in the simulations shown in the present paper.

Independent of the choice of the numerical formulation for air flow, having a well-designed
boundary layer mesh in wind turbine simulations is critical for achieving engineering accuracy
using a reasonable number of DOF. During operation, wind turbine blades undergo large global
rotational motions, as well as local flapwise and edgewise bending, and axial torsion deformations.
As a result, in order to account for the blade motion and to simultaneously maintain high-quality
boundary layer discretization, a moving mesh technique should be employed where the boundary
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layer mesh follows the blades as they move through space. In the case of standalone wind turbine
rotor FSI computations, this may be accomplished by applying a global rotation to the entire aero-
dynamics mesh and handling the remaining blade deformation using elastic mesh moving as in
[8]. A Jacobian-based stiffening technique in elastic mesh moving is important for maintaining the
integrity of the high-aspect ratio elements in the blade boundary layers [9–13].

In the case of a ‘full machine’ simulation (i.e., simulation including tower, rotor, and nacelle), the
spinning rotor interacts with the tower. This interaction is strong and needs to be modeled explic-
itly. In the recent wind turbine FSI computations presented in [8, 14–16], the wind turbine hub (or
nacelle) was assumed to spin with a fixed, prescribed angular velocity, and the aerodynamics of
rotor–tower interaction was handled using a sliding–interface technique [15, 17–19]. In this tech-
nique, rather than rotating the entire computational domain, only the inner cylindrical subdomain
that encloses the rotor undergoes a spinning motion inside the cylindrical cutout of the outer station-
ary domain. The two subdomains do not overlap and as a result create a sliding cylindrical interface
with an a priori nonmatching discretizations on each side. Continuity of the kinematics and tractions
across the nonmatching sliding interface, which is fixed in space, is enforced weakly.

In order to simulate more complicated FSI scenarios, such as rotor yawing for horizontal axis
wind turbines (HAWTs) and basic operation for vertical axis wind turbines (VAWTs), additional
computational technology is required. In the case of HAWT rotor yawing motion, the entire gearbox
undergoes rotation parallel to the tower axis, and this rotation must be transferred to the rotor as it
spins. In the case of basic VAWT operation, the air flow spins the rotor, which is connected to a
flexible tower with struts. Here, the tower deflection should not impede with the spinning motion of
the rotor. We show in this paper that the underlying structural modeling, which uses a combination
of isogeometric analysis (IGA) rotation-free thin shell [20, 21] and beam [22] elements, is able to
naturally represent this behavior. Furthermore, the moving mesh aerodynamics formulation for this
expanded problem class can no longer have a fixed sliding interface. For example, in the case of
the rotor yawing motion, in order to keep the good quality of the aerodynamics mesh and prevent
the rotor blades from crossing the boundary of the rotor cylindrical domain, it is desired that the
sliding interface follows the motion of the hub, while accommodating the spinning rotor motion.
This results in two cylindrical surfaces moving together while one spins inside the other. This mesh
moving strategy requires a careful mathematical formulation, which we present in this paper.

The paper is outlined as follows. In Section 2, we briefly recall the aerodynamics and structural
mechanics modeling approaches employed in this work. We also show construction of HAWT and
VAWT isogeometric structural models employed in this work. In Section 2, we also present the
new mesh moving technique. The technique is based on two ideas: (1) extracting a mean rigid body
motion from a time-dependent elastic deformation of the rotor structure and using it to move the
sliding–interface aerodynamics mesh and (2) using two separate rotation matrices to describe the
motion of the meshes on each side of the sliding interface. In Section 3, we first create a structural
model of a recently designed offshore wind turbine blade and, to verify it, perform its eigenfre-
quency analysis. We then perform an FSI computation with yawing of an offshore HAWT using
this new blade and conclude the section with an FSI computation of a well-known VAWT design.
In Section 4, we draw conclusions and outline future directions.

2. COMPUTATIONAL FSI METHODS FOR WIND TURBINE ANALYSIS

In this section, we briefly review the core FSI techniques employed for wind turbine simulations
and present in detail a mesh moving technique to support the sliding–interface formulation of
aerodynamics.

