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Abstract In this paper we present our aerodynamics and
fluid–structure interaction (FSI) computational techniques
that enable dynamic, fully coupled, 3D FSI simulation of
wind turbines at full scale, and in the presence of the na-
celle and tower (i.e., simulation of the “full machine”). For
the interaction of wind and flexible blades we employ a
nonmatching interface discretization approach, where the
aerodynamics is computed using a low-order finite-element-
based ALE-VMS technique, while the rotor blades are mod-
eled as thin composite shells discretized using NURBS-
based isogeometric analysis (IGA). We find that coupling
FEM and IGA in this manner gives a good combination of
efficiency, accuracy, and flexibility of the computational pro-
cedures for wind turbine FSI. The interaction between the
rotor and tower is handled using a non-overlapping sliding-
interface approach, where both moving- and stationary-
domain formulations of aerodynamics are employed. At
the fluid–structure and sliding interfaces, the kinematic and
traction continuity is enforced weakly, which is a key ingre-
dient of the proposed numerical methodology.

We present several simulations of a three-blade 5 MW
wind turbine, with and without the tower. We find that, in the
case of no tower, the presence of the sliding interface has no
effect on the prediction of aerodynamic loads on the rotor.
From this we conclude that weak enforcement of the kine-
matics gives just as accurate results as the strong enforce-
ment, and thus enables the simulation of rotor–tower inter-
action (as well as other applications involving mechanical
components in relative motion). We also find that the blade
passing the tower produces a 10%–12% drop (per blade) in
the aerodynamic torque. We feel this finding may be impor-
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tant when it comes to the fatigue-life analysis and prediction
for wind turbine blades.
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namics · fluid–structure interaction · ALE-VMS method ·
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1 Introduction

In the last several years there has been a significant increase
in the research centered around aerodynamic and structural
modeling of wind turbines. While most wind turbine aerody-
namics and aeroelasticity simulations for engineering design
are performed using low-fidelity methods (see, e.g., [1, 2]),
there has been a growing body of research and development
to raise the fidelity of wind turbine simulations. Standalone
3D computational fluid dynamics simulations of wind tur-
bines may be found in [3–16], while standalone structural
analyses of rotor blades of complex geometry and mate-
rial composition under assumed or computed off-line wind
load conditions are reported in [17–23]. In simulating wind
turbine aerodynamics, only a handful of researchers (see,
e.g., [7, 8, 13, 24]) considered full wind turbine simulations,
where the wind turbine rotor, nacelle, and tower are all mod-
eled. This is due to the additional computational challenges
associated with the simulation of objects in relative motion.

Recently, a fully coupled fluid–structure interaction
(FSI) simulation methodology for wind turbine rotors was
developed in [25]. The simulations therein showed the im-
portance of FSI modeling for full-scale wind turbine rotors.
However, the FSI modeling in [25] only considered the in-
teraction between the airflow and wind turbine rotor, with-
out taking into account the tower and nacelle. In this paper
we present our computational methodology to include the
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tower and nacelle into the FSI modeling, which allows us to
simulate the “full machine”.

To enable the simulation of rotor–tower interaction, we
adopt a sliding-interface formulation, which was first pro-
posed in [26] and successfully tested on the NREL Phase VI
wind turbine in [24]. We note that in application of the FEM
to flows with moving mechanical components, the Shear–
Slip Mesh Update Method [27–29] and its more general ver-
sions [30, 31] may also be employed to handle objects in
relative motion. To handle the FSI we use a nonmatching
interface discretization developed in [32], where we couple
low-order FEM for aerodynamics and Isogeometric Analy-
sis (IGA) [33,34] for structural mechanics. Using nonmatch-
ing discretizations at the fluid–structure interface can serve
purposes beyond an implementation convenience typically
associated with weakly-coupled FSI methods. What we do
here is an example of taking advantage of the flexibility as-
sociated with using nonmatching discretizations, combining
the most appropriate discretization for each part of an FSI
problem. Exploiting this kind of flexibility, in conjunction
with FSI homogenization methods [35–37], enabled compu-
tation of some of the most challenging parachute FSI prob-
lems [37–39], including parachute clusters [38, 39], where
the contact model [39, 40] needed to deal with the inter-
action between the parachutes took advantage of this flex-
ibility. Turbulence modeling in the aerodynamics formula-
tion makes use of the recently proposed ALE-VMS tech-
nique [41,42] in combination with weakly enforced essential
boundary conditions [43]. The latter greatly improve the ac-
curacy of the ALE-VMS formulation in the presence of thin
boundary layers near the rotor surface [44]. The Kirchhoff–
Love shell formulation [45] in conjunction with the bending
strip method [21] is used to model blade structures made of
composite materials.

