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Abstract
This article reviews state-of-the-art numerical techniques for fluid–structure interaction (FSI) of full-scale wind-turbine

systems. Simulation of floating wind turbines subjected to combined wind-flow and ocean-wave forcing, and modeling of

high-cycle fatigue failure of blades due to long-term cyclic aerodynamic loading, are the focal points of this article.

Computational techniques including advanced structural modeling based on Isogeometric Analysis, free-surface FSI, and

fatigue-damage modeling, are presented. Representative computational examples involving land-based and floating off-

shore wind-turbine designs illustrate the versatility and power of the computational methods developed.

1 Introduction

1.1 Offshore Wind and the Need for Advanced
Simulation

Offshore wind is an indigenous, clean, and inexhaustible

source of energy. It is also an emerging industry, with

strong potential for job creation. According to the predic-

tion from National Renewable Energy Laboratory (NREL)

in 2010, offshore wind could produce electricity for almost

39 million households by 2020 [55]. This figure could

grow even faster beyond 2020, which would require

advances in offshore wind turbine technology.

The current trend in wind energy is to go from land-

based to offshore designs, where the latter include wind

turbines with bottom-fixed foundation installed along the

shoreline in relatively shallow depths, and wind turbines

mounted on a floating structure in deeper waters. Com-

pared with land-based wind turbines, the floating offshore

wind turbines have the following advantages: (a) The

winds are stronger and more constant far from the shore,

thus more energy can be generated; (b) The size of turbines

is not limited by land transportation, provided the turbines

can be assembled along the coastline and safely towed to

their operating locations; (c) The visual and noise impact of

wind turbines can be avoided due to operation far away

from the shore; (d) Vast, open sea/ocean space is available.

We believe that performing leading-edge wind energy

research and development, which includes advanced fluid–

structure interaction (FSI) modeling and simulation, will be

essential in order to better exploit the above advantages of

offshore wind in the future.

The current practice in simulating floating wind turbines

makes use of either steady (time-independent), lumped-

parameter aerodynamics and hydrodynamics models that

are coupled with scaled down and/or simplified floating-

wind-turbine structure models. These models are simple to

implement and easy to execute, which makes them

attractive, especially since they are routinely used as part of

large parametric studies. However, because floating wind

turbines are subjected to high wind speeds and violent sea

states, and exhibit relatively complex mechanical response

to wave loading, including mechanical components in

relative motion superposed on elastic deformation of the

blades and tower, these simplified models are often unable

to adequately describe this behavior, especially in more

extreme situations. Nevertheless, it is precisely these more
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extreme events that cause failures and reduce the remaining

useful life of these machines, leading to premature main-

tenance and repair, and, as a result, to increased cost of

offshore wind energy.

1.2 Role of Simulation and Experimental
Measurements in Wind-Turbine Damage
Prediction

Wind turbines operate for hundreds of millions of cycles

during their lifetime. Due to cyclic loading, fatigue damage

in blades, as well as in other wind-turbine structural and

mechanical components, becomes an important issue. A

thorough overview of the early techniques for wind-turbine

fatigue-damage estimation may be found in [77], where it

was noted that rigorous blade testing in a laboratory

environment, as well as in real operating conditions, is

necessary to develop realistic fatigue-damage forecasts.

However, using experimental and field measurements from

sensor data alone is not sufficient to accurately describe the

structure damage initiation and progression. This is

because sensor arrays typically produce signals from a

limited number of spatial points, and, more importantly,

the quantities measured do not directly quantify damage.

As the computational methods mature, high-fidelity

models based on these methods are starting to be adopted

for damage prognosis in large-scale structures [12, 42].

However, computational modeling alone is also not suffi-

cient for making prediction about damage evolution

because even the more sophisticated approaches contain

many assumptions about geometry, material composition,

constitutive modeling, boundary and initial conditions, etc.,

which do not always reflect physical reality.

Ideally, the computational model should be enriched, as

much as possible, with sensor and measurements data that

is used to periodically update the model inputs to maintain

consistency with the measured data, and, thus, physical

reality. Conversely, the appropriately updated computa-

tional model is, in turn, able to produce higher-fidelity

outputs for the quantities directly linked to structural

damage (e.g., the spatial damage-variable distribution), for

which direct measurements are not available. This con-

ceptual framework, in which sensor and measurement data

for a given physical system co-exist in a symbiotic rela-

tionship with an advanced computational model of that

system, is referred to as the Dynamic Data-Driven Appli-

cation System (DDDAS) [30, 39]. As shown in recent

work, DDDAS provides a pathway for accurate damage

prediction in large-scale composite structures [12], and

presents a new, important paradigm in other engineering

applications [5, 6, 17, 21, 66].

1.3 Fatigue-Damage Modeling and Integration
with FSI and DDDAS

Structures made of laminated composites, such as the

wind-turbine blades, exhibit complex mechanical behav-

ior [40] and, when it comes to fatigue-damage modeling,

present significant challenges stemming from the multi-

scale nature of the damage process [71, 78, 79]. The fati-

gue-damage model, proposed in [69, 70] and presented in

this article, falls in the class of continuum damage models

(CDMs) for fiber-reinforced composites, in which space-

and time-dependent damage variables are evolved to

quantitatively predict damage growth as a function of

loading cycles [69, 70]. The model was deployed as part of

the DDDAS framework to predict failure of a full-scale

wind-turbine blade in a laboratory fatigue test in [12]. The

model was also incorporated into FSI framework to predict

fatigue damage in a full-scale Micon 65/13M wind turbine

in [17].