2.1. Aerodynamics, structural mechanics, and FSI techniques for wind turbines

The aerodynamics formulation makes use of the FEM-based ALE-VMS formulation of the
Navier–Stokes equations of incompressible flows [1–3] augmented with weakly enforced boundary
conditions [4–6]. The former acts as a turbulence model, whereas the latter relaxes the mesh size
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requirements in the boundary layer without sacrificing the solution accuracy. ALE-VMS was suc-
cessfully employed for the aerodynamics simulation of HAWTs and VAWTs in [7, 18, 19, 23, 24]
and FSI simulation of HAWTs in [8, 14–16] and validated using full-scale wind turbine experimen-
tal data in [16, 18]. The incompressible flow assumption is valid for the present application because
the Mach number is low.

To handle the rotor motion in the aerodynamics problem, the sliding–interface approach is
employed. The sliding–interface formulation was developed in [17] to handle flows about objects
in relative motion and used in the computation of HAWTs in [18], including FSI coupling [15] and
VAWTs in[19]. In this work, the sliding–interface technique is extended to nonstationary sliding
interfaces as discussed in the introduction and in the next section.

Remark 1
We note that in the application of the FEM to flows with moving mechanical components, alterna-
tively to the sliding–interface approach, the shear–slip mesh update method [25–27] and its more
general versions [12, 28] may also be used to handle objects in relative motion.

The structural mechanics of wind turbines is modeled using a combination of the recently pro-
posed displacement-based Kirchhoff–Love shell [8, 20] and beam/cable [22] formulations. Both
are discretized using IGA [29, 30] based on non-uniform rational B-splines (NURBS) [31]. This
approach gives a good combination of structural mechanics accuracy due to the higher-order and
higher-continuity representation of the geometry and solution and efficiency due to the lack of rota-
tional DOF in the formulation. Although we use the thin shell formulation from [8], which includes
composite modeling using the classical laminated plate theory and bending strips for multipatch
NURBS surfaces, other options for IGA shell modeling, such as those presented in [32–38], are
also possible.

Figure 1 shows the two wind turbine structural models used in this work. The first model is a
5-MW offshore HAWT design from [39], whereas the second model is a 1.2 kW VAWT designed by
Windspire Energy [40, 41]. In the case of the HAWT, the rotor, gearbox, and tower are all modeled
as rotation-free shells, and a single, very stiff beam is used to connect the rotor to the gearbox.

Figure 1. Left: NURBS-based IGA structural model of a HAWT used for FSI computations with rotor
yawing. Right: NURBS-based IGA structural model of a Windspire VAWT.
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Although the beam crudely models the high stiffness of the drive train, its main role is to transfer the
motion from the gearbox to the nacelle allowing for straightforward yawing simulations. In the case
of VAWT, shells are employed to model the blade surfaces and part of the tower that spins with the
rotor (i.e., the aerodynamically important surfaces), whereas the main shaft and struts are modeled
using beams. In this case, the beam geometry and materials are chosen such that they model the
actual VAWT structural components.

In order to take advantage of the superior accuracy and efficiency of IGA for thin structures and
to leverage the existing volumetric mesh generation tools for the FEM, we chose to couple FEM for
air flow and IGA for structural mechanics for the present application. Although IGA discretizations
were shown to produce results that are of superior per DOF quality to standard FEM for fluid
mechanics and turbulence simulations [42, 43], good quality aerodynamics results for the current
application may also be achieved with standard low-order FEM and with a manageable number of
DOF (see, e.g., [44, 45]).

Because of the use of IGA and FEM in the modeling, the FSI formulation employed here makes
use of nonmatching discretization of the interface between the fluid and structure subdomains. Non-
matching discretizations at the fluid–structure interface require the use of interpolation or projection
of kinematic and traction data between the nonmatching surface meshes (see, for example, [2,
13, 14, 46–55]), which is what is done here. A simple block iterative FSI solution strategy [55]
is employed to solve the coupled discrete FSI equations at each nonlinear iteration within a time
step. The block iterative approach is a strongly coupled FSI technique where, at the level of nonlin-
ear iterations, increments of the fluid, structure, and mesh moving discrete unknowns are computed
sequentially. In the experience of the authors, it is the most effective coupled FSI solution strategy
for wind turbine simulations.