This paper is outlined as follows. In Section 2, we first
state the continuum formulation of the FSI problem suitable
for a nonmatching discretization of the fluid–structure in-
terface. The fluid and structural mechanics formulations at
the space-discrete level are shown next, followed by the pre-
sentation of the sliding-interface formulation. We conclude
the section with a brief discussion of the time integration
and FSI coupling techniques. In Section 3, we present the
numerical results for the NREL 5 MW offshore wind tur-
bine [2, 9]. We first verify that the aerodynamic loads are
insensitive to the presence of the sliding interface. We then
compute several cases to assess the importance of includ-
ing FSI and rotor–tower interaction in the modeling. It is
shown that both produce an appreciable effect. In Section 4,
we draw conclusions and outline future developments.

2 Continuum and discrete modeling of FSI

In this section, we present the computational framework
for fluid–structure interaction (FSI) analysis of a full wind
turbine. For the FSI formulation we use the developments
in [32]. The coupled FSI formulation is able to handle
nonmatching fluid–structure interface discretizations with-
out introducing the interface degrees-of-freedom. This is
done for better efficiency of the computational procedures.
To take into account the interaction between the rotor and
tower, a non-overlapping sliding-interface method [24, 26]
that handles subdomains in relative motion is also presented.
The sliding-interface discretization also avoids the use of in-
terface degrees-of-freedom.

2.1 FSI formulation at the continuum level suitable for
nonmatching interface discretizations

Let (Ωt)1 ∈ R
d, d = 2, 3, represent the time-dependent do-

main of the fluid mechanics (or aerodynamics) problem with
boundary (Γt)1, let (Ωt)2 ∈ R

d represent the time-dependent
domain of the structural mechanics problem with boundary
(Γt)2, and let (Γt)I ∈ R

d represent the interface between the
fluid and structural domains. Let u1 and p denote the fluid
velocity and pressure, respectively, and let u2 denote the ve-
locity of the structure. Let Su, Sp, and Sd be the trial func-
tion spaces for the fluid velocity and pressure, and structural
velocity, respectively, and Vu, Vp, and Vd be the corre-
sponding test function spaces. The variational formulation
for the coupled problem may be stated as: find u1 ∈ Su,
p ∈ Sp, and u2 ∈ Sd, such that ∀w1 ∈ Vu, ∀q ∈ Vp, and
∀w2 ∈ Vd,

B1({w1, q}, {u1, p}; û) − F1({w1, q}) + B2(w2,u2) − F2(w2)

−

∫
(Γt)I

(w1 − w2) ·σσσ1 (u1, p) n1 dΓ

−

∫
(Γt)I

δσσσ1 (w1, q) n1 · (u1 − u2) dΓ

+

∫
(Γt)I

(w1 − w2) · β(u1 − u2) dΓ = 0. (1)

In the above, the subscripts 1 and 2 denote the fluid and
structural mechanics quantities, and β is a penalty parameter,
which we leave unspecified for the moment. Furthermore,
B1, F1, B2, and F2 are the semilinear forms and linear func-
tionals corresponding to the fluid and structural mechanics
problems, and are given by

B1({w, q}, {u, p}; û)

=

∫
(Ωt)1

w · ρ1

(
∂u
∂t

∣∣∣∣∣
x̂

+ (u − û) · ∇∇∇u
)

dΩ
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+

∫
(Ωt)1

εεε (w) : σσσ1 (u, p) dΩ +

∫
(Ωt)1

q∇∇∇ · u dΩ, (2)

F1({w, q}) =

∫
(Ωt)1

w · ρ1f1 dΩ +

∫
(Γt)1h

w · h1 dΓ, (3)

