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Isogeometric B-Rep computational model of the NREL phase VI wind turbine blades
Shells are playing an important role in engineering design as they demonstrate excellent load carrying capacity. Especially
beneficial for thin shells is the Kirchhoff-Love shell model which is purely displacement-based, see in [1]. Isogeometric
analysis (IGA) (firstly introduced in [2]) is a recent numerical method for solving Partial Differential Equations (PDEs)
using the exact geometric information for the discretization of the unknown fields. It is challenging to numerically solve
Kirchhoff-Love shell problems using the “classical” Finite Element Method (FEM) which typically uses C 0-continuous
low order polynomial basis functions. This is due to the high variational index that the weak form of the Kirchhoff-Love
shell problem has. However, IGA is perfectly suitable for its application to this kind of problems since the underlying
Non-Uniform Rational B-Spline (NURBS) basis functions are typically smooth [3].

(a) NREL phase VI wind turbine [4].
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(b) CAD modelling and FSI simulation using B-Rep model.

Figure 1: Picture, CAD and computational B-Rep model of the NREL phase VI wind turbine with flexible blades.

In this work, focus is put on modelling and Kirchhoff-Love shell structural analysis of wind turbines, such as the
NREL phase VI wind turbine in Fig. 1(a), using the exact Computer-Aided Design (CAD) description of the underlying
geometries utilizing the Isogeometric B-Rep Analysis (IBRA) [5]. IBRA is an extension of IGA on real-world CAD
geometries consisting of trimmed multipatch NURBS models, as typical in modern CAD systems. Moreover, the extension
of partitioned Fluid-Structure Interaction (FSI) simulation using wind turbines numerically discretized by means of IBRA
is demonstrated, thus extending the analysis on industrial-scale CAD geometries to multiphysics problems, see Fig. 1(b).

Static and modal analyses of the flexible NREL phase VI wind turbine blades
Aiming to perform analysis directly on industrial-scale CAD geometries Ω ⊂ R3, trimmed multipatches need to be
addressed. The continuity of the solution between the multiple patches Ω(i), i = 1, . . . , n where Ω = ∪ni=1Ω

(i) needs
to be enforced weakly along their common interface γi [6, 7] and therefore, the Penalty method is employed for IBRA.
The weak form of the Kirchhoff-Love shell BVP then writes: Find the displacement field d ∈ H2 (∪ni=1Ω

(i)
)
(square

integrable vector-valued functions with square integrable up to second order derivatives) at each time t ∈ T such that,
n∑

i=1

∫
Ω(i)

ρ δd · d̈ h̄ + δε : n + δκ : m dΩ +

∫
γi

α̂ δχ̂ · χ̂ + α̃ δχ̃ · χ̃ dγ +

∫
Γd

ᾱ δd · d dΓ =

∫
Ω

δd · b dΩ , (1)

for all δd ∈ H2 (∪ni=1Ω
(i)
)
, χ̂ and χ̃ being the jump of the interface displacement and rotation field, respectively.

The Dirichlet boundary conditions along Γd are imposed herein weakly because in this way, they can be defined along
trimming curves. The values of the Penalty parameters α̂, α̃, ᾱ are chosen as scaling of the material and geometric
constants of the problem (Young’s modulus, Poisson ratio, thickness) with the minimum element edge sizes along the
corresponding trimming curves where the conditions are defined.
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(a) Solution using the computational IBRA model.
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(b) Classical Finite Element solution.

Figure 2: Contour of the displacement fields (2-norm) under self-weight of the blades over the current configuration scaled by 200.

(a) 1st mode shape (IBRA) corresponding to eigenfrequency
f h
1 = 8.799294 Hz (1st flapwise).

(b) 1st mode shape (FEM) corresponding to eigenfrequency
f1 = 8.876031 Hz (1st flapwise).

(c) 2nd mode shape (IBRA) corresponding to eigenfrequency
f h
2 = 11.91276 Hz (1st edgewise).

(d) 2nd mode shape (FEM) corresponding to eigenfrequency
f2 = 12.17649 Hz (1st edgewise).

(e) 3rd mode shape (IBRA) corresponding to eigenfrequency
f h
3 = 41.17361 Hz (2nd flapwise).

(f) 3rd mode shape (FEM) corresponding to eigenfrequency
f3 = 41.42258 Hz (2nd flapwise).

Figure 3: First three mode shapes with their corresponding eigenfrequencies for both the FEM and IGA on multipatches with Penalty models.

A FEM model with Reissner-Mindlin kinematics is chosen as reference solution for the evaluation of the results obtained
with IBRA. The displacement magnitude over the scaled deformed configuration of the NREL phase VI wind turbine
with flexible blades under its self-weight for both computational models is shown in Fig. 2. Then, the first three
eigenmode shapes corresponding to eigenfrequency analysis of the right blade of the NREL phase VI wind turbine for
both computational models are shown in Fig. 3, demonstrating excellent agreement between both numerical approaches.

NREL phase VI wind turbine with flexible blades in fluid-structure interaction
The partitioned FSI simulation of the NREL wind turbine with flexible blades in the numerical wind tunnel (Fig. 4(a)), ac-
cording to [8], is chosen for the demonstration of the coupled FSI simulation of an IBRA computational structural model.
The fluid flow is modelled by the incompressible Unsteady Reynolds-Averaged Navier-Stokes Equations (uRANS) [9] and
numerically solved using the Finite Volume Method (FVM) in OpenFOAM R© open source software.

(a) Fluid domain and slice at the vicinity of the right blade. (b) Mapped fluid interface onto the B-Rep model.

Figure 4: Fluid domain and mapped fluid interface Finite Volume faces onto the B-Rep computational model.

An isogeometric mortar-based mapping method is developed for transformation of fields between the low-order discretized
fluid FSI interface Sh and the trimmed multipatch model of the structural FSI interface S : Given a field υh ∈ P (Sh)
(piecewise continuous polynomial vector-valued functions), find a field υ ∈ L2 (S ) (square integrable vector-valued
functions) such that,∫

S

δυ · υ dS =

∫
S

δυ · υh dS , for all δυ ∈ L2 (S ) . (2)

Eq. (2) can be inverted in case a field on Sh is sought. In this way, displacement and traction fields can be exchanged
between the fluid and the structural subdomains along their common interface. In practice, the low-order surface Sh is
projected onto the NURBS multipatch surface S for the evaluation of the integrals in Eq. 2, see Fig. 4(b).

(a) t = 1.6 s (FEM). (b) t = 3 s (FEM). (c) t = 4.4 s (FEM).

(d) t = 1.6 s (IBRA). (e) t = 3 s (IBRA). (f) t = 4.4 s (IBRA).

Figure 5: Q-criterion and blade deformation scaled by 170 at exemplary time instances for both FEM and IBRA computational models.
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(a) Displacement at the tip of the right blade.
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(b) Total torque on both blades versus time.

Figure 6: Displacement at the tip of the right blade and total torque on both blades versus the simulation time.

Qualitatively, the isosurfaces of the Q-criterion in different time instances for the FSI simulations using both the FEM
and the IBRA computational models is shown in the set of Figs. 5. For a quantitative comparison of the results, the
time displacement curves of the right wind turbine blade and the total generated torque on the flexible blades is shown
in the set of Figs. 6 demonstrating an excellent agreement of the results, thus extending IBRA of shell structures to FSI.
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