2.2. A novel mesh moving technique for sliding interfaces in motion

To enable the type of wind turbine simulations discussed in the prequel, a new mesh moving tech-
nique is developed and presented in this section. We denote by �I and �E the two sides of the sliding
interface coming from the interior and exterior subdomains (see Figure 2). We recall that the interior
subdomain houses the rotor, and the exterior subdomain houses the tower and contains the inflow,
outflow, and lateral boundaries. In the prior work, �I was restricted to undergo a simple spinning
motion, whereas �E was assumed to be stationary. In this work, in order to accommodate more
complicated wind turbine FSI simulations, the sliding–interface formulation is designed to handle
moving sliding interfaces.

We begin with describing the motion of �I. For this, we let x and X denote the position vector of
the points on �I in the current and reference configuration, respectively. We define xori and xtip to be
the current configuration positions of the back and tip of the nacelle (see Figure 2), and we let Xori

and Xtip be their reference configuration counterparts. We restrict the motion of �I to be that of a
rigid object and write

x D R.X � Xori/C xori: (1)

Although xori is obtained directly from the motion of the wind turbine structure, the main challenge
here is to obtain a suitable rotation matrix R in the aforementioned equation. For this, we extract the
instantaneous mean angular velocity of the wind turbine rotor as

! D J�1m; (2)

where J is the rotor moment-of-inertia tensor in the current configuration given by

J D
Z
�R

� ..x � xori/ � .x � xori/I � .x � xori/˝ .x � xori// d�; (3)

and m is the rotor angular momentum given by

m D
Z
�R

.x � xori/ � �u d�: (4)

Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2015; 102:766–783
DOI: 10.1002/nme
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Figure 2. Illustration of the wind turbine, the sliding interface (dashed line), and the key locations on the
nacelle. A slight offset is used to illustrate that the sliding interface has two definitions, �I and �E. In the

numerical formulation, the two interfaces occupy the same region in 3D space.

In the aforementioned integrals, �R is the rotor structural domain in the current configuration, �
is the rotor material density, u is the rotor velocity, and I is the identity tensor. This technique of
extracting ! was recently employed in [56] to remove the spinning component of the structure in
FSI modeling of parachute clusters.

Given the rotor instantaneous mean angular velocity !, we compute the rotation matrix R needed
in Equation (1) using the following ODE (see, e.g., [57])

d

dt
R D ! � R; (5)

where the cross product is taken column-wise.
To handle �E in the computations, we use a similar approach. We also restrict the motion of �E

to be that of a rigid object and write

x D R� .X � Xori/C xori; (6)
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where the rotation matrix R� is obtained from the ODE

d

dt
R� D !� � R� : (7)

The aforementioned ODE is driven by the angular velocity vector !� , which we define as

!� D ! � .! � nrot/nrot; (8)

where

nrot D
xtip � xori

kxtip � xorik
: (9)

Equation (8) effectively removes the spinning component from the motion of �E, as desired. The
location of the nacelle tip xtip is also obtained directly from the motion of the wind turbine structure.

Both Equations (5) and (7) are integrated in time using the midpoint rule, which guarantees that
R and R£ retain their orthonormal property and thus remain true rotation matrices. This result is
due to [58].

Long-time FSI simulations using of the aforementioned mesh moving technique may encounter
a slight misalignment between �I and �E. In this case, it is necessary to periodically correct the
motion of �E to make sure that it is aligned with �I. This may be accomplished using a modified
version of Equation (6),

x D RcorR� .X � Xori/C xori; (10)

where Rcor is the rotation matrix between nI and nE, the two outward unit normal vectors to �I and
�E, respectively. (That is, Rcor is such that nI D RcornE.) The normal vectors may be taken, for
example, on the inflow plane of the cylindrical domain. The matrix Rcor may be computed explicitly
using the Rodrigues formula [59],

Rcor D cos �IC sin �‡ C .1 � cos �/u˝ u; (11)

where � is the angle between the two normal vectors, and u is the rotation axis defined as

u D
nI � nE

knI � nEk
; (12)

and the components of ‡ are given by

‡ik D "ijkuj ; (13)

where "ijk are the components of the alternator tensor, and the Einstein summation convention is
employed.