B2(w,u) =

∫
(Ωt)2

w · ρ2
du
dt

dΩ +

∫
(Ωt)2

εεε (w) : σσσ2(u) dΩ, (4)

F2(w) =

∫
(Ωt)2

w · ρ2f2 dΩ +

∫
(Γt)2h

w · h2 dΓ, (5)

where ρ’s are the densities, f’s are the prescribed body
forces, h’s are the prescribed surface tractions, û is the ve-
locity of the fluid domain (Ωt)1, (Γt)1h and (Γt)2h are the
boundaries where the surface tractions are specified,

∣∣∣∣
x̂

de-
notes the fact that the time derivative in the fluid mechanics
equations is taken with respect to the fixed referential do-

main spatial coordinates x̂, and
d(·)
dt

denotes the total time
derivative (i.e., time derivative taken with respect to the fixed
coordinates of the material configuration). The fluid me-
chanics Cauchy stress tensor σσσ1 is defined as

σσσ1 (u, p) = −pI + 2µεεε (u) , (6)

where I is the identity tensor, µ is the dynamic viscosity, and
εεε (u) is the strain-rate tensor given by

εεε (u) =
1
2

(
∇∇∇u +∇∇∇uT

)
. (7)

In Eq. (1),

δσσσ1 (w, q) n = 2µεεε(w)n + qn. (8)

At this point we do not detail the structural Cauchy stress
σσσ2 as we wish to keep the structural mechanics formulation
flexible.

Remark 1 The variational formulation given by Eq. (1)
may be interpreted as Nitsche’s method applied to the FSI
problem (see, e.g., [46, 47]), or as a continuous version of
the discontinuous Galerkin (DG) method (see, e.g., [48]) ap-
plied at the fluid–structure interface. It is assumed in Eq. (1)
that the trial and test function spaces of the fluid and struc-
tural subproblems are independent of each other. This ap-
proach provides a framework that is capable of handling
nonmatching fluid and structural interface discretizations.

Remark 2 If the fluid and structural velocities and the cor-
responding test functions are explicitly assumed to be con-
tinuous (i.e., u1 = u2 and w1 = w2) at the interface, the FSI
formulation given by Eq. (1) reduces to a form suitable for
matching fluid–structure interface meshes. Although some-
what limiting, matching interface discretizations were suc-
cessfully applied to cardiovascular FSI in [49–57].

2.2 ALE-VMS formulation of fluid mechanics with weak
boundary conditions

We assume that the time-dependent fluid domain (Ωt)1 is di-
vided into Nel spatial subdomain elements denoted by

(
Ωe

t
)
1.

The fluid–structure interface (Γt)I is decomposed into Neb

fluid domain surface elements denoted by Γb
t , and (Γt)−I is

defined as the “inflow” part of (Γt)I. The discrete trial func-
tion spaces Sh

u for the velocity and Sh
p for the pressure, as

well as the corresponding test function spaces Vh
u and Vh

p
are assumed to be of equal order, and, in this work, are com-
prised of FEM functions. The discrete velocities and pres-
sures and the corresponding test functions are now super-
scripted with h to denote their dependence on the mesh size.

The ALE-VMS formulation of the fluid mechanics sub-
problem, including the weakly enforced boundary condi-
tions, is obtained by setting w2 = 0, B1 = BVMS

1 , F1 = FVMS
1 ,

and β = τB in Eq. (1), and is given by: find uh
1 ∈ S

h
u and

ph ∈ Sh
p, such that ∀wh

1 ∈ V
h
u and ∀qh ∈ Vh

p,

BVMS
1 ({wh

1, q
h}, {uh

1, ph}; ûh) − FVMS
1 ({wh

1, q
h})

−

Neb∑
b=1

∫
Γb

t
⋂

(Γt)I

wh
1 ·σσσ1

(
uh

1, ph
)

n1 dΓ

−

Neb∑
b=1

∫
Γb

t
⋂

(Γt)I

(
2µεεε

(
wh

1

)
n1 + qhn1

)
·
(
uh

1 − ûh
)

dΓ

−

Neb∑
b=1

∫
Γb

t
⋂

(Γt)−I

wh
1 · ρ1

((
uh

1 − ûh
)
· n1

) (
uh

1 − ûh
)

dΓ

+

Neb∑
b=1

∫
Γb

t
⋂

(Γt)I

τBwh
1 ·

(
uh

1 − ûh
)

dΓ = 0, (9)

where

BVMS
1 ({wh, qh}, {uh, ph}; ûh) = B1({wh, qh}, {uh, ph}; ûh)