Using standalone structural mechanics simulations, even

in the presence of sensor data, is also insufficient for pre-

dicting fatigue damage growth in wind-turbine blades. As

shown in [65], aerodynamic loading, and the structure

response to that loading, contribute significantly to blade

fatigue damage. However, it is virtually impossible to

rigorously and accurately account for aerodynamic loading

in laboratory fatigue tests. To increase the realism of the

studies, one may attempt to study fatigue damage ‘‘in the

field’’ as the turbines operate. However, wind-turbine

blades are built to last hundreds of millions of cycles (here

one cycle is assumed to be one full revolution of the rotor),

and, unless premature blade failure occurs due to external

factors, one needs to wait for upwards of a decade to see

significant effects of fatigue damage, which is not practical.

On the other hand, the blade fatigue-damage problem may

be approached numerically, with the help of DDDAS, and

using appropriate coupling of advanced FSI and CDM,

which is what we present in this article.

1.4 FSI Modeling Techniques Employed

The FSI framework employed in the present paper was

originally developed by the senior author in [13], and

successfully applied to the simulation of horizontal- and

vertical-axis wind turbines at full-scale

in [13, 16, 17, 19, 46, 49, 63, 64]. For the fluid dynamics

and turbulence modeling we make use of the variational

multiscale (VMS) formulation [10] posed on a moving

spatial domain using the Arbitrary Lagrangian–Eulerian

(ALE) technique [51] with the addition of weakly-enforced

no-slip boundary conditions [10, 15, 22] to improve coarse
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boundary-layer mesh accuracy. This methodology was

named ALE-VMS in [81].

It should be noted that VMS-based methods for fluid

mechanics showed excellent results in many engineering

applications involving turbulent flows, complex geometry,

and moving domains - see references [14,

20, 23, 24, 26, 27, 56, 61, 64, 80, 82, 83, 91–97, 100, 118]

for the examples of challenging computations performed

using the VMS methodology in the context of ALE, space–

time (ST), and fixed-grid techniques.

For FSI modeling of the floating offshore wind turbines,

the level-set method [2–4, 57, 67, 68] is adopted to track

the evolution of the free surface. The aerodynamics and

hydrodynamics are governed by the Navier–Stokes equa-

tions of incompressible two-fluid flow, in which the fluid

density and viscosity are evaluated with the aid of a level-

set function.

The structural mechanics of wind turbines is modeled

using Isogeometric Analysis (IGA) [34, 50], which is

beneficial for the present application both from the stand-

point of geometry modeling as well as accuracy. Since its

conception, IGA has been widely used in many areas of

computational mechanics, engineering and sciences,

showing improved performance over the standard

FEM [34]. The main structural components of on-land and

offshore wind turbines, including blades, rotor, nacelle,

tower and platform, are modeled as Kirchhoff–Love

shells [29, 41, 58, 59] with the aid of the bending strip

method [58], while the main shaft and mooring lines are

modeled using the recently introduced rotation-free

beam/cable formulation [72]. The IGA shell is used in the

modeling of the wind-turbine composite blades, both as

part of the FSI as well as fatigue-damage evolution simu-

lations. For recent development in, and applications of,

IGA the reader is referred

to [7, 28, 31, 43–45, 47, 60, 72, 76, 115, 116].

The FSI methodology presented in this article assumes a

non-matching discretization at the fluid–structure interface,

which is handled by means of a recently-developed aug-

mented Lagrangian FSI formulation with formal elimina-

tion of the Lagrange multiplier variable [13]. In the FSI

formulation, the fluid–structure interface is tracked by the

moving fluid mechanics mesh, while for the floating off-

shore wind turbines the air-water interface is captured (i.e.,

not tracked) on that mesh. In that sense, the method falls in

the class of Mixed Interface-Tracking/Interface-Capturing

Techniques (MITICT) [104, 107], which were primarily

introduced for fluid–object interaction (FOI) with multiple

fluids [86, 87]. To handle the added mass effect, which

presents a challenge in the case of floating turbines, quasi-

direct FSI coupling strategy [25, 84, 88, 90, 104, 109,

110, 112] is employed to solve the discrete FSI equations at

each nonlinear iteration within a time step.

1.5 Outline

Governing equations of free-surface flows at the continuum

and discrete levels are presented in Sects. 2 and 3,

respectively. IGA-based structural mechanics formulation

including a fatigue-damage model is presented in Sect. 4.

Methods for time integration and FSI coupling for free-

surface flows, and for the case of fatigue damage, are

discussed in Sect. 5. FSI simulations employing the

methods developed and reviewed in this article are shown

in Sect. 6. In Sect. 7 we draw conclusions.