Remark 2
The aforementioned procedure is applicable to the motion of the internal surfaces of the aerodynam-
ics mesh. The mesh motion in the interior of the two aerodynamics subdomains is governed by the
equations of elastostatics with Jacobian-based stiffening [9–13] to preserve the good mesh quality
for the entire computation.

Remark 3
Although the aforementioned mesh moving procedure was developed for FSI modeling of wind
turbines, it is sufficiently general and may be applied to any situation where a sliding–interface
technique is employed to handle components in relative motion with one of the subdomain motions
dominated by rotation (e.g., consider a submarine with a spinning propeller executing a turning
maneuver).

The interior subdomains (i.e., subdomains that move with the rotor) for the HAWT and VAWT
FSI models are illustrated in Figure 3. In the case of VAWT, the interior domain is a simple cylin-
der aligned with the rotor axis. In the case of HAWT, the interior subdomain has a slightly more
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Figure 3. Interior subdomains (i.e., subdomains that move with the rotor) for the HAWT (left) and VAWT
(right) FSI models in the initial configuration. The interior subdomains are shown using transparent gray
color and are superposed on the structural models. In the case of HAWT, a cut through the interior subdo-
main is shown to illustrate the fact that its back surface is cone shaped, which allows us to simultaneously

accommodate the large blade tip deflections and a relatively small gap between the gearbox and nacelle.

complex shape. The surface in the back of the rotor is shaped like a cone, which is done in order
to simultaneously accommodate the large blade tip deflections and a relatively small gap between
the hub and gearbox. The rest of the aerodynamics mesh (i.e., the exterior subdomain, not shown)
deforms following the motion of the sliding interface but with the spinning component removed.

3. NUMERICAL EXAMPLES

In this section, we first provide a detailed geometric and material description of the 100-m SNL
100-00 offshore wind turbine blade designed by Sandia National Laboratories [39]. A NURBS-
based IGA model of this blade is created, and its natural frequency analysis is performed for the
purposes of structural mechanics verification. We then use a scaled-down version of this blade (from
100 to 61 m) to perform the FSI simulation of rotor yawing. We conclude this section with an FSI
simulation of a VAWT designed by Windspire Energy [40]. Both FSI simulations are shown to
illustrate the new mesh moving technique proposed in this paper.

Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2015; 102:766–783
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Table I. Geometry data for the SNL 100-00 blade. The nomenclature follows that
used in [23]. ‘Pitch angle fraction’ is the distance from the leading edge of the

blade pitch axis expressed as a cord-length fraction.

Section Blade Chord length Twist angle Pitch angle Airfoil
number fraction (m) (ı) fraction type

1 0.000 5.694 13.308 0.500 Cylinder
2 0.195 7.628 12.915 0.380 DU99-W-405
3 0.358 6.923 9.166 0.375 DU97-W-300
4 0.602 5.417 4.743 0.375 DU93-W-210
5 0.732 4.621 2.735 0.375 NACA-64-618
6 0.765 4.422 2.348 0.375 NACA-64-618
7 0.846 3.925 1.380 0.375 NACA-64-618
8 0.895 3.619 0.799 0.375 NACA-64-618
9 0.944 2.824 0.280 0.375 NACA-64-618
10 0.957 2.375 0.210 0.375 NACA-64-618
11 0.972 1.836 0.140 0.375 NACA-64-618
12 0.986 1.208 0.070 0.375 NACA-64-618
13 1.000 0.100 0.000 0.375 NACA-64-618

Figure 4. SNL 100-00 blade shell model with several cross-section cuts to show the arrangement of the three
shear webs.

Figure 5. Layout of the different regions of the SNL 100-00 blade. The spar cap is highlighted in blue, the
trailing edge reinforcement is highlighted in orange, and the third, smaller shear web is highlighted in red.
The leading edge panel is defined as the gray region between the leading edge and spar cap, whereas the aft
panel is defined as the gray region between the spar cap and trailing edge reinforcement. Section numbers

correspond to those in the first column of Table I.