+

Nel∑
e=1

∫
(Ωe

t )1

τM

((
uh − ûh

)
· ∇∇∇wh +

∇∇∇qh

ρ1

)
· rM

(
uh, ph

)
dΩ

+

Nel∑
e=1

∫
(Ωe

t )1

ρ1τC∇∇∇ · whrC

(
uh, ph

)
dΩ

−

Nel∑
e=1

∫
(Ωe

t )1

τMwh ·
(
rM

(
uh, ph

)
· ∇∇∇uh

)
dΩ

−

Nel∑
e=1

∫
(Ωe

t )1

∇∇∇wh

ρ1
:
(
τMrM

(
uh, ph

))
⊗

(
τMrM

(
uh, ph

))
dΩ,

(10)

and

FVMS
1 ({wh, qh}) = F1({wh, qh}). (11)
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In the above equations, ûh is the mesh velocity, and rM and
rC are the residuals of the momentum and continuity equa-
tions, respectively, given by

rM(uh, ph) = ρ1

(
∂uh

∂t

∣∣∣∣∣∣
x̂

+
(
uh − ûh

)
· ∇∇∇uh − fh

)
(12)

−∇∇∇ ·σσσ1

(
uh, ph

)
,

and

rC(uh, ph) = ∇∇∇ · uh. (13)

The definitions of τM and τC, the stabilization parameters,
may be found in [50, 58–67]).

The ALE-VMS method is a moving-domain extension
of the residual-based variational multiscale (RBVMS) for-
mulation proposed in [66] in the context of nonmoving do-
main problems. Weakly enforced essential boundary con-
ditions were introduced in [43], which improved the per-
formance of the ALE-VMS formulation in the presence of
underresolved boundary layers [68–70]. The definition of
the boundary stabilization (or penalty) parameter τB may be
found in [44].

In the case of FSI, the essential boundary conditions for
the fluid mechanics problem at the fluid–structure interface
come from the structural velocity. In this case, the mesh ve-
locity ûh on (Γt)I may be computed as

ûh = Πh
1 uh

2, (14)

where Πh
1 is a projection or interpolation operator onto the

space spanned by the basis functions of the fluid mechan-
ics problem restricted to the fluid–structure interface. In this
work we use an L2-projection. Equation (14) gives the cou-
pling to the structural mechanics problem, which is dis-
cussed in the next section.

2.3 Kirchhoff–Love shell formulation of structural
mechanics and the bending strip method

The discrete variational formulation of the structural me-
chanics problem is obtained by setting {w1, q} = {0, 0} in
Eq. (1) and assuming that the structure is governed by the
isogeometric Kirchhoff–Love composite shell formulation
with the aid of the bending strip method [21, 25, 45]. The
shell midsurface is described using a piecewise smooth (C1-
or higher-order continuous) geometrical mapping. Regions
where the mapping reduces to the C0 level are also allowed.
This includes situations where the shell surface geometry is
described using several NURBS patches that are joined with
C0-continuity. For this reason, we define (Γs

2)0 and (Γs
2)t to

be the structure midsurface, which is composed of the struc-
tural patches or subdomains, in the reference and deformed
configuration, respectively. Furthermore, (Γb

2)0 denotes the

bending strip domain, which is a union of the bending strip
patch subdomains, in the reference configuration.

Let Sh
d andVh

d denote the discrete trial and test function
spaces for the structural mechanics problem. The rotation-
free Kirchhoff–Love shell formulation may be stated as: find
the velocity of the shell midsurface uh

2 ∈ S
h
d, such that for

all test functions wh
2 ∈ V

h
d,∫

(Γs
t )2

wh
2 · ρ2hth

duh
2

dt
− f

 dΓ

+

∫
(Γs

0)2

δεεεh
·
(
A εεεh

+ B κκκh
)

dΓ

+

∫
(Γs

0)2

δκκκh
·
(
B εεεh

+ D κκκh
)

dΓ

+

∫
(Γb

0 )2

δκκκh
· Db κκκ

h dΓ −
∫

(Γt)I

wh
2 · (Π

h
2 th

1) dΓ = 0. (15)