2 Continuum Formulation of Free-Surface
Flows

In this section, the governing differential equations of

free-surface flow on a moving domain are summarized. Let

Xt 2 Rd; d ¼ 2; 3 denote the combined air-water domain at

time t and let Ct denote its boundary. The domain Xt is

decomposed into the water and air subdomains, denoted by

Xw
t and Xa

t , respectively, and Caw
t denotes the air-water

interface. (See Fig. 1 for an illustration.)

In the present work, the level set method is adopted to

capture the air-water interface. For this, we introduce a

scalar function /ðx; tÞ and define the subdomains and their

interface as follows:

Xa
t ¼ fxj/ðx; tÞ\0; 8x 2 Xtg; ð1Þ

Xw
t ¼ fxj/ðx; tÞ[ 0; 8x 2 Xtg; ð2Þ

Caw
t ¼ fxj/ðx; tÞ ¼ 0; 8x 2 Xtg: ð3Þ

In each subdomain, the fluid density q and viscosity l are

defined as

q ¼ qwHð/Þ þ qað1� Hð/ÞÞ; ð4Þ

l ¼ lwHð/Þ þ lað1� Hð/ÞÞ; ð5Þ

where qa and qw are the constant densities of air and water,

respectively, la and lw are the constant viscosities of air

Fig. 1 Fluid mechanics spatial domain with air and water subdo-

mains, and interface between them

Computer Modeling of Wind Turbines: 2. Free-Surface FSI and Fatigue-Damage 1103

123



and water, respectively, and Hð/Þ is the Heaviside function
expressed as

Hð/Þ ¼
0 if/� 0;

1=2 if/ ¼ 0;

1 if/[ 0:

8
><

>:
ð6Þ

With the fluid properties defined as above, the Navier–

Stokes equations of incompressible two-fluid flow in the

ALE description [51] may be written as follows:

q
ou

ot

�
�
�
�
x̂

þ ðu� ûÞ � ru� f

� �

�r � r ¼ 0; ð7Þ

r � u ¼ 0; ð8Þ

where the Cauchy stress tensor r is defined as

rðu; pÞ ¼ �pIþ 2lrsu; ð9Þ

the fluid velocity and pressure are denoted by u and p,

respectively, f is the body force per unit mass, û is the

velocity of the fluid domain, rs is the symmetric gradient

operator, and jx̂ is used to denote the fact that the time

derivative is taken with respect to a fixed referential

domain (see [25] for more details).

The air-water interface is assumed to be convected by

the flow, which is modeled by means of an additional

convection equation of the level-set function / posed on a

moving domain using the ALE description as follows:

o/
ot

�
�
�
�
x̂

þ ðu� ûÞ � r/ ¼ 0: ð10Þ

The above equations, together with the suitably chosen

initial and boundary conditions, constitute the free-surface

flow formulation on a moving domain at the continuous

level.

3 Discrete Formulation of Free-Surface
Flows

In this section we present the space-discrete version of the

free-surface flow equations. We adopt the ALE-VMS for-

mulation [14, 81–83], which has been applied to a variety

of challenging fluid mechanics and FSI problems

in [8, 16, 19, 20, 62, 63, 117], and also presented in the

context of free-surface flow in [2–4, 57].

3.1 ALE-VMS Formulation of Free-Surface Flow

Let Vh denote the discrete trial space for the velocity-

pressure-level set triple fuh; ph;/hg, and let Wh denote the

discrete test space for the linear-momentum, continuity and

level-set equations fwh; qh; ghg. The ALE-VMS

formulation is stated as follows: Find fuh; ph;/hg 2 Vh,

such that 8fwh; qh; ghg 2 Wh:
Z

Xt

wh � q ouh

ot

�
�
�
�
x̂

þ ðuh � ûhÞ � ruh � fh
� �

dX

þ
Z

Xt

rwh : rðuh; phÞdX�
Z

Ch
t

wh � hdC

þ
Xnel

e¼1

Z

Xe
t

qhr � uhdX

þ
Xnel

e¼1

Z

Xe
t

sM ðuh � ûhÞ � rwh þrqh

q

� �

� rMðuh; phÞdX

þ
Xnel

e¼1

Z

Xe
t

qsCr � whrCðuh; phÞdX

�
Xnel

e¼1

Z

Xe
t

sMw
h � rMðuh; phÞ � ruh

� �
dX

�
Xnel

e¼1

Z

Xe
t

rwh

q
: sMrMðuh; phÞ
� �

� sMrMðuh; phÞ
� �

dX

þ
Z

Xt

gh
o/h

ot

�
�
�
�
x̂

þ ðuh � ûhÞ � r/h

� �

dX

þ
Xnel

e¼1

Z

Xe
t

s/ðuh � ûhÞ � rgh
o/h

ot

�
�
�
�
x̂

þ ðuh � ûhÞ � r/h

� �

dX

¼ 0:

ð11Þ

In Eq. (11), nel is the number of elements in the domain,

rMðuh; phÞ and rCðuh; phÞ are element-interior residuals of

the strong-form momentum and continuity equations, and

sM , sC, and s/ are the stabilization

parameters [32, 48, 97, 99, 103, 105, 109].