3.1. SNL 100-00 blade design

A 100-m baseline wind turbine blade design analyzed in this work was initially developed based on
the geometry and composite layup of the 61-m baseline offshore designs employed in the NREL,
DOWEC, and UpWind projects [39]. The details of blade geometry are provided in Table I. The
SNL 100-00 blade was obtained by a simple scaling of the 61-m design and some additional minor
modifications to increase its load carrying capacity. The trailing and leading edge reinforcements
together with the root buildup were redesigned. Three shear webs were placed to minimize the
length of the unsupported panel (see Figure 4 for details). The blade laminate has six principal
regions: root, spar cap, trailing edge reinforcement, leading edge panels, aft panels, and shear webs,
all shown in Figure 5.

Tables II and III list the materials used in the blade design. The root buildup is composed of
triaxial material (SNL triax), and the whole internal and external blade surfaces have a 5-mm layer of
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Table II. Orthotropic materials used in the SNL 100-00 blade.

Material E1 E2 G12 Density
type Lay-up (GPa) (GPa) (GPa) �12 (kg/m3)

E-LT-5500/EP-3 Œ0�2 41.8 14 2.63 0.28 1920
Saertex/EP-3 Œ

C
45�4 13.6 13.3 11.8 0.51 1780

SNL triax Œ
C
45�4Œ0�2 27.7 13.65 7.2 0.39 1850

Table III. Isotropic materials used in the SNL 100-00
blade.

Material E1 E2 G12 Density
type (GPa) (GPa) (GPa) �12 (kg/m3)

Foam 0.256 0.256 0.022 0.3 200
Resin 3.5 3.5 1.4 0.3 1100
Gel coat 3.44 3.44 1.38 0.3 1235

Figure 6. SNL 100-00 blade NURBS meshes. Left: medium; Right: fine.

Table IV. SNL 100-00 blade NURBS mesh
statistics.

Elements Control points
Coarse mesh 1166 926
Medium mesh 3568 3026
Fine mesh 7416 6628

this material. As the root buildup tapers down in thickness, the spar cap increases in thickness. The
maximum thickness of the spar cap is 136 mm at maximum chord (19.5%), whereas the minimum
thickness of the spar cap is 5 mm, starting at 94.4% of the blade span and continuing almost all
the way to the tip. The trailing edge is reinforced with uniaxial laminate E-LT-5500/EP-3 and foam
materials. The trailing edge reinforcement has a constant width of 1.0 m that continues until 94.4%
span and then tapers to the tip. To improve buckling resistance and minimize the weight, foam is
also chosen as the core material for the leading panel and aft panels. Longitudinal fibers of E-LT-
5500/EP-3 are placed on the spar cap to improve the flapwise bending stiffness. The spar cap has
a constant width of 1.5 m. As a result, the two principal shear webs, which begin at 2.4 m and
terminate at 94.4 m, are positioned 0.75 m before and after the pitch axis. The third shear web
starts at 14.6 m and terminates at 60.2 m and is positioned at 78% chord at its starting location
and 68% chord at its terminal location. A combination of foam and Saertex/EP-3 is used in shear
webs to enhance the shear stiffness. An extra 5 mm of epoxy resin is included in the internal blade
surface and the external surface includes 0.6 mm of gelcoat. The same layup is employed for both
low-pressure and high-pressure blade surfaces.
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3.2. SNL 100-00 blade natural frequency computations

We perform the natural frequency analysis of the blade model assumed to be clamped at the root.
Three quadratic NURBS meshes of increasing resolution are employed in the computations. The
medium and fine meshes are shown in Figure 6. The mesh statistics are summarized in Table IV.
The bending strip stiffness is chosen to be 100 times that of the surrounding material. The blade

Table V. SNL 100-00 blade total mass. Data from reference [39] is
presented for comparison.

Computed mass (kg) Mass from reference (kg)

Coarse mesh 113,520.9
Medium mesh 115,969.3 114,172.0
Fine mesh 115,601.6

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0

500

1000

1500

2000

2500

Blade fraction

M
as

s 
pe

r 
un

it 
le

ng
th

 (
kg

/m
)

Numerical

Figure 7. SNL 100-00 blade mass distribution along the blade axis. Data from [39] are plotted for
comparison.

Table VI. SNL 100-00 blade natural frequencies. The IGA com-
putational results are compared with the reported values from
[60], where available. The values from the reference do not come
from actual experiments but from a beam model of the same

blade.