In the above, hth is the shell thickness, εεεh and κκκh are the ten-
sors of membrane strains and curvature changes in Voigt
notation written with respect to the local Cartesian basis
oriented on the first covariant basis vector of the midsur-
face, δεεεh and δκκκh are their variations, A, B and D are the
membrane, coupling and bending stiffnesses, respectively,
pre-integrated through the thickness, Db is the bending stiff-
ness of the bending strips, Πh

2 is an L2-projection operator
onto the space spanned by the basis functions of the struc-
tural mechanics problem restricted to the fluid–structure in-
terface, and th

1 is the discrete fluid traction given by

th
1 = −σσσh

1n1 − τB

(
uh

2 − uh
1

)
. (16)

Fig. 1 Setup for the simulation of a full machine. The interior mov-
ing subdomain, which encloses the wind turbine rotor, and the exterior
stationary subdomain, which houses the nacelle and tower, are shown.
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Although NURBS are employed in this work to dis-
cretize the structural mechanics equations, T-splines [71,72]
or subdivision surfaces [73–75] are also well suited for
the proposed structural modeling approach. For alterna-
tive rotation-free shell formulations the reader is referred
to [73–79].

2.4 Sliding-interface formulation for objects in relative
motion

In order to simulate the full wind turbine configuration and
investigate the rotor–tower interaction, we consider an ap-
proach that makes use of a moving subdomain, which en-
closes the entire wind turbine rotor, and a stationary sub-
domain that contains the rest of the wind turbine (see Fig-
ure 1). The two domains are in relative motion and share
a sliding cylindrical interface. The meshes on each side of
the interface are nonmatching because of the relative mo-
tion (see Figure 2). As a result, a numerical procedure is
needed to impose the continuity of the kinematics and trac-
tions at the stationary and rotating subdomain interface de-
spite the fact that the interface discretizations are incompat-
ible. Such a procedure was developed in [26] in the context
of IGA for computing flows about rotating components. The
advantage of IGA for rotating-component flows is that the
cylindrical sliding interfaces are represented exactly and no
geometry errors are incurred. In the case of standard FEM
employed here, the geometric compatibility is only approxi-
mate. The sliding-interface coupling was successfully tested
on the NREL Phase VI wind turbine in [24] and is presented
in what follows.

Let the subscripts 1S and 1M denote the quantities per-
taining to the fluid mechanics problem on the stationary and
moving subdomains, respectively. The subdomain that en-
closes the rotor rotates with it, and the interior of the rotating
subdomain is allowed to deflect to accommodate the motion
of the blades. However, the motion of the outer boundary of
the rotor subdomain is restricted to a rigid rotation to main-
tain geometric compatibility with the stationary subdomain.
To enforce the compatibility of the flow kinematics and trac-
tions at the sliding interface, we add the following terms to
the ALE-VMS formulation given by Eq. (9):

−

Neb∑
b=1

∫
Γb

t
⋂

(Γt)SI

(
wh

1S − wh
1M

)
·

1
2

(σσσ1Sn1S −σσσ1Mn1M) dΓ

−

Neb∑
b=1

∫
Γb

t
⋂

(Γt)SI

1
2

(δσσσ1Sn1S − δσσσ1Mn1M) ·
(
uh

1S − uh
1M

)
dΓ

−

Neb∑
b=1

∫
Γb

t
⋂

(Γt)SI

wh
1S · ρ

{(
uh

1S − ûh
1S

)
· n1S

}
−

(
uh

1S − uh
1M

)
dΓ

−

Neb∑
b=1

∫
Γb

t
⋂

(Γt)SI

wh
1M · ρ

{(
uh

1M − ûh
1M

)
· n1M

}
−

(
uh

1M − uh
1S

)
dΓ

+

Neb∑
b=1

∫
Γb

t
⋂

(Γt)SI

CB
I µ

hn

(
wh

1S − wh
1M

)
·
(
uh

1S − uh
1M

)
dΓ = 0, (17)

where δσσσ is given by Eq. (8), (Γt)SI is the sliding interface,
and {A}− denotes the negative part of A, that is, {A}− = A

ifA < 0 and {A}− = 0 ifA ≥ 0. Just as in the FSI case, the
sliding-interface formulation may be see as a DG method,
where the continuity of the basis function is enforced every-
where in the interior of the two subdomains, but not at the
sliding interface between them. The structure of the terms on
the sliding interface is similar to that of the weak enforce-
ment of essential boundary conditions (see Eq. (9)). The sig-
nificance of each term is explained in detail in [26]. Note
that, in the current application, ûh

1S = 0, because the subdo-
main 1S is stationary. However, the formulation is able to
handle situations where both subdomains are in motion.