To alleviate the high computational costs of detailed

resolution of viscous turbulent boundary layers near solid

surfaces without sacrificing the accuracy of hydrodynamic

loading on structures, the ALE-VMS formulation of the

level-set equations is augmented with weakly enforced no-

slip boundary conditions. In this case, the following terms

are added to the left hand side of Eq. (11):

�
Z

Cg
t

wh � rðuh; phÞndC

�
Z

Cg
t

2lrswhnþ qhn
� �

� ðuh � ghÞdC

�
Z

ðCg
t Þ

�
wh � qððuh � ûhÞ � nÞðuh � ghÞdC

þ
Z

Cg
t

wh � sBðuh � ghÞdC:

ð12Þ

In Eq. (12), gh is the prescribed fluid velocity on the no-slip

moving boundary Cg
t , ðCg

t Þ� denotes the inflow part of Cg
t

and sB is a boundary stabilization parameter. See [15, 22]

for more details on weakly enforced essential boundary

conditions, as well as more recent work in [98, 100] on
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weakly enforced essential boundary conditions in the

context of space–time methods.

3.2 Additional Level-Set Computational
Technology

In discrete setting, the fluid density and viscosity are

computed as

q ¼ qwH�ð/hÞ þ qað1� H�ð/hÞÞ; ð13Þ

l ¼ lwH�ð/hÞ þ lað1� H�ð/hÞÞ: ð14Þ

Here H�ð/Þ is a regularized version of the Heaviside

function, namely,

H�ð/Þ ¼

0 if/\� �;

1

2
1þ /

�
þ 1

p
sin

/p
�

� �� �

if j/j � �;

1 if /[ �;

8
>><

>>:

ð15Þ

where �, assumed to scale with the local mesh size h,

defines the interface width between the air and water

subdomains.

While the regularized Heaviside function in Eq. (15)

gives a smooth transition from zero to unity within a small

band of elements around the interface, and is numerically

more favorable to the sharp discontinuity, this regulariza-

tion places a requirement on the level-set field /h to satisfy

the so-called signed-distance property in the transition

layer between the two fluids. For this, we define an addi-

tional field, /h
d, which satisfies the Eikonal partial differ-

ential equation, namely,
�
�
�
�r/h

d

�
�
�
� ¼ 1 in Xt; ð16Þ

subject to the constraint that the interface defined by the

zero level set of /h is preserved, namely,

/h
d ¼ /h ¼ 0 on Caw

t ð17Þ

In order to satisfy Eqs. (16) and (17), we make the Eikonal

equation ‘‘pseudo-time’’-dependent (we denote pseudo-

time by ~t), discretize it using a VMS technique, and add a

suitably-constructed penalty term to enforce the interior

constraint on /h
d given by Eq. (17). The resulting semi-

discrete form of the governing equations may be stated as:

Given /h, find /h
d, such that, 8ghd,

Z

Xt

ghd
o/h

d

o~t
þ a � r/h

d � S�ð/hÞ
� �

dX

þ
Z

Xt

s/d
a � rghd

o/h
d

o~t
þ a � r/h

d � S�ð/hÞ
� �

dX

þ
Z

Xt

ghdkpen
dH�ð/hÞ
d/h

ð/h
d � /hÞdX ¼ 0:

ð18Þ

Here S�ð/hÞ ¼ 2H�ð/hÞ � 1 is the regularized sign func-

tion, a ¼ S�ð/hÞr/h
d

�
�
�
�
�r/h

d

�
�
�
� is the effective ‘‘convec-

tive’’ velocity, s/d
is the stabilization parameter, and kpen is

the interface penalty parameter (see [3] for details). At

each time step, Eq. (18) is integrated in pseudo-time, which

gives a new level set field /h
d with the signed-distance

property and zero level set coincident with that of /h. After

this ‘‘re-distancing’’ process is done, we set /h ¼ /h
d at the

end of the time step.

Remark It is important to note that
dH�ð/hÞ
d/h in Eq. (18) is

only nonzero in a band of elements around the air-water

interface, and thus the penalty term is only active near the

air-water interface, which is the desired construction. Also

note that the presence of
dH�ð/hÞ
d/h produces the correct scaling

of the penalty term and makes the penalty parameter kpen
independent of the mesh size.

Remark Level set convection and re-distancing intro-

duce mass balance errors, which accumulate as the equa-

tions are integrated in time. As a result, in the

computations, a simple procedure is employed where the

resultant re-distanced level-set field is perturbed by a

constant to restore the mass balance. See [3] for details as

well as additional references [1, 35–37, 57, 104, 106]

where other mass correction techniques were proposed for

free-surface flows.

4 Structural Mechanics Formulation

The structural mechanics formulation is based on the

principle of virtual work. Let Vs and Ws denote the trial

and test function sets for the structural mechanics problem.

The principle of virtual work leads to the weak form of the

structural mechanics problem, which may be stated as

follows: Find d 2 Vs, such that, 8ws 2 Ws,
Z

Xs
0

ws � qs
d2d

dt2
� fs

� �

dXþ
Z

Xs
0

dE : SdX

�
Z

Cs
0

ws � hsdC ¼ 0;

ð19Þ

where d is the structural displacement, qs is the density, E

is the Green–Lagrange strain tensor, dE is its variation, S is
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the second Piola–Kirchhoff stress, fs is the body force per

unit mass, and hs is the applied traction.