Mode Results from IGA results (Hz)

Number and SNL report Coarse Medium Fine
type (Hz) mesh mesh mesh

First flapwise
bending 0.42 0.456 0.454 0.453

First edgewise
bending 0.69 0.681 0.678 0.679

Second flapwise
bending N/A 1.241 1.225 1.222

Second edgewise
bending N/A 2.225 2.178 2.171

Third flapwise
bending N/A 2.544 2.498 2.487

First axial
torsion N/A 3.882 3.725 3.666
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total mass for each mesh is reported in Table V, and the mass distribution along the blade axis is
plotted in Figure 7. The eigenfrequencies for the three meshes are summarized in Table VI and,
where applicable, compared with the results reported in [60]. Very good agreement is observed in
all the quantities reported. Convergence of the natural frequencies occurs from the high side, as
expected. This is the first time that natural frequencies beyond the first flapwise and edgewise modes
are reported for this blade design.

For the FSI computation reported in the next section, the medium NURBS mesh is employed.
Furthermore, for the FSI computation, the 100-m blade is scaled back to 61 m.

3.3. FSI simulation of a HAWT yawing motion

We present a preliminary, ongoing FSI simulation of a 5-MW offshore wind turbine undergoing
yawing motion. The wind turbine rotor is positioned at 80 m above ground and is tilted by 5ı to
avoid the blade hitting the tower as the rotor spins. (Another way to have sufficient tower clearance
is to ‘prebend’ the rotor blades into the wind. See [67] for details.) Furthermore, the wind turbine
rotor plane is initially placed at 15ı relative to the wind direction. A fixed yawing rotational speed is
applied to the gearbox to slowly turn the rotor into the wind at 0.03 rad/s (see Figure 1). The inflow
wind speed is set to 11.4 m/s. The initial rotor speed is set to 12.1 rpm, and the rotor is allowed to
spin freely during the prescribed yawing motion.

The structural mechanics mesh of the full turbine has 13,273 quadratic NURBS shell elements
and two quadratic NURBS beam elements. The aerodynamics mesh has a total of 5,458,185 linear
elements. Triangular prisms are employed in the blade boundary layers, and tetrahedral elements
are used elsewhere in the aerodynamics domain. The size of the first boundary layer element in the
wall-normal direction is 1 cm, and the time step of 0.0001 s is employed in the computation.

Snapshots of the structure deformed configuration are shown in Figure 8, whereas the isosurfaces
of Q (a scalar measure of the vorticity, see [61] for details) colored by flow speed are shown in
Figure 9. Figures 10 and 11 show the time history of the axial component of the aerodynamic
torque and angular speed (i.e., the component in the direction of the vector nrot in Equation (9)).
Both are slowly increasing as the rotor turns into the wind, as expected. The level of the computed

Figure 8. FSI simulation of a HAWT undergoing a yawing motion. Snapshots of the top view of the wind
turbine structure current configuration. The blades appear to be quite flexible and care needs to be taken

when designing the rotating subdomain to avoid the flexing blade crossing its boundary.
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Figure 9. FSI simulation of a HAWT undergoing a yawing motion. Snapshots of the isosurfaces of Q (a
scalar measure of the vorticity, see [61] for details) colored by air speed illustrating the air flow complexity.
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Figure 10. FSI simulation of a HAWT undergoing a yawing motion. Time history of the angular speed.

aerodynamic torque is consistent with the earlier simulations for this wind turbine operating under
similar wind speed and rotor speed conditions (see, e.g., [8, 14, 15, 23, 44, 45, 62, 68]).

3.4. FSI simulation of a VAWT

To illustrate that the proposed structural mechanics modeling and mesh moving techniques also
work well for VAWTs, we briefly present an FSI simulation of a 1.2-kW VAWT, which is a three-
bladed, medium-solidity Darrieus turbine designed by Windspire Energy [40]. For more information
about the VAWT model, the reader is referred to a companion paper [66], where the focus is on
VAWT simulation, validation using field test data and turbine self-starting issues.