Remark 3 Nonmatching interface discretizations in the FSI
and sliding-interface problems necessitate the use of in-
terpolation or projection of kinematic and traction data
between the nonmatching surface meshes (see, e.g., [32,
80–82], where [82] is more comprehensive than [81]). A
computational procedure, which can simultaneously han-
dle the data transfer for IGA and FEM discretizations,
was proposed in [32]. The procedure also includes a ro-
bust approach in identifying “closest points” for arbitrary
shaped surfaces. While such interface projections are rather
straightforward for weakly-coupled FSI algorithms, they re-
quire special techniques [40, 65, 82] for strongly-coupled,
“direct” and “quasi-direct” methods [40, 65, 82–84] that
are monolithic-like (i.e. become monolithic for matching
discretizations).

2.5 Time integration of the FSI equations and coupling

The ALE formulation for fluid mechanics and the La-
grangian formulation for structural mechanics give a natural
setting for a finite-difference time integration of this cou-
pled FSI system. In this work, we employ the Generalized-α
technique [50,85,86], which is a fully-implicit second-order
accurate method with control over the dissipation of high-
frequency modes. At each time step the combined fluid,
structure and mesh motion discrete residuals are converged
to zero by means of a block-iterative FSI coupling ap-
proach [65,83,84]. The block-iterative approach for noncon-
forming fluid and structural meshes consists of the following
sequence of linear solves. We first compute the fluid me-
chanics solution increment holding the structural and mesh
solutions fixed. We then update the fluid solution, extract the
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Fig. 2 Nonmatching meshes at the sliding interface between the stationary and moving subdomains.

Fig. 3 Cases considered. (a) Case I: Rotor only. (b) Case II: Rotor only, including a sliding interface. (c) Case III: Full machine with a sliding
interface.

fluid traction and project it to the structure, and obtain the
structural mechanics solution increment. Finally, we update
the structural solution, project the structural kinematics data
to the fluid domain boundary, and update the mesh solution
increment using the linear elasticity operator. This three-step
iteration sequence is repeated until convergence to an appro-
priately coupled discrete solution is achieved. We note that
only the mesh motion part associated with blade deflections
is computed using the mesh moving method that we typ-
ically use, which is an elastic mesh moving technique with
Jacobian-based stiffening [87–89]. The mesh motion part as-
sociated with blade rotations is computed exactly (see [25]
for details). The block-iterative approach to FSI coupling is
stable and efficient for wind turbine simulation.

Table 1 Mesh statistics for Cases I, II and III.

Number of Nodes Number of Elements
Case I 1,319,427 4,218,459
Case II 1,326,129 4,205,519
Case III 1,440,425 4,828,692

Fig. 4 A 2D cut at x = 0 to show the mesh quality used in Case III.
The mesh is refined in the inner region for better flow resolution near
the wind turbine.



Fluid–structure interaction modeling of wind turbines: Simulating the full machine 7

Fig. 5 A 2D cut at 75% spanwise station to illustrate the boundary-
layer mesh. The size of the first element in the wall-normal direction
is 0.02 m, and a growth ratio of 1.2 is used to generate 15 layers of
prismatic elements.
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At that instant the predicted drop in the torque is 10%–12% of its com-
puted value when the blade is away from the tower.
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3 Computational results

In this section, we present our computations of the NREL
5 MW offshore baseline wind turbine [2, 9]. The NREL
5 MW wind turbine is a conventional three-blade upwind
turbine proposed in [2] to support concept studies aimed

at assessing offshore wind technology [90–96]. The rotor-
only configuration of this wind turbine was simulated earlier
in [9–11, 25, 32, 41, 44, 97] using both NURBS-based IGA
and standard FEM. The detailed geometry description and
construction for the blade surface was documented in [9].
The 63 m blade is composed of a series of DU airfoils and
the NACA64 profile. In this work, the proposed framework
is applied to the simulation of the full wind turbine config-
uration, including the rotor (blades and hub), nacelle, and
tower. The land-based tower is assumed to be rigid, and has
a base diameter of 6 m and a top diameter of 3.87 m. The
tower height is 87.6 m and the hub height is 90 m [2].