Since the structures simulated in this paper are essen-

tially thin shells, we introduce the thin shell kinematics into

the above weak formulation. Furthermore, in order to

simulate laminated composite structures, we assume there

are multiple plies through the shell thickness, each mod-

eled as the St. Venant–Kirchhoff material. As a result, we

obtain a Kirchhoff–Love shell formulation [59], which is

written purely in terms of the shell midsurface displace-

ments (i.e., the formulation is ‘‘rotation-free’’), and which

we discretize using IGA based on Non-Uniform Rational

B-Splines (NURBS) [34, 50]. The weak formulation of the

rotation-free isogeometric shell can be stated as: Find the

shell midsurface displacement dh 2 Vh
s , such that,

8wh
s 2 Wh

s ,
Z

Cs
t

wh
s � qshth

d2dh

dt2
� fs

� �

dC

þ
Z

Cs
0

d �h � Kexte�
h þKcoupj

h
� �

dC

þ
Z

Cs
0

d jh � Kcoup�
h þKbendj

h
� �

dC

þ
Z

Cb
0

d jh �Kb
bendj

hdC

�
Z

Cs
0

wh
s � hsdC ¼ 0:

ð20Þ

In the above, Vh
s and Wh

s denote the trial and test function

sets for the isogeometric shell formulation, Cs
0 and Cs

t

denote the shell midsurface in reference and current con-

figuration, respectively, hth is the local shell thickness, �h

and jh are the tensors of shell membrane strains and cur-

vature changes expressed in Voigt notation and written

with respect to the local basis oriented on the first covariant

basis vector of the shell midsurface, d �h and d jh are the

corresponding variations.

Matrices Kexte, Kcoup, and Kbend are the extensional,

coupling, and bending stiffnesses, respectively, which,

using the classical laminated plate theory [73], may be

computed as follows:

Kexte ¼
Z

hth

C dn3 ¼
Xn

k¼1

Cktk; ð21Þ

Kcoup ¼
Z

hth

n3C dn3 ¼
Xn

k¼1

Cktkzk; ð22Þ

Kbend ¼
Z

hth

n3
2C dn3 ¼

Xn

k¼1

Ck tkz
2
k þ

t3k
12

� �

: ð23Þ

Here n3 is the through-thickness coordinate, tk denotes the

thickness of the kth ply, zk denotes its centroid, and Ck is a

constitutive material matrix for the k th ply in the local

coordinate system computed as

Ck ¼ TTð/kÞ ~Ck Tð/kÞ; ð24Þ

Tð/kÞ ¼
cos2 /k sin2 /k sin/k cos/k

sin2 /k cos2 /k � sin/k cos/k

�2 sin/k cos/k 2 sin/k cos/k cos2 /k � sin2 /k

2

6
4

3

7
5;

ð25Þ

where Tð/kÞ is a transformation matrix defined by the

fiber orientation angle in the ply /k, and
~Ck is the con-

stitutive matrix for the orthotropic material written with

respect to the principal material axes (or lamina axes) of

the ply.

To enable modeling of structures comprised of multiple

NURBS patches, and with regions of reduced continuity

(e.g., sharp edges or non-manifold surfaces), the bending-

strip technique is employed [58], which is expressed by

means of the second-to-last term on the left-hand-side of

Eq. (20). Here, Cb
0 and Kb

bend are the bending-strip domain

in the shell reference configuration and the directional

bending stiffness, respectively.

The shell model is augmented with a newly proposed

isogeometric rotation-free bending-stabilized cable for-

mulation [72], which may also be obtained by introducing

the appropriate kinematics into the virtual-work principle

given by Eq. (19), and reducing the formulation to the

cable middle-curve displacement. The resulting weak for-

mulation may be stated as: Find the middle curve dis-

placement dh, such that, 8wh
c ,

Z

S0

wh
c � qsA0

d2dh

dt2
� fs

� �

dS

þ
Z

S0

d �hc ½EcA0

�
�
�
�G0��

�
�4��hcdS

þ
Z

S0

d jhc ½EcI0
�
�
�
�G0��

�
�4�jhcdS ¼ 0

ð26Þ

In the above, S0 is the middle curve in reference configu-

ration, A0 and I0 are the cable cross-section area and area

moment of inertia, respectively, �hc and jhc are the mem-

brane strains and curvature changes written with respect to

the basis vector oriented on the tangent vector to the

middle curve, denoted by G0, d�hc and djhc are the corre-

sponding variations, and Ec is the Young’s modulus.

4.1 Fatigue-Damage Model

The fatigue-damage model, proposed in [69, 70] and

adapted to IGA-based Kirchhoff–Love shells in [12] is

briefly recalled here. The ply-level constitutive matrix ~Ck

takes on the following form
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where m’s are the Poisson ratios, E1 and E2 are the Young’s

moduli in the fiber and matrix directions, respectively, G12

is the shear modulus, and D11, D22, and D12 are, respec-

tively, the fiber, matrix, and shear damage indices

expressed as

Dij ¼ dtij þ dcij ði; j ¼ 1; 2Þ; ð28Þ

where dtij and dcij are the corresponding damage variables

with the superscripts ‘t’ and ‘c’ used to distinguish between

tensile and compressive damage modes. For the case of

high-cycle fatigue, assuming no damage growth occurs

within the cycle, the evolution law for the damage vari-

ables is defined in terms of damage growth rate per cycle as

dðdt;cij Þ
dN

¼ f ck; d
t;c
ij ;D12;Rij

� 	
ði; j ¼ 1; 2Þ; ð29Þ

where N denotes the cycle number, and reference [12]