The total height of the VAWT tower is 9.0 m, and the rotor height is 6.0 m. The rotor uses the
DU06W200 airfoil profile with the chord length of 0.127 m and is of the Giromill type with straight
vertical blade sections attached to the main shaft with horizontal struts (see Figure 1). The rotor and
struts are made of aluminum, and the tower is made of steel. Quadratic NURBS are employed for
both the beam and shell discretizations. The total number of beam elements is 116, and the total
number of shell elements is 7029.

The aerodynamics mesh has about 8-M elements, which are linear triangular prisms in the blade
boundary layers, and linear tetrahedra elsewhere. The boundary layer mesh is constructed using 18
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rotor speeds, but without yawing, are shown for comparison. The modeling in [62] was performed at NREL
using the FAST code [63], in which a lower fidelity, look-up table-based aerodynamics modeling technique

is implemented.
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Figure 12. Time history of the aerodynamic torque for the pure aerodynamics simulations. (a) 8.0 m/s wind
with experimental data from [41]. (b) 6.0 m/s wind with experimental data from [64, 65]. In both cases, the
experimental value of the aerodynamic torque is derived from the average power produced by the turbine
at the target rotor speed. The difference in the predicted and experimentally reported aerodynamic torque is
due to the mechanical and electrical losses in the system, which are not reported, and which are consistent

between the two simulations. See [66] for more details.

layers of elements, with the size of the first element in the wall normal direction of 0.0003 m and
growth ratio of 1.1.

Prior to the FSI simulations, for validation purposes, we performed two pure aerodynamic sim-
ulations of the Windspire VAWT. The results of these simulations are reported in [66] and are
summarized in Figure 12.

For the FSI simulation, we fix the inflow wind speed at 11.4 m/s and consider the initial rotor
speed of 4 rad/s. The VAWT is allowed to spin freely and accelerate under the action of the ambient
wind. The time step in the computation is set to 2:0 � 10�5 s.

The mesh moving technique described earlier is applied to this case in a straightforward fashion.
The radius and height of the inner cylindrical domain that encloses the rotor are 1.6 and 7 m, respec-
tively. That is, the cylindrical domain extends 0.5 m above and below the rotor blades. The rotor
axis direction nrot is defined according to Equation (9), where the points xori and xtip are located
at the bottom and top intersections of the tower beam and shell, respectively. The instantaneous
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rotor angular velocity is computed from Equation (2), the spinning component is removed as per
Equation (8), and the two angular velocities are used to update the sliding–interface mesh positions.

Figure 13 shows the snapshots of the top view of the VAWT structure in the current configuration.
As the rotor spins, its tip displacement amplitude is predicted to be about 12 cm, which we find
reasonable given the tower height of 9 m, and one of the VAWT design objectives being that the

Figure 13. FSI simulation of a Windspire VAWT. Snapshots of the top view of the wind turbine structure
current configuration.

Figure 14. FSI simulation of a Windspire VAWT. Snapshots of the isosurfaces of Q colored by air speed
illustrating the air flow complexity.
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Figure 15. FSI simulation of a Windspire VAWT. Time history of the angular speed.

structure is not too flexible. Figure 14 shows the snapshots of the isosurfaces of Q colored by velocity
magnitude. The flow is fully turbulent and requires relatively fine boundary layer resolution for
accurate aerodynamic load prediction. Figure 15 shows the time history of rotor speed. A gradual
increase in the rotor speed is observed, suggesting a possibility that the rotor may eventually reach
the speed necessary for efficient operation.

4. CONCLUSIONS

In this paper, we focused on the application of recently developed IGA structural modeling tech-
niques to the simulation of wind turbines. We targeted more advanced FSI simulations of wind
turbines than reported previously, such as rotor yawing for HAWTs, and full machine FSI of
VAWTs. A moving mesh FSI formulation is adopted in this work, which allows for the much needed
boundary layer aerodynamics discretization, yet brings additional challenges for handling mechani-
cal components in relative motion and the management of the aerodynamics mesh. These challenges
are addressed by extending the current FSI formulation to accommodate nonstationary sliding inter-
faces and by formulating a novel mesh moving technique to support the formulation. The numerical
examples illustrate the successful application of the proposed techniques to the FSI simulation of
wind turbines at full scale.
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