The cases considered in this work are show in Figure 3.
Case I is a rotor-only setup, where the rotor is enclosed in a
cylindrical domain, and the rotation is applied to the entire
computational domain to simulate the spinning rotor. Case
II is also a rotor-only setup, however, the rotor is housed in
a cylindrical rotating subdomain that is enclosed by a sta-
tionary exterior flow subdomain. The sliding-interface for-
mulation is applied at the interface between the subdomains
to weakly impose the continuity of the kinematics and trac-
tions. We compare the simulation results from Cases I and II
to study the effect of the sliding-interface formulation. Case
III has a similar setup as Case II, but this time the stationary
subdomain contains the nacelle and tower, and thus enables
us to study the rotor–tower interaction effects.

All simulations are performed at the rated wind speed of
11.4 m/s and a fixed rotor speed of 12.1 rpm. This setup cor-
responds to one of the cases reported in [2]. The wind speed
is prescribed at the inflow boundary, the traction vector is
set to zero at the outflow boundary, and the slip condition is
set on the top, bottom, and lateral boundaries. The air den-
sity and viscosity are 1.2 kg/m3 and 2.0 × 10−5 kg/(m s),
respectively.

The aerodynamics volume mesh statistics for all three
cases are summarized in Table 1. Case III has more elements
and nodes compared with Cases I and II due to the presence
of the nacelle and tower. A 2D cut of the mesh at x = 0
for Case III is shown in Figure 4 to show the mesh quality
used in our computations. The mesh is refined in the inner
region for better flow resolution. Figure 5 shows a 2D cut at
75% spanwise station to illustrate the boundary-layer mesh
used in our computations. Near the blade surface, the size
of the first element in the wall-normal direction is 0.02 m,
and 15 layers of prismatic elements were generated with a
growth ration of 1.2. The Reynolds number based on the
chord length and relative speed at this location is O(107).
The same boundary-layer mesh is used in all three cases.
The time-step size is 2.5×10−4 s for all cases. Both rigid- and
flexible-blade computations are performed for each case.
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Fig. 12 Relative air speed and streamlines at 50% spanwise station, rotated to the reference configuration, and superposed on the moving blade #2
at three different time instants: (a) t = 9.0 s, (b) t = 10 s, and (c) t = 12.5 s.

Fig. 13 Air speed contours at a planar cut (left) and isosurfaces of air speed (right) at an instant for the flexible-blade full-machine simulation.

Table 2 Time-averaged (over one revolution) aerodynamic torques

Rigid-Blade Flexible-Blade
Aerodynamic Torque Aerodynamic Torque

(kN m) (kN m)
Case I 3735 3749
Case II 3733 3751
Case III 3716 3734

3.1 Rigid-blade simulations

We first perform the simulations assuming the rotor blades
are rigid. The time history of the aerodynamic torque is plot-
ted in Figure 6 for all three cases. The comparison between
Case I and II shows that the presence of the sliding interface
has no effect on the prediction of aerodynamic loads on the
rotor. From this we conclude that weak enforcement of the
kinematics at the sliding interface gives just as accurate re-

sults as the strong enforcement, and thus enables the simula-
tion of rotor–tower interaction (as well as other applications
involving mechanical components in relative motion).

Figure 6 also shows the time history of the aerodynamic
torque for Case III, where the nacelle and tower are in-
cluded and the full machine is considered in the simulation.
The results clearly show several “dips” in the torque his-
tory, each dip corresponding to one of the blades passing the
tower. To better examine the tower effect, we plot the aero-
dynamic torque for each individual blade as a function of
the azimuthal angle (see Figure 7). For each blade, the az-
imuthal angle of 180◦ represents the instant when the blade
passes the tower. At that instant the predicted drop in the
torque is 10%–12% of its computed value when the blade is
away from the tower. This finding may be important when
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it comes to the fatigue-life analysis and prediction for wind
turbine blades.