provides the detailed expressions for f. The damage growth

rate is, in particular, an empirical function of material

parameters ck (total of nine parameters for fully-reversible

cyclic loading) that govern damage initiation and propa-

gation, and failure indices

Rij ¼
R2D
ij

1þ ðR2D
ij � R1D

ij Þ
ði; j ¼ 1; 2Þ; ð30Þ

which can be seen as a combination of indices based on

decoupled longitudinal, transverse, and shear failure modes

(R1D
ij ’s), and indices based on the Tsai–Wu failure surface

(R2D
ij ’s) wherein the failure modes are coupled [38].

5 FSI Coupling and Time Integration

5.1 Framework for Free-Surface Flow

The free-surface flow and IGA-based structural mechanics

formulations are coupled as follows. In the Eq. (12), which

details the weak no-slip boundary conditions for free-sur-

face flow, the prescribed solid-wall velocity gh is replaced

by the unknown structural displacement rate ddh=dt com-

puted from the shell formulation given by Eq. (20). At the

same time, the prescribed traction hs in Eq. (20) is replaced

with the unknown traction field computed from the free-

surface flow equations. Conservative fluid traction that is

consistent with the weak enforcement of no-slip boundary

conditions (see [9] for a definition) is employed in this

work. Additional fluid-traction accuracy may be gained by

employing a recently developed Separated Stress Projec-

tion (SSP) technique [85, 89, 101, 111, 113], where the

pressure is projected as a scalar and viscous traction is

projected as a vector quantity.

Application of the Generalized-a time integration tech-

nique [11, 33, 52] to the coupled free-surface FSI formula-

tion leads to a coupled, nonlinear equation systems that need

to be solved at every time step. To solve the nonlinear

equation system, we employ the Newton–Raphson method,

which requires solving a large linear-equation system that

couples the different components of the free-surface FSI

formulation. To increase the computational efficiency, we

separate the linear system into ‘‘physics’’ and ‘‘mesh’’ sub-

systems, and solve them sequentially as follows. Increments

of the fluid, level-set, and structure solution are obtained by

solving a reduced linear system that couples these three

fields. The new structure displacement is then used to update

the fluid mechanics mesh configuration. The mesh defor-

mation is governed by the equations of elastostatics

with jacobian-based stiffening [53, 102, 104, 108, 109] to

preserve the mesh quality. The overall approach may be

classified as a quasi-direct FSI coupling tech-

nique [84, 88, 90, 104, 109, 110, 112], which is used here to

handle the large fluid added mass present in the application.

In quasi-direct coupling, the off-diagonal tangent

matrices are needed to solve the coupled linear system. In

order to avoid assembling the off-diagonal terms, a flexi-

ble-GMRES (FGMRES) technique [74] with block-pre-

conditioning is adopted. Application of the FGMRES

technique to the solution of the coupled equation system

requires computation of matrix-vector products, which are

performed using a matrix-free technique. To precondition

the FGMRES, we make use of the left-hand-side matrices

of the individual fluid, level-set, and structure problems.

The linear systems associated with preconditioning of the

fluid and level-set equations are solved using a diagonally-

scaled GMRES technique [75], while the structure problem

is solved using a diagonally-scaled Conjugate Gradient

~Ck ¼

E1ð1� D11Þ
1� m21m12

m21E1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� D11Þð1� D22Þ

p

1� m21m12
0

m12E2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� D11Þð1� D22Þ

p

1� m21m12

E2ð1� D22Þ
1� m21m12

0

0 0
G12ð1� D12Þ
1� m21m12

2

6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
5

; ð27Þ
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method. Other, more sophisticated preconditioning options

may also be considered (see, e.g., [25]).

Remark While level-set convection is performed inside

the Newton-iteration loop, level-set re-distancing and mass

balance are performed once per time step. This is done

from considerations of computational efficiency.

Remark We assume no coupling between the cables and

surrounding fluid. Although the the cable cross-section is

relatively small in the applications simulated, hydrody-

namic loading on cables may be an important factor in the

overall dynamics of the floating wind-turbine structures

considered in this article. For this, a simple modification to

the FSI formulation may consist in assuming one-way

dependence, as in [114], wherein the cable is subjected to

fluid drag forces, while the fluid does not ‘‘feel’’ the

presence of the cable.

5.2 Algorithms for FSI Coupling with Fatigue
Damage

Since we are interested in high-cycle fatigue for wind-

turbine blades, and use a CDM formulation that assumes

that damage growth occurs on a time scale that is much

slower than a single rotor revolution, we feel it is sufficient

to use a ‘‘frozen’’ damage state during FSI computations of

the spinning rotor. This motivated the following overall

algorithm:

1. We integrate the damage evolution law given by

Eq. (29) using an explicit Euler method. Damage

evolution is computed at every Gaussian quadrature

point of the blade surface and at each composite ply. To

enhance the computational efficiency, a ‘‘cycle-jump’’

technique is employed, where the stress state that drives

the damage model is obtained by solving the coupled

FSI system every NJUMP cycles of the damage

evolution, where NJUMP is a user-controlled parameter.

2. Every time a new stress state is needed to integrate the

damage-evolution equations, we perform a full

dynamic FSI simulation for a time interval corre-

sponding to a full (or partial) loading cycle, and extract

the required stress data. The FSI equations are

integrated in time using the Generalized-a method.

As was reported in prior work on wind turbines, in the

absence of free-surface flow, block-iterative FSI cou-

pling strategy [25, 104, 109, 110, 112] is the most

efficient choice for the present application [16].

While using the cycle-jump technique makes the problem

computable, further reduction in computational time may be

achieved by making the following observation: One rotor

revolution may be decomposed into three 120� segments

(see Fig. 2). As Blade 1 moves through zone I, Blade 2

moves through zone II, and Blade III moves through zone

III. Because gravity and rotor-stator interaction are taken

into account, loads experienced by the blades in each zone

differ in a significant manner. Nevertheless, the three blades

moving through their respective zones collectively experi-

ence the same loading as a single blade undergoing a full

revolution. As a result, we perform the FSI computation of a

full machine with three blades for only 1/3 of a revolution

every NJUMP cycles. However, when collecting blade-

stress data to integrate the damage-evolution equations, time

history of the stress from all three blades is employed.

Remark In the FSI calculations, the initial conditions

chosen are often such that the coupled system undergoes

unphysical transients, which eventually settle to produce a

physical time-dependent response. In the present compu-

tations, in order to preclude this unphysical transient

response from affecting the blade-damage evolution, in the

beginning of the simulation, as well as after each NJUMP

cycle, the FSI simulation is carried out for 1/3 of the rev-

olution to ensure that the undesired transients settle.

6 Applications

6.1 Free-Surface FSI Simulations of an Offshore
Floating Wind Turbine

In this section, we present a free-surface FSI simulation of

an offshore floating wind turbine. The whole floating wind

turbine consists of a supporting spar buoy called ‘‘Hy-

wind’’, developed by Statoil, and the NREL 5 MW base-

line turbine. This design concept was chosen for its

Fig. 2 Decomposition of the rotor motion into three 120� segments.

Simulation of the full machine with three blades for only 1/3 of the

revolution is equivalent to simulating a single blade for a full

revolution, from the standpoint of obtaining a full blade stress time

history for driving the fatigue-damage model

1108 Y. Bazilevs et al.

123



suitability for modeling and existence of a full-scale pro-

totype [54, 55]. The geometry of the complete floating

structure is defined as follows. The rotor has a diameter of

126 m. The base of the tower is located at an elevation of

10 m above the still water level (SWL), while its top,

which is coincident with the bottom of nacelle, is located at

87.6 m above the SWL. The centerline of the shaft passing

through the center of the nacelle and hub corresponds to an

elevation of 90 m. The tower is 3.87 m in diameter at the

top and 6.5 m in diameter at the base. The latter dimension

matches the diameter of the top of the floating platform.

The platform consists of two cylindrical regions with

depths of 14 m and 108 m, respectively, connected by a

linearly tapered conical region with a depth of 8 m. The

linearly tapered conical region extends from 4 to 12 m

below the SWL. The base of the platform has a diameter of

9.4 m and is located at 120 m below the SWL. Three

mooring cables are attached to the platform at 70 m below

the SWL, and are anchored at the seabed at 320 m below

the SWL. From the top view, the three cables, with the

original length of 902 m, are distributed 120� apart. The

whole floating system is depicted in Fig. 3. Additional

geometry and material data for this turbine may be found

in [119], which is the main source of the material presented

in this section.

The main wind-turbine structural components, including

the rotor, nacelle, tower and platform, are modeled using

IGA Kirchhoff–Love shells. The bending strip tech-

nique [58] is adopted to deal with the multiple-patch dis-

cretization. The main shaft is modeled as a collection of

beams, while mooring lines are modeled as cables. Quad-

ratic NURBS are employed for both shell, beam and cable

discretization. The total number of shell elements is

14,709, and a total number of beam/cable elements is 33.

The fluid domain is meshed with tetrahedra and triangular

prisms, and the number of nodes and elements in the

simulations are 4,216,201 and 24,817,979 respectively. In

addition, while the blades are flexible, the rotor is not

allowed to spin in the FSI simulations presented.

First the simulation is performed by using the Airy-wave

inflow conditions with zero mean flow, 6 m wave height and

156.13 m wave length. The time history of average platform

displacement is plotted in Fig. 4. The simulation results

obtained by NREL using the ADAMS code [54] are also

plotted in Fig. 4 as a reference. Although the NREL data is

obtained from a simulation of the no-rotor configuration,

good agreement between the two simulations is nevertheless

achieved. This is not surprising, since the rotor mass is low

compared to the overall mass of the floating turbine. Fur-

thermore, wind loading on the rotor is also very low due to

zero-wind-speed conditions employed in the simulation.