3.2 Flexible-blade simulations

The rotor blades are discretized using NURBS-based
IGA. A symmetric fiberglass/epoxy composite with
[±45/0/902/03]s lay-up was proposed in [25] for the blade
material. The details of the NURBS structure model, in-
cluding the homogenization of the material and the laminate
thickness distributions, can be found in [25, 98]. There are
4897 control points in the quadratic NURBS mesh.

We perform FSI (flexible-blade) simulations for all three
cases. The time history of the aerodynamic torques are
shown in Figure 8. The comparison between Cases I and
II again shows that the presence of the sliding interface has
no effect on the prediction of aerodynamic loads on the ro-
tor. We also note the transient dynamic effect as well as high
frequency oscillations in the FSI curves compared with the
rigid-blade simulation result. The tower effect is still appre-
ciable.

Figure 9 shows the tip z-displacement history of the in-
dividual blades. The solid lines are the results from Case III
(full machine), while the dashed, dashed-doted, and dashed-
doted-doted lines are from Case II (rotor only). From the
comparison we note that the rotor–tower interaction doesn’t
seem to produce a pronounced response in the blade tip dis-
placement.

Figure 10 shows the aerodynamic torques of individual
blades for Case III. Note that the torque histories are clearly
different between three blades. From Figures 9 and 10 we
also note that the individual tip displacement and torque do
not settle at the steady values. Once the initial transient de-
cays, the tip displacement varies between 3 and 4 m during
one revolution. The dynamic effect is also present in individ-
ual torque curves shown in Figure 10. After the initial tran-
sient decays, the torque varies between 1180 and 1330 kN m
during one revolution. Figure 11 compares the torque his-
tory of individual blades between Cases II and III to show
the effect of rotor–tower interaction in FSI computations.
The drop in aerodynamic torque is clearly seen for all three
blades.

Figure 12 shows the relative air speed and streamlines at
50% spanwise station, rotated to the reference configuration,
and superposed on the moving blade #2. The blade mostly
displaces in the flapwise direction, however, the edgewise
displacement may also be observed. The weak enforcement
of boundary conditions results in the flow slipping on the
solid surface. Figure 13 shows the flow visualization of the
full wind turbine configuration. The tip vortex decays very
slowly as it is convected downstream. Note that no visible
discontinuities are seen in the flow field at the sliding inter-

face, which indicates that the method correctly handles the
kinematic compatibility at this location.

The time-averaged aerodynamic torque values for all
cases are summarized in Table 2. From the FSI computa-
tion of Case III, and without considering any power loss,
the energy generated by this wind turbine design is about
4.73 MW. According to the Betz’ law (see, e.g. [99]), the
maximum power that this wind turbine design is able to ex-
tract for the wind and rotor speeds considered is 6.57 MW,
leading to the aerodynamic efficiency of 72%, which is quite
good for modern wind turbine designs.

4 Conclusions

We presented our aerodynamics and FSI computational
techniques that enable dynamic, fully coupled, 3D FSI sim-
ulation of wind turbines at full scale, and in the presence of
the nacelle and tower (i.e., simulation of the “full machine”).
The structural modeling of wind turbine blades makes use
of the isogeometric rotation-free shell formulation, which
is coupled to the low-order finite-element-based ALE-VMS
technique for aerodynamics. This presents a good combina-
tion of accuracy and efficiency of the wind turbine FSI simu-
lations. The blade–tower interaction is successfully handled
using a sliding-interface technique with weak enforcement
of flow kinematic and traction compatibility.

The computational results indicate that the blade passing
the tower produces an appreciable drop in the aerodynamic
torque. This creates additional cyclic loading on the blades
that may be important when it comes to their fatigue-life
analysis. Furthermore, the FSI modeling employed in this
work captures the variability in the deformation of the indi-
vidual blades as well as that of the aerodynamic torque dur-
ing one revolution. Because at any instant in time the blade
deformation is nonsymmetric, this creates eccentric loads on
the hub, which may be important to predict for the purposes
of hub and nacelle design.
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