Although linear wave theory like Airy wave is often

used to model sea wave, it is insufficient to model more

‘‘violent’’ sea conditions. To generate some more realistic

waves, a piston-type wave generation concept, which is

widely used in offshore engineering laboratories to gener-

ate irregular waves, is utilized numerically in this work.

Considering that the free-surface flow formulation is pro-

posed in a moving mesh, periodic horizontal motion of the

inlet boundary is prescribed to mimic a piston motion.

After the waves are generated, the wave profile is trans-

ferred from the numerical-wave-tank domain to the domain

used for the FSI simulation of the floating wind turbine to

carry out the FSI computation.

Figure 5 shows the wave surface colored by streamwise

velocity and the corresponding velocity vector field in the

water domain at different time instances. The wave peak

hight is about 18 m in this simulation. The configurations

of the floating wind turbine are also shown in these two

Fig. 3 Structural model of the offshore floating wind turbine with

zoom on the rotor
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figures. Compared with Airy wave conditions, more com-

plex free-surface phenomena, such as splashing, is

observed when the waves impact the platform. In these

stronger waves, the platform displacement is much bigger

that can be observed in Fig. 4. We also plot the time history

of the blade tip displacement for all three blades in Fig. 6

(see Fig. 3 for blade numbering). While the displacement

time histories of blades 2 and 3 are very similar and rela-

tively low in magnitude, blade 1, whose tip is at the highest

point on the wind-turbine structure (over 90 m higher than

the tips of blades 2 and 3), undergoes displacement with a

more complex time history and much larger magnitude.

The tip displacement time histories reveal the following

behavior. When the first wave peak reaches the turbine, the

spar-buoy changes its direction of motion at a time instant

of 3.7 s. The change in the direction of motion of the tips of

blades 2 and 3 occurs at about 4.5 s, while blade 1 changes

direction at about 4.8 s. This pattern repeats for other wave

peaks.

6.2 FSI Modeling of Fatigue Damage in CX-100
Wind-Turbine Blades

We first deploy the DDDAS fatigue-damage framework on

a full scale cantilever composite blade CX-100, which is

calibrated by the measured acceleration data collected from

Fig. 5 Snapshots of free surface

colored by streamwise velocity

(in m/s) and the corresponding

velocity filed in the water

domain at different time instants

for piston-generated wave

conditions
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the indoor test [12]. The test blade was clamped at the root

and driven by a hydraulic forcing with a natural frequency

of 1.82 Hz of the first flap-wise bending mode. It was

cyclically loaded until a fatigue-induced crack formed in

the blade root region after about 8.0 M loading cycles. The

accelerometers installed on the blade surface recorded the

acceleration history. The blade mesh has 4647 quadratic

NURBS elements. A time-periodic vertical displacement is

applied at the blade root to mimic the hydraulic system

forcing in the fatigue experiment. Two-DDDAS-loop

scheme is devised to make use of the dynamic

accelerometer data to update the computational model of

the system. Figure 7 shows the predicted and measured

accelerations in both time and frequency domains have

good match. Excellent agreement between the location of

the zone with most damage predicted by the simulation and

the crack location observed in the fatigue test of the CX-

100 composite blade is achieved, which may be seen in

Fig. 7.

For the next step, we simulate fatigue damage ‘‘in the

field’’ as the wind turbine operates. A coupled FSI and

CDM simulation is carried out for the Micon 65/13M wind

turbine mounted with Sandia CX-100 blades under realistic

wind and rotor speed conditions [18]. This is a fixed-pitch,

upwind horizontal-axis turbine with rated power of 100

kW. The wind-turbine rotor spins at 55 rpm and is sub-

jected to a wind speed of 10.5 m/s. The fluid mesh consists

of 2,877,958 linear elements, which are triangular prisms in

the rotor boundary layers and tetrahedra elsewhere in the

domain. The blade boundary-layer mesh has 15 layers of

prismatic elements generated with a growth ratio of 1.2.

The size of the first boundary-layer element in the wall-

normal direction is 0.002 m. The time-step size is set to

6:0� 10�5 s. Figure 8 shows the large blade tip deflection

due to the overall softening of the blade by the time

damage propagates through the blade, when the cycle count

reaches 150 M. Compared to the the laboratory fatigue test,

significant differences in damage patterns are observed for

simulated realistic blade operating conditions (compare

Figs. 7, 9.) This result underscores the importance of

considering realistic structure loading when studying blade
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Fig. 8 Isocontours of air speed (in m/s) on a planar cut after 100,000

(left) and 150,000,000 (right) cycles. The right figure corresponds to

the cycle right before the blade failure. Large blade tip deflection is

due to significant loss of blade stiffness
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fatigue damage, and employing advanced FSI in obtaining

such loading data.

7 Concluding Remarks

This article focused on FSI simulation of floating wind

turbines subjected to combined wind-flow and ocean-wave

forcing, and on modeling of high-cycle fatigue failure of

blades due to long-term cyclic aerodynamic loading.

Computational techniques, including advanced structural

modeling based on IGA, free-surface FSI, and fatigue-

damage modeling, were reviewed. A DDDAS framework

for steering FSI simulations of high-cycle fatigue damage

in composite turbine blades was also presented. Repre-

sentative computational examples involving land-based

and floating offshore wind-turbine designs illustrate the

versatility and power of the computational methods

developed